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Complex oxides exhibiting a wide variety of novel functional properties such as 

ferromagnetism and ferroelectricity have been extensively studied during the past 

decades. Recent advances in the field of oxide heteroepitaxy have made it possible to 

create and control hybrid oxide heterostructures with abrupt epitaxial interfaces. The 

oxide heteroepitaxy with the capability of controlling interface composition, strain, length 

scales, etc. has opened the totally new and exciting scientific avenue and has offered 

potential device applications to be explored. Epitaxial integration of functional oxides on 

semiconductor such as Si (001) and Ge(001) is of great interest, as it potentially leads to 

further technological development of these interesting oxide systems. In this dissertation, 

using density functional theory we explore physics and chemistry of novel oxide 

heterostructures and issues related to the integration of functional oxides on 

semiconductors. Oxide materials that are studied in this dissertation include polar 

LaAlO3, high-k dielectric SrTiO3, photocatalytic anatase TiO2 and CoO, and strongly 

correlated magnetic oxide LaCoO3. 
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Chapter 1. Introduction 

Complex oxide materials based on the ABO3 perovskite structure show a variety 

of functional properties when various metal elements are incorporated at the A and B 

sites. Such examples include high-k dielectric SrTiO3 [1], ferroelectric BaTiO3 [2], 

multiferroic BiFeO3 [3], magnetic La1-xCaxMnO3 exhibiting a colossal magnetoresistance 

[4], and LaTiO3 showing a metal-insulator transition [5]. The atomic structure of SrTiO3 

that is a prototypical perovskite oxide, is shown in Fig. 1.1 (a). The corners of the 

primitive cubic cell are occupied by Sr while TiO6 forms a corner-sharing octahedral 

network. The electronic structure of SrTiO3 calculated in density functional theory within 

the local density approximation is shown in Fig. 1.1(b). In the pure ionic limit, Sr and Ti 

transfer 2 and 4 electrons to O, leading to Sr
2+

,Ti
4+

 and O
2-

 ions. Therefore, the electronic 

structure in Fig. 1.1(b) can be understood as fully occupied O 2p band and the empty Ti 

3d states, which split into triple-degenerate t2g states (dxy, dyz, and dxz) and double-

degenerate eg states (              ) due to the crystal field imposed by surrounding O
2-

. 

The charge transfer present in SrTiO3 makes the material largely ionic, but there is also a 

significant covalent hybridization between Ti and O states as shown in Fig. 1.1(b). Fig. 

1.1(c) shows strong σ-interactions between the Ti eg (              ) and O 2p orbitals, 

leading to larger eg bandwidth of about 5 eV than 3 eV of the t2g band due to weaker π-

interactions. SrTiO3 is an insulator with a gap of 3.2 eV [6] and does not show any ferroic 

properties at room temperature [1,7]. However, by changing the local environment or 

controlling the occupation of the Ti 3d states, a wide range of functional properties can 

appear. For example, LaTiO3 with one Ti 3d electron is an antiferromagnetic Mott 

insulator while BaTiO3 is a tetragonal ferroelectric below 390 K [3]. 
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Figure 1.1     (a) Primitive cubic unit cell of SrTiO3 (space group =      , lattice 

constant a = 3.901 Å  [2]) Ri represents a direct lattice vector. (b) Electronic 

structure of SrTiO3 near the Fermi level calculated in density functional 

theory within the local density approximation. The band gap of SrTiO3 is 

3.2 eV in experiment [6] and is underestimated to 1.8 eV in the local density 

approximation. (c), (d) σ-interactions (hopping) between the Ti eg 

(                   (d)) and O 2p orbitals. 

The recent technological advances in physical vapor deposition methods have 

made possible the creation of oxide heterostructures with atomic-scale precision [8]. The 

physical properties of heterostructures are often controlled and dominated by the 

interfaces because of the oxide layers in this heterostructure being typically very thin. In 

particular, the fundamental physical parameter that largely affects the functionality of 

heterostructures is the band offset, owing to its profound effect on the carrier confinement 

and electronic transport along and across the interface. However, oxide interfaces are not 

as well-understood as those of metals and semiconductors. The band alignment at oxide 

heterointerfaces has attracted considerable attention in the context of the high-k dielectric 
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gate stack in field effect transistors [9-11]. More recently, the band alignment between 

complex oxides has been of great interest following the discovery of novel interfacial 

electronic phases emerging at the epitaxial complex oxide heterointerfaces [12,13]. To 

describe and control the band alignment between two materials, the interfacial chemistry 

of a given heterointerface has to be well understood [10,11,14,15]. In chapter 5 and 6, we 

will discuss the band alignment at two different types of oxide heterojunctions: anatase 

TiO2/SrTiO3(001) and CoO/SrTiO3(001), respectively. For the TiO2/SrTiO3 (001) 

interface, the valence band alignment occurs between the O 2p bands of TiO2 and SrTiO3, 

while the Co 3d and O 2p states line up with a finite offset at the CoO/SrTiO3 (001) 

interface. We also discuss the importance of oxygen lattice polarization to describe the 

dielectric screening at the interface. 

 

Figure 1.2     Schematic of the epitaxial LaCoO3 film growth on the cubic SrTiO3 (001) 

substrate, whose lattice constant is 3.90 Å . LaCoO3 has a rhombohedral 

structure (    ) with a pseudo-cubic lattice constant of 3.78 Å . In the 

epitaxial tensile-strained LaCoO3 film on SrTiO3 (001), the CoO6 octahedral 

network would tilt and rotate accordingly to accommodate the tensile strain. 

See chapter 5 for further discussions. 

In addition to the interface effects for the emergent properties of oxide 

heterostructures, bulk properties of an oxide material can be drastically changed (and 

controlled) when it is integrated as a part of heterostructure. A key example is strain 

engineering that one can achieve by epitaxially growing one oxide material on another 
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oxide substrate having a different lattice constant as schematically shown in Fig. 1.2. The 

perovskite oxides are known to accommodate a relatively high degree of structural 

distortion such as rhombohedral and tetragonal distortions. In particular, the lattice has 

additional degrees of freedom in oxygen octahedra, which can cooperate to tilt and rotate 

under external perturbations [16,17]. Therefore, for the oxide overlayer commensurate 

with the substrate, epitaxial strain can directly affect the lattice degrees of freedom. 

Several studies have shown that strain engineering of oxide heterostructures could 

stabilize novel electronic phases that are not present in their bulk constituents, owing to 

the close interplay between the lattice, orbital, and spin degrees of freedom present in the 

complex transition metal oxides [18,19]. One exciting example is the recent 

demonstration of biaxial tensile strain stabilizing an insulating ferromagnetic ground state 

in LaCoO3, which is normally non-magnetic at low temperature [20,21]. In chapter 4, we 

discuss the origin of ferromagnetic order and other features of strained LaCoO3 observed 

in experiment. 

 

Figure 1.3     (a) Epitaxial SrTiO3 (001) grown on Si(001) by molecular beam epitaxy, 

adapted from Ref. [26]. (b) Schematic of monolithic integration of 

functional oxides on Si(001) using SrTiO3 buffer layer. 
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The functional properties of oxide heterostructures make these materials attractive 

in terms of potential technological applications. For example, when integrated in 

electronic devices, these materials could provide additional degrees of freedom, making 

them potential elements of future low-power multi-functional electronic devices [22-25]. 

However, the absence of large-scale single-crystal substrates for oxide heteroepitaxy 

hinders further technological development of these interesting systems. Moreover, it is 

desirable to integrate the oxide heterostructures on silicon monolithically, which can 

potentially lead to multiple types of devices utilizing the functionalities of the oxide 

heterostructures in combination with traditional Si-based complementary metal-oxide-

semiconductor functionality. A breakthrough in this area was made by McKee et al. in 

1998 [26], who, employing surface passivation with half-monolayer Sr on Si (001), have 

successfully grown epitaxial, single-crystal SrTiO3 on Si (001) as shown in Fig. 1.3 (a). 

In the following years, SrTiO3/Si(001) has been used as a large-scale ‘pseudo-substrate’ 

for integration and development of functional oxides on semiconductors as schematically 

shown in Fig. 1.3(b) [27-29].  

 

 

Figure 1.4     Ball-and-stick model of the Si(001) surface with tilted asymmetric dimers 

(a) and the half-monolayer Sr/Si(001) surface with flattened dimers (b).  
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The half-monolayer Sr/Si(001) template has been extensively explored both 

experimentally and theoretically [30-34]. On unreconstructed Si(001), each surface atom 

has two dangling bonds with two electrons [35]. The second nearest neighbor atoms form 

a strong σ-bond, leading to a 2×1 symmetric dimer structure. Furthermore, the symmetric 

dimers undergo a Peierls-like distortion. As a result, the dimers are tilted as shown in Fig. 

1.4(a): one atom with an empty dangling pz state shifts down, while the other with a fully 

occupied s-like state shifts up. When a half-monolayer of Sr is deposited, Sr atoms 

occupy the trough sites between the dimer rows and each Sr transfers two electrons to 

one dimer. The two extra electrons donated by Sr “passivate” the dangling bonds and 

flatten the dimers (see Fig. 1.4(b)) as otherwise the donated electrons would go into an 

empty, high-energy dangling pz orbital [31]. Although the mechanism seems to be 

universal for Si or Ge (both exhibit similar tilted dimer structures), the phenomena are 

complicated. For example, while 1/2 ML Sr deposition on Si leads to a stable 2×1 

structure shown in Fig. 1.4(b), a similar coverage of Sr on Ge(001) leads to a more 

complex 9×1 structure, whose origin is not fully understood [36]. Furthermore, our 

understanding of the relationship between the surface reconstruction and electronic 

structure changes induced by Sr deposition is still incomplete. 

This dissertation is a result of my theoretical work. However, a number of studies 

described in this dissertation have been done in close collaboration with the parallel 

experimental work done by researchers in our Materials Physics Lab1 at the University of 

Texas at Austin. Therefore, I will also present the experimental results in this dissertation 

whenever my theoretical work is not separable from the experiment. The rest of the 

dissertation is organized as follows. In chapter 2, we explain our computational methods 

                                                 
1 http://www.ph.utexas.edu/~aadg/lab/ 
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based on density functional theory. In chapter 3, we explore in detail the surface 

reconstruction of Si(001) induced by sub-monolayer Sr. Experimentally, the ionization 

energy of the Si(001) surface as a function of Sr coverage is measured using in-situ 

photoemission spectroscopy. For the half-monoalyer Sr coverage, Si 2p surface core level 

shifts are measured and compared with that of pure Si(001). The main theory work is 

done to interpret and analyze the experimental data. In chapter 4, we discuss the magnetic 

structure and exchange interaction in strained LaCoO3. In chapter 5 and 6, we investigate 

the interface electronic structure and band alignment at the photocatalytic anatase 

TiO2/SrTiO3(001) and CoO/SrTiO3(001) heterostructures, respectively. In chapter 7, we 

investigate the growth behavior of Pt on SrTiO3(001). In chapter 8, we describe polar 

LaAlO3 (001) surface stabilization mechanism by point defects on the surfaces. 
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Chapter 2. Computational Methods 

In this chapter, we first summarize the calculation details in brief and explain each 

of them in more detail in the following sections. All the main calculations are done using 

density functional theory (DFT) [37,38] as implemented in the VASP code [39]. The 

Kohn-Sham (KS) equation [38] is expanded using plane-waves and is solved self-

consistently along with projector-augmented-wave (PAW) pseudopotentials [40,41]. We 

usually employ the local density approximation (LDA) or the generalized gradient 

approximation (GGA) for the exchange-correlation (XC) functional [42,43]. A cutoff 

energy of 600 eV is typically used for the plane-wave expansion. Each self-consistent 

electronic calculation is converged to 10
-6

 eV/cell and the ionic degrees of freedom are 

relaxed until the Hellman-Feynman forces [44] are less than 0.01 eV/Å  unless otherwise 

noted. For the Brillouin zone integration we use Monkhorst-Pack k-point grids [45]. 

Magnetic properties of materials are calculated using spin density functional theory either 

in collinear [46] or non-collinear formalism [47]. To better describe a certain class of 3d 

transition metal oxides such as LaCoO3 or CoO, we apply the Hubbard U correction 

(LDA+U) [48] in the rotationally invariant formalism [49,50]. To improve the band gap 

and the electronic structure near the Fermi level of semiconductors such as Si and Ge, we 

use the range-separated hybrid density functional method [51]. Spin-orbit coupling for 

the valence electrons of heavy elements such as Ge is following the approach of 

MacDonald et al. [52] and Kleinman [53]. 

 

2.1 DENSITY FUNCTIONAL THEORY 

Let us consider a crystalline solid such as SrTiO3 shown in Fig. 1.1(a), consisting 

of nuclei and electrons. To calculate the quantum properties of SrTiO3, what we have to 
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solve is, in principles, the full time-dependent Schrödinger equation, treating the nuclei 

and electrons on the same footing. However, this is an intractable problem because of the 

enormous amount of degrees of freedom in the system on the order of 10
23

. Noting that 

the electron’s mass is about 1836 times smaller than that of proton, the adiabatic 

approximation, first proposed by Born and Oppenheimer [54] is usually applied. It 

implies that a time scale of electron’s motion is much faster than that of nucleus, so the 

electronic problem can be solved separately for a given set of nuclear positions. 

Furthermore, the nuclei can be treated as semi-classical objects for which the potential 

energy surface is provided by the electronic total energy. The electronic structure of 

electrons described by {r} for a fixed set of nuclear positions {R} can be determined, in 

principles, by solving the following time-independent Schrödinger’s Equation. 

                                              

The electronic Hamiltonian Hel is the sum of electronic kinetic energy operator Te, 

nucleus-nucleus Coulomb interaction vnn, nucleus-electron Coulomb interaction vne, and 

electron-electron Coulomb interaction vee. Unfortunately, it is still impossible to solve the 

many-electron Schrödinger’s equation exactly. Over the past years, a variety of different 

approaches have been developed to solve or approximate Eq. (2.1) such as the Hartree-

Fock theory as the simplest many-electron theory, configuration interaction approach, 

and second-order many-body perturbation theory. One of the most successful theories is 

density functional theory [37,38], which is the main subject of this chapter. 

In 1964, Hohenberg and Kohn have proven two important theorems for the 

ground state properties of many-electron systems, which are the basis of density 

functional theory [37]. For an N-electron system moving in an external potential vext(r) in 

a non-degenerate ground state, the theorem states that (1) the many-body ground state 

wave function    and the external potential vext(r) are uniquely determined by the 
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electron density n(r) and (2) there exists an universal energy functional E[n(r)], which is 

variational with respect to the ground state density. 

                                                                      

where T and vee are the kinetic energy operator and electron-electron Coulomb potential, 

respectively.  

To calculate the electron density and the ground state energy, Kohn and Sham 

[38] introduced an auxiliary non-interacting electronic system in an effective Kohn-Sham 

(KS) potential vKS(r), satisfying (neglecting the spin degrees of freedom) 

           
 

 
                                              

In the KS theory, the effective KS potential is to be determined to ensure that the electron 

density calculated using the KS orbitals should be the same as the true electron density of 

the corresponding many-electron ground state, n0(r). 

               
 

    

 

                                

By utilizing the kinetic energy of the non-interacting electrons, Kohn and Sham have 

written the university functional for the reference as  

                  
 

 
        

   

 

  
 

 
  

         

      
      

                                                       

where the second term is the Hartree energy and the last term is the so-called exchange-

correlation (XC) energy. Note that the kinetic correlation energy is absorbed in the XC 

term since the non-interacting kinetic energy does not have any correlation in it. By 

applying the variational principles, the effective KS potential has the following form [38]. 
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Note that the XC potential is given as the functional derivative of the XC energy with 

respect to the density2. The theory is exact up to this point, but the exact form of the 

exchange-correlation energy is not known, thus it has to be approximated. A widely used 

approximation is the local density approximation (LDA) in which one assumes that the 

electron density is slowly-varying in space and calculates the XC energy based on that of 

homogeneous electron gas. 

   
                                                      

In practice,     is separated into the exchange and correlation energy. 

                                            

The exact expression for the exchange term is known due to Dirac as, 

    
 

 
 
 

 
 

 
 
 
 
                            

For the correlation energy, a parameterized expression of a high-precision quantum 

Monte-Carlo data is typically used [42]. To solve the KS equation, we still need one more 

ingredient, which is the electron density n(r). Note, however, that the density if an output 

of the KS equation, implying that the equation should be solved self-consistently. 

Once we solve the KS equation, we obtain the ground state density and the total 

energy of the system, with which a variety of different ground state properties can be 

calculated. One of the central quantities which can be calculated from the ground state 

energy is the forces acting on nuclei under the Born-Oppenheimer approximation. We 

employ the Hellman-Feynman theorem, which is basically a general statement for 

                                                 
2                           , for a small functional variation      . 
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calculating derivatives of expectation values at the ground state. Applying to the nuclear 

forces, 

    
    
   

  
 

   

               
  

   
                              

The implication of this theorem is that when we calculate the force we can entirely ignore 

any changes in the wave function (WF), which could be induced by the variation in the 

nuclear degrees of freedom, and we can only focus on the change in the Hamiltonian. 

From Eq. (2.3) and (2.6), we note that the only term depending on the nuclear coordinates 

in the KS Hamiltonian is the external potential. Adding the nucleus-nucleus Coulomb 

repulsion energy, the force has the following form: 

 

         
     
   

   
    
   

                                 

In principle, density functional theory is a ground state theory to calculate the 

ground state density and the total energy, and the KS orbitals could not be used for 

extracting any further physical meaning of the system. To see this, let us calculate the 

total energy in the LDA in terms of the KS eigenvalues by multiplying Eq. (2.3) by      

and summing over i. Together with the expression of vKS shown in Eq. (2.6)3, we obtain 

 

             
 

 
 

 
 

         

      
            

    
  

                        

Thus, the eigenvalues of the KS equation do not have a significant meaning as single-

particle energies as expected. This is contrast to the Koopmans’ theorem, stating that the 

one electron binding energy is the same as the orbital energy in the Hartree-Fock theory 

[Koopmans]. Indeed, the meaning of the KS eigenvalues has been a subject of extensive 

research. For example, see papers by Görling [56], by Janak [57], and by Perdew [58] 

                                                 
3                in LDA is given as                
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and papers citing these to find discussions for assigning the physical meaning to KS 

eigenvalues. Furthermore, it has been empirically observed during the past years that the 

KS eigenvalues provide a reasonable description of single-electron electronic spectra 

(band structure) such as photoemission spectra. Taking the KS eigenvalues as a 

reasonable description of the band structure, the widely used LDA is, however, known to 

underestimate the band gap of semiconductors such as Ge and insulators such as SrTiO3. 

The origin of the band gap underestimation in LDA has been discussed in the literature 

[59] and a variety of different methods have been developed to improve the band gap 

prediction using DFT [48,51].  

 

2.2 PRACTICAL CALCULATIONS 

2.2.1 Plane-wave expansion and special k-points 

To solve the KS equation for a crystalline solid such as SrTiO3 shown in Fig. 1.1 

(a), we first observe that the external potential is determined by the nuclei forming a 

periodic lattice, subsequently imposing a discrete translational symmetry to the electron 

density and all other potentials in vKS(r) such as vHartree and vXC. Therefore, the KS 

potential is cell-periodic for all direct lattice vectors {R}: 

                                               

Under the translational symmetry, single-electron WFs have to satisfy the Bloch 

theorem: 

                
                         

where n is a band-index, and k is a crystal-momentum vector in the first Brillouin zone of 

the reciprocal space. One can also show that the Bloch wave can be expressed as 
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where        is a cell-periodic function:                . Therefore, a natural 

basis set to expand        is a plane-wave basis set:  

 

             
 

 

                                        

    
  

 

     
        

       
      

                

 

     
       

            
     

                      

where Ωcell is the primitive cell volume and {G} is the reciprocal lattice vectors satisfying 

       . We can expand all other cell-periodic quantities necessary for solving the KS 

equation using the plane-wave basis set [60]. For example, the charge density is given as  

 

                                                      

 

 

Note, however, that the summation is over all the possible reciprocal lattice vectors and 

the number of them is infinite. High-frequency or large Fourier components are usually 

necessary to describe tightly bound core states and their rapid oscillations (nodal features) 

near the nucleus. One can avoid using those high-frequency plane-waves by adopting 

pseudopotentials, which will be further discussed in chapter 2.3.2. Thus, in practice, we 

use an input parameter called cutoff energy Ecut, which is used to set the number of plane-

waves to expand the cell-periodic quantities in the calculations. 
 

 
                                                        

For example, if we choose 600 eV for Ecut to calculate the electronic structure of cubic 

SrTiO3 with a lattice constant of 3.9Å , then the number of plane-waves is about 2200. 

This is one of the main advantages of using the plane-wave basis set. In contrast to local-

orbital basis sets for which some procedures are necessary to produce reliable basis sets 
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[61], the plane-wave basis set is an unbiased set, which can be controlled by the single 

input parameter Ecut. In Fig. 2.1 (a), we show the energy per cell of SrTiO3 as a function 

of the cutoff energy. This is a typical convergence test to perform before any further 

calculations and we see that after 700 eV, the energy is converged to 4 meV/cell, thus 

less than 1 meV per atom. 

 

 

Figure 2.1     Convergence tests for cubic SrTiO3 in terms of the energy per cell (5 

atoms) as a function of the cutoff energy Ecut (a) and for different k-points 

samplings (b).  

In the course of self-consistent calculations, there are many quantities to be 

calculated by integration (average4) over the first Brillouin zone (BZ). For instance, the 

charge density n(r) is given by   

 

     
 

   
     

  

        
   

 

                     

                                                 
4 The quantities are usually defined as “per unit cell”, so Eq. (2.21) has a 1/Nk factor in it, where Nk is the 

number of k-points in the first BZ. 
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In actual calculations, we approximate the integration over k by a weighted sum 

over a discrete set of special k-points. 
 

   
 
  

              

 

                                        

where wk are the weights of the integration points and sum up to one. A several schemes 

to choose special k-points to ensure systematic and efficient convergence of the 

calculation have been discussed in the literature [45,62,63]. The main features of the 

different k-points meshes are reviewed in Ref. [64]. In our calculations, we mainly use 

the scheme proposed by Monkhorst and Pack [45]. The method is now the most widely 

used scheme because it yields a uniform, equally spaced k-point grid by a simple 

formula: 

 

                              
       

   
                           

where bi is the primitive vectors of the reciprocal lattice and qr is the number of k-points 

in the r-direction. In practice, the mesh can be shifted, for example, to include the 

Gamma point and the proper weighting (wk) is calculated after the irreducible k-points are 

extracted based on the all underlying symmetries of the corresponding Bravais lattice. 

Since we approximate the integration over the Brillouin zone with a few k-points, it is 

very important to choose a sufficiently dense k-point mesh. In Fig. 2.1(b), we show the 

energy of SrTiO3 calculated with different Monkhorst-Pack k-point grids. The energy 

quickly converges and we can use a 6×6×6 grid to ensure a convergence rate of about 1 

meV/cell.  
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2.2.2 Pseudopotentials and Projector Augmented Wave Methods 

One of the main advantages of the plane-wave expansion is that plane-waves are 

naturally delocalized in space and are not biased to any atoms or any localized objects. It 

is perfectly balanced basis set. However, a drawback of using the plane-wave basis set is 

that larger Fourier components are required to resolve smaller detailed structures in 

space, which are typically found in the WFs near the nucleus. To address this issue, we 

calculate the atomic WFs (radial parts) of silicon and they are shown in Fig. 2.2(a). The 

atomic DFT calculations are performed using the APE (Atomic Pseudopotential Engine) 

code [65] and the all-electron (AE) KS equation is solved in the local density 

approximation.  

 

Figure 2.2     (a) Radial wave functions of a silicon atom. The radius is in units of 

Bohr radius (a0=0.529Å )  

As shown in Fig. 2.2, the radial functions of the core states of Si (1s, 2s, and 2p) 

are tightly bound within about 2a0 and the valence WFs (3s and 3p) show an extended 

character in space, but with rapidly oscillating nodal features near the nucleus because the 

valence WFs have to be orthogonal to the core WFs. If one uses a plane-wave basis set 
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and calculates the electronic structure of crystalline bulk Si keeping all the detailed core-

region features, there is no way to avoid the use of large Fourier components. However, 

we note that all the important electronic properties of crystalline bulk Si such as chemical 

bonding or electronic transport are dominated by the electronic structure of valence 

electrons, while the tightly bound core electrons and nuclei of Si atoms are chemically 

inert, forming ion cores. In addition, we expect that the activity of valence electrons 

originates from the electron density extended to the interstitial region of bulk Si, while 

the nodal features of valence electrons in the core region may not affect the chemical 

properties of the system. These observations have led to the development of the 

pseudopotential theory of a solid [66-68]. 

The essential features of the pseudopotential theory have been well-captured in 

the work of Phillips and Kleinman [66]. Let us consider the electronic structure problem 

of an isolated atom such as solving the KS equation (2.3) for Si. We can express one of 

the valence WFs    as 

        
               

 

                          

where   
 
 is a pseudo-WF (PS-WF) smoothly varying over all space (even in the core 

region!) and the sum is over the core wavefunction      . The rationale behind this 

expression is that we may be able to represent the oscillating nodal features of the 

valence WFs with the features of the core WFs. Outside the core region, we expect 

        
    . Since the core and valence states are orthonormal to each other,  

            
                                                     

By inserting the expression (2.24) to the KS equation (2.3), we obtain 
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where vp is a pseudopotential having two terms:  

                  
         

 

                         

We note that the additional contribution vR to the original potential vKS is repulsive, thus 

largely cancels the attractive part of the original potential vKS in the core region. 

Therefore the pseudopotential is weak and only binds the valence states. Moreove, the 

PS-WF     
   is smooth making it suitable for the plane-wave expansion and has the 

same energy eigenvalue as that of the original AE wavefunction. However, the newly 

defined pseudopotential is much more complex than the original potential as it is a state –

dependent and energy-dependent non-local operator. 

 

 

Figure 2.3     (a) Pseudo-WFs (straight lines) of the 3s and 3p states of silicon 

constructed by the norm-conserving pseudopotential scheme proposed by 

Hamann, Schülter, and Chiang. r0
c
 and r1

c
 defines the core sizes of the 3s 

and 3p states, respectively. (c) Pseudo-potentials for 3s, 3p and 3d states in 

Si compared with a bare Coulomb potential of the ion core (nucleus plus 

core-electrons of charge 4) (dashed line).  

Although the Philip-Kleinman pseudopotential is useful to understand the 

essential features of the pseudopotential theory, it is rarely used for actual 
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pseudopotential constructions due to its complexity. Instead, widely-developed and 

commonly-used pseudopotentials in modern electronic structure calculations are norm-

conserving pseudopotentials [67,68], Vanderbilt’s ultrasoft pseudopotentials [69] and 

Blöchl’s projector-augmented-wave (PAW) method [40]. Norm-conserving 

pseudopotentials have been first formulated by Hamann, Schülter, and Chiang (HSC) 

[67]. In this method, one of the main constraints is that the integral of the pseudo-charge 

density in the core region should be equal to that of the AE charge density. There are 

different ways to construct the PS-WFs within the core, including the original HSC 

method [67] and the method of Trullier and Martin [68]. We show HSC-PS-WFs of the 

silicon valence states in Fig. 2.3(a) [65], exhibiting nodeless and smooth features in all 

space. Once the PS-WFs are constructed, then the KS equations are converted to obtain 

the ion-core pseudopotentials [67] as shown in Fig. 2.3 (b). The ion-core 

pseudopotentials are strongly l-dependent (i.e. state-dependent) and are energy-dependent 

(e.g. 3s and 4s), which is, however, typically weak. Discussions about important issues 

such as pseudopotential transferability can be found in the literature [70]. 
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Figure 2.4     Schematic of the PAW transformation in space (a) and in terms of 

wavefunction (b). The whole space is divided into the so-called 

augmentation regions (or core regions) and the remaining interstitial region. 

The all-electron WF can be obtained by subtracting on-site smooth partial 

waves from the pseudo-wavefunction and adding the on-site oscillatory all-

electron partial waves. 

The drawbacks of the norm-conserving pseudopotential method are all 

information about the AE WFs close to the nucleus is lost and it sometimes requires to 

use very ‘hard’ pseudopotentials (a large number of plane waves are required), for 

example, for describing transition metals and rare-earth elements. One of the successful 

developments to address some of these issues is the ultra-soft-pseudopotential (USPP) 

theory developed by Vanderbilt [69]. Blöchl has further developed the so-called 

projected-augmented-wave (PAW) method based on the USPP concept and the idea of 

linearized-augmented-plane-wave (LAPW) method [40]. A formal relationship between 

the USPP and PAW methods has been shown by Kresse and Joubert [41]. In contrast to 

the norm-conserving pseudopotential, the PAW method retains information about the AE 

calculation without significant additional computation. The central idea of the PAW 
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method is to connect an AE WF    and an auxiliary smooth PS-WF   
  by a linear 

transformation    

            
           

 

     
                                         

where a is an atom-index and the     is an atom-centered transformation operator. A PS-

WF   
  is a variational quantity which is a solution of the PAW-transformed KS 

eqation: 

 

            
               

                                                       

As shown in Fig. 2.4(a), the whole space is divided into a set of non-overlapping 

spherical regions (augmentation regions) around each atom and the interstitial region. 

The atom-centered operator     has no effects outside the augmentation regions, leading 

to the PAW PS-WFs to be the same as that of AE WFs outside the augmentation regions. 

To construct the linear operator    , a set of functions are introduced as schematically 

shown in Fig. 2.4(b) [40]: 

 

          
      

  

    
       

       
       
                         

where i is an index for atomic states,   
  is a AE partial wave,   

   is a PS partial wave, 

and   
   is a (smooth) projector function. In practice,     

   is obtained as a solution of 

the radial scalar relativistic Schrödinger equation of the non-spin-polarized atom. There 

are a number of ways to construct the PS partial waves and the projector functions [40, 

41] under the main constraint: 
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inside each augmentation region. Outside the augmentation sphere, there is no restriction 

for the projector function, thus can be set to be zero. 

In practice, the frozen core approximation is typically adopted, where the 

localized core states are pre-calculated and are kept frozen in the self-consistent 

calculations. Therefore, the core KS states are identical to the atomic core states and only 

valence states are used in the expansion (2.29). However, we note that the frozen core 

approximation can be relaxed [71]. 

In the PAW method, all operators and quantities such as the charge density and 

the total energy can be re-expressed in terms of the PS WFs, the smooth partial waves, 

and the projector functions [40, 41]. For example, an expectation value of any local 

operator    can be expressed as follows.  

 

        

       

 

                
       

  

    

  

    

    

 

   
       

  

       
       

      
        

        
        

       
               

    

  

    

    

 

where Di,j
a
 is a one-center density matrix: 

 

    
      

    

 

   
      

      
       
                                        

For the local and semi-local operators such as the density and the kinetic energy, we can 

use the expression (2.31), but more careful consideration is needed for the non-local parts 

such as Hartree energy [40,41].  
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Chapter 3. Sub-monolayer alkaline earth metals on Si(001): Zintl 

templates for epitaxial growth of oxides 

 Half-monolayer Sr on Si(001) is a Zintl template necessary for epitaxial growth 

of SrTiO3 on Si(001). We investigate the reconstruction in the atomic and electronic 

structure of Si(001) induced by sub-monolayer Sr deposition using DFT and in-situ x-

ray/ultraviolet photoemission spectroscopy (XPS/UPS). The main focus of this chapter is 

on the theoretical results. However, to better present the results, we describe the 

experimental work along with the theoretical results. The work described in this chapter 

has been published in: (1) Hosung Seo, Miri Choi, Agham B. Posadas, Richard C. Hatch, 

and Alexander A. Demkov, “Combined in-situ photoemission experiment and density 

functional theory for the Sr Zintl template for oxide heteroepitaxy on Si(001).”, J. Vac. 

Sci. Technol. B 31, 04D107 (2013) (8 pages); (2) Miri Choi, Agham B. Posadas, Hosung 

Seo, Richard C. Hatch, and Alexander A. Demkov, “Charge transfer in Sr Zintl templates 

for epitaxial oxide growth on Si(001)”, Applied Physics Letter 102, 031604 (2013) (4 

pages). 

 

3.1 INTRODUCTION 

Epitaxial growth of complex oxides on semiconductors has attracted considerable 

attention, not only because it creates intriguing hybrid structures [72-76] but also for its 

potential impact in technological applications [77-79]. During the past decade, there has 

been remarkable progress in our understanding of the physics and chemistry of thin films 

of complex oxides, highlighting their rich physical properties such as high-Tc 

superconductivity [81], ferroelectricity [82,83], magnetism [84], and multiferroic 

behavior [85]. One of the main oxide materials classes is the ABO3 perovskite. Physical 
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properties of perovskites can be controlled and manipulated by incorporating various 

metal elements at both the A and B sites of the structure [83,84]. When integrated in 

electronic devices, these materials could provide additional degrees of freedom, making 

them potential elements of future low-power multi-functional electronic devices [86-89]. 

However, the absence of large-scale single-crystal substrates for oxide heteroepitaxy 

hinders further technological development of these interesting systems. 

A breakthrough in this area was made by McKee et al. in 1998 [72], who, 

employing surface passivation with half-monolayer Sr on Si (001), have successfully 

grown epitaxial, single-crystal SrTiO3 on Si (001). Epitaxial oxides such as SrTiO3 or 

BaTiO3 on semiconductors such as Si or Ge are of great interest [90] by themselves on 

account of their intriguing interface properties [72-76] and functionalities [91]. 

Furthermore, SrTiO3/Si(001) or BaTiO3/Ge(001) can be used as a large-scale ‘pseudo-

substrate’ for integration and development of functional oxides on semiconductors [77-

80, 92,93]. 

The half-monolayer Sr/Si(001) template has been extensively explored both 

experimentally and theoretically [94-101]. At the unreconstructed Si(001) surface, each 

surface atom has two dangling bonds with two electrons[102]. The second nearest 

neighbor atoms form a strong σ-bond, leading to a 2×1 symmetric dimer structure. 

However, the symmetric dimers undergo a Peierls-like distortion. As a result, the dimers 

are tilted: one atom with an empty dangling pz state shifts down, while the other with a 

fully occupied s-like state shifts up. When a half-monolayer (1/2 ML) of Sr is deposited, 

Sr atoms occupy the trough sites between the dimer rows and each Sr transfers two 

electrons to one dimer. The two extra electrons donated by Sr “passivate” the dangling 

bonds and flatten the dimers as otherwise the donated electrons would go into an empty, 

high-energy dangling pz orbital [95].  
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The reconstructed surface in completion of charge transfer has stoichiometry of 

SrSi2, which is the same as that of a bulk SrSi2 Zintl-Klemm intermetallic compound 

[103-105]. The typical form of a Zintl compound is AaXx = (A
n+

)a[X
(an/x)-

]x, where A is 

usually an electropositive alkali or alkaline earth metal and X is an electronegative 

element of the third or fourth main group of the periodic table. A large difference in the 

electronegativity in the system drives charge transfer from A to X, leading to an unusual 

“Zintl phase” where the element X assumes the chemical identity of the element to its 

right in the periodic table. Recently, we suggested that the mixed ionic-covalent bonding 

character in the Zintl phase would play an important role in achieving wetting of oxide 

films on semiconductors by lowering the oxide-semiconductor interfacial energies [95]. 

Although the Zintl mechanism seems to be universal for Si or Ge (both exhibit 

similar tilted dimer structures), the phenomena are complicated. For example, while 1/2 

ML Sr deposition on Si leads to a stable 2×1 structure, a similar coverage of Sr on 

Ge(001) leads to a more complex 9×1 structure, whose origin is not fully understood 

[106]. Furthermore, our understanding of the relationship between the surface 

reconstruction and electronic structure changes induced by Sr deposition is still 

incomplete [97,98]. 

Using in-situ ultraviolet/X-ray photoemission spectroscopy (UPS/XPS) [107] 

combined with density functional calculations, we have recently explored the evolution 

of the electronic structure of Si(001) during the half-monolayer Sr deposition [101]. We 

have shown that the ionization energy of the system decreases as a function of Sr 

coverage, indicating a charge transfer from Sr to Si(001). Using core level spectroscopy, 

we have shown that the tilting of Si dimers disappears upon the half-monolayer Sr 

deposition, giving rise to a single dimer-related peak in the surface core level shift 

(SCLS) spectrum (bare Si(001) 2×1 produces two dimer-related features). Interestingly, 
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we have also observed that the Si 2p bulk peak shifts 0.48 eV to higher binding energies 

for the half-monolayer Sr coverage. In this chapter, we present detailed theoretical results 

and analysis of the electronic reconstructions in Si(001) induced by 1/2 ML Sr 

deposition. We calculate the ionization energy as a function of the Sr coverage with 

various structural models. Using the initial and final state theories, we calculate the SCLS 

in Si(001) and half-monolayer Sr/Si(001). In addition, we calculate the chemical shifts in 

three bulk phases of SrSi2. Theoretical results are in good agreement with experiment. 

 

3.2 COMPUTATIONAL DETAILS 

The first-principles calculations of Si(001) and sub-monolayer Sr on Si(001) are 

performed using density functional theory as implemented in the VASP code [108]. The 

exchange-correlation energy is calculated within the local density approximation (LDA), 

using the Ceperley-Alder data parameterized by Perdew and Zunger [109]. We employ 

projector augmented wave (PAW) pseudopotentials [110] to describe Si and Sr. Valence 

electron configurations for the elements are 3s
2
3p

2
 and 4s

2
4p

6
5s

2
 for Si and Sr, 

respectively. The electronic total energy is converged to 10
-6

 eV/cell for each electronic 

self-consistent calculation. Structures considered in this paper are fully relaxed until the 

Hellmann-Feynman forces are less than 10 meV/Å . The Si bulk (conventional cubic cell, 

eight atoms) is calculated using a plane-wave cutoff energy of 500 eV along with an 

8×8×8 Monkhorst-Pack k-point grid. We calculate the Si lattice constant to be 5.403 Å , 

which is slightly underestimated to the experimental value of 5.431 Å . The band gap is 

calculated to be 0.45 eV. This is also underestimated compared to the experimental value 

of 1.12 eV [111], which is typical in the local density approximation [112]. 
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We model the Si surface using a 16-layer thick slab, which is separated from its 

periodic images along the c-direction by 15 Å  of vacuum to avoid the spurious slab-slab 

interaction. For calculations of the surface core level shifts (SCLS), we consider the 

Si(001) p(2×2) surface and the (2×1) surface of 1/2 ML Sr on Si(001), as shown in Fig. 

3.1. To calculate the SCLS using the final state theory [113], we increase the surface cell 

size to   (dimension = 10.81Å  × 10.81Å ) in order to minimize the interaction between a 

hole in the slab and its periodic images. Both surfaces of the slab are treated as an active 

surface to satisfy the periodic boundary condition along the (001) direction and no 

hydrogen passivation is used. A cutoff energy of 500 eV is used for the plane-wave 

expansion along with a 4×4×2 Monkhorst-Pack k-point grid for the Brillouin zone 

integration. 

 

Figure 3.1     Structural models used in the final state theory calculations for the surface 

core level shifts (SCLS) of the Si(001) p(2×2) surface (left) and the half-

monolayer Sr on Si(001) (right). Significant surface relaxation is found in 

the top four Si layers in both cases. The middle part from the fifth to the 

twelfth Si layer is considered to be the bulk. 
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3.3 RESULTS AND DISCUSSION 

 

 

Figure 3.2.    RHEED patterns of the Si(001) surface as a function of Sr coverage for (a) 

0, (b) 1/6, (c) 1/3, and (d) 1/2 monolayer (ML) Sr coverage on 2×1 Si(001) 

deposited at 600°C. All patterns are viewed along the Si<110> azimuth.  

To explain the structural evolution and charge transfer process, we start our 

discussion with the RHEED patterns and the ionization energy change as a function of Sr 

coverage. Fig. 3.2 shows the RHEED patterns for the clean 2×1 Si(001) and Si (001) with 

various coverages of Sr. As the Sr coverage increases, the RHEED pattern evolves into a 

2×3 reconstruction between 1/6 and 1/4 ML of Sr, and then into a 2×1 structure between 

1/3 and 1/2 ML of Sr coverage. At 1/2 ML of Sr coverage, the RHEED pattern is 

identical to that of clean 2×1 Si(001). 
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Figure 3.3.    Ball-and-stick models of the surface structures of sub-monolayer Sr on Si 

(001) at a coverage of (a) 1/6, (b) 1/4, (c) 1/3, and (d) 1/2 monolayer. Large 

green spheres represent Sr, while Si is represented by small blue spheres. 

For clarity, only the top three surface Si layers are shown with dimer bonds 

highlighted in red. Surface cells are indicated by black straight lines. 

For sub-monolayer Sr on Si(001), a number of different structural models have 

been proposed, depending on the Sr coverage [94,100]. We consider 1/6 ML, 1/4 ML, 1/3 

ML, and 1/2 ML Sr coverages. The surface models for these are shown in Fig. 3.3. When 

a Sr atom is adsorbed on the Si(001) surface with asymmetric dimers, it transfers two 

electrons to a Si dimer and the dimer is flattened. Because of the charge transfer, the 

flattened dimer is negatively charged, attracting another Sr
2+

. This process could lead to 

either ‘zig-zag’ or ‘straight’ Sr chains on the Si(001) surface [94]. However, at the 1/6 

ML coverage, it has been pointed out that the Sr chain model could not fully explain 

experimental results and another 2×3 model has been proposed [100], which is shown as 

the “Yale” model in Fig. 3.3(a). Beyond 1/4 ML, the Si(001) surface recovers the 2×1 

structure as shown in the Fig. 3.2(c). Possible Sr structures above 1/4 ML coverage 
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would be a zig-zag or a straight chain. For 1/4 ML Sr coverage, we find the straight chain 

model is slightly lower in energy by 33 meV/dimer than the zig-zag model. On the other 

hand, for 1/3 ML Sr coverage, the straight chain model is higher in energy than the zig-

zag model by 17 meV/dimer. This small energy difference between the two models above 

1/4 ML coverage indicates a locally fluctuating Sr structure, which could explain the 

weaker 2×1 RHEED pattern seen in Fig. 3.2(c). At 1/2 ML coverage, Sr atoms occupy all 

trough sites, leading to the stable 2×1 structure (see Fig. 3.3 (d)), manifested by a strong 

2×1 RHEED pattern as shown in Fig. 3.2(d). 

 

 

Figure 3.4    (a) Photo-emitted valence band electrons in Si(001) under He I radiation 

(hν = 21.22 eV) with a bias of Vbias = 4 V applied to the sample. (b) Plane-

averaged Hartree potential of p(2×2) Si(001) as a function of distance along 

the (001) direction. Layer-by-layer projected densities of states (pDOS) are 

superimposed. The blue-shaded areas in the pDOS plots are occupied states 

below the Fermi level. (c) Ionization energy variation as a function of Sr 

coverage on 2×1 Si(001) from experiment (filled squares) and theory (open 

circles).  
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To further verify the structural models shown in Fig. 3.3, we calculate the 

ionization energy of Si(001) as a function of Sr coverage and compare it to experimental 

values measured by in-situ UPS. As seen in Fig. 3.4(a), we measure the ionization energy 

of Si(001) to be 4.82 eV using the relationship )( CutoffVBTI EEhE   , where EI is the 

ionization energy, hν = 21.22 eV is the photon energy,  EVBT is the energy of the top of 

the valence band and ECutoff is the energy of the secondary electron cutoff. For the 

calculations, we use a 16-layer thick Si slab model with reconstructed surfaces on both 

sides. The ionization energy for a given surface is calculated by taking the difference 

between the vacuum level (determined as the average electrostatic potential in the 

vacuum region of the simulation cell) and the Fermi level of the slab as shown in Fig. 

3.4(b). The ionization energy of p(2×2) Si(001) is calculated to be 5.18 eV. 

As shown in Fig. 3.4(c), the ionization energy decreases with increasing Sr 

coverage, which is well-reproduced in theory. For the 1/6 ML coverage, we consider a 

straight Sr chain model and the Yale model, but the ionization energies for those two 

structures are almost the same within our numerical accuracy. For the 1/4 ML coverage, 

in addition to the Sr chain models (see Fig. 3.3(b)), we also consider a surface structure 

where the Sr ad-atoms are homogeneously distributed on the surface. In a rigid-band 

picture, where a surface dipole is the same regardless of the Sr adsorption geometry, the 

ionization energy would be expected to be the same for all three structures because the 

amount of charge transfer would be roughly the same for all cases. However, the 

ionization energies are calculated to be 3.81, 4.00 and 4.02 eV for the homogeneous, zig-

zag chain, and straight chain models, respectively. The ionization energies calculated 

with the Sr chain models are in better agreement with experiment, which may support the 

physical picture of coupling between the Sr ad-atoms mediated by Si dimers above the 
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1/4 ML coverage. At the half-monolayer coverage, the ionization energy is calculated to 

be 3.53 eV, in reasonable agreement with the measured value of 3.97 eV. 

 

 

Figure 3.5     (a) Si 2p core-level spectrum of clean 2×1 Si(001) by in-situ XPS at room 

temperature. The energy positions of all components are expressed in terms 

of the binding energy relative to the binding energy of the well-resolved 

bulk component. The inset is a theoretical structure of Si(001) obtained from 

the DFT calculations. Si atoms in the top four layers relax significantly and 

symmetrically different atoms are labeled accordingly. Theoretical SCLS for 

these surface Si atoms calculated in initial-state and final-state theories are 

shown in (b) and (d), respectively. (c) Isosurface plot of electron density 

screening a core-hole at the down atom in a dimer. For clarity, only the top 

three surface Si layers are shown with up (down) atoms in green (red). The 

yellow density represents negative charge saturated at 0.02 e
-
/Å

3
, while the 

blue density represent positive charge saturated at -0.02 e
-
/Å

3
.  
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To better understand the microscopic picture of the changes in the atomic and 

electronic structures of Si(001) induced by 1/2 ML Sr deposition, we measure the SCLS 

at normal emission and at room temperature using in situ XPS. Figs. 3.5(a) and 6(a) show 

the SCLS for pure Si(001) and 1/2 ML Sr-induced 2×1 reconstruction on Si(001), 

respectively. The Si 2p spectrum of the Si(001) surface is usually decomposed into one 

bulk component (B) and six surface components (Su, C, Sd, S’, D, and L) [114-122]. 

Using tunable synchrotron radiation, one can better resolve the Si 2p SCLS by optimizing 

the surface sensitivity and the depth resolution of the X-ray core level spectroscopy [116, 

121, 123]. In our experiment, with fixed photon energy of 1486.6 eV, the resolution is 

limited by the x-ray source line width, which is approximately 300 meV. Therefore, we 

start our analysis with pure Si(001) that has been extensively studied in the past and we 

are guided by the well-established detailed peak structure in the literature [113-122]. In 

the present case, a minimum of four spin-orbit split features are required to fit the data 

with a basically, featureless residual. In order to gain a better understanding of the 

physics of the system, and in light of the well-established work in this area, we consider 

six pairs with constraints placed on the amplitude of two of those features. For the surface 

components, we include the Su and Sd peaks, derived from the up and down atoms in 

asymmetric Si dimers, respectively. We also consider C and S’, which are related to the 

sub-surface Si atoms. The L component is needed to fit the tail of the spectrum on the 

higher binding energy side and the origin of this peak has been related to a surface loss 

process via interband transitions in surface bands [121]. The D component, which is very 

small even for synchrotron radiation [116,121], is not considered explicitly in our peak 

deconvolution. Because we do not expect to be sensitive to this component in our 

experimental setup as it is only 0.1 eV higher in energy than the stronger S’ component 

[116,121] , we account for its presence by considering our S’ peak to be a combination of 
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D and S’, arbitrarily assigning a slightly larger width for our S’ component. In addition, 

although we include the C component in our data fitting, its amplitude is constrained by 

its larger escape depth, and the fact that it originates from a smaller number of sub-

surface Si atoms.  As a consequence, the amplitude of C is so small it has virtually no 

affect on our conclusions and could be removed from the fitting without consequence. 

Therefore, we mainly focus on the four positions of B, Su, Sd, and S’. The S’ component 

has been called SS in our previous paper [101], but we call it S’ in this paper to be 

consistent with the notation used in Ref. 45 and 50. The peaks are fit with the Voigt 

function that is 90% Gaussian and 10% Lorentzian using Casa XPS software [124]. The 

value of the full-width at half maximum (FWHM) of the Su, C, and Sd components is 

constrained to be the same as that of the bulk component. For S’ and L, the FWHM is 

arbitrarily constrained to be 1.5 times wider than that of the bulk because we consider the 

S’ component to be a combination of two very closely spaced features (the original S’ 

and the D components) that cannot be effectively resolved with our instrument, and 

because the L component has a broad tail in the higher binding region. All components 

include a spin-orbit split pair located 0.605eV higher in binding energy with a branching 

ratio fixed at the theoretical value of 0.5. 

For clean 2×1 reconstructed Si(001), the surface core-level shifts (SCLS) of the 

Su, Sd, and S’ components are measured to be -0.43eV, 0.12eV, and 0.22eV, respectively, 

and are shown in Fig. 3.5(a). These values are in good agreement with recent 

synchrotron-based measurements [116, 121]. To interpret the spectrum, we calculate the 

SCLS using the initial state and final state theory as shown in Fig. 3.5(b) and (d), 

respectively. In the initial state approximation, the 2p core level binding energy is 

calculated from the 2p energy level ε2p and the Fermi level εF:  

pF

initial

BE 2 
.                               (1) 
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Since the Si surface undergoes a drastic reconstruction due to Si dimerization at 

the surface, the local electrostatic potential for the Si 2p core level is different for 

symmetrically different surface Si atoms, leading to the core level shifts shown in Fig. 

3.5(b). However, we note that the theory values for Su and Sd (calculated to be -0.24 eV 

and 0.56 eV, respectively) are in poor agreement with experiment. It has been noted by 

Pehlke and Scheffler that a site-sensitive final state effect should be taken into account to 

describe the SCLS of Si(001) [122]. When a core hole is created at a Si atom during the 

photoemission process, the system is excited due to the presence of the positive charge at 

the Si site and the electronic degrees of freedom in the system tend to screen the positive 

charge. This relaxation energy gain due to the screening can be described in the final state 

theory. The 2p core level binding energy in the final state theory is calculated by taking 

the difference between two separate total energy calculations: 

)()1(' cc

final

B nEnEE 
,                (2) 

where E(nc) is the ground state energy and E’(nc – 1) is the system energy with a screened 

core hole. In order to ensure the overall charge neutrality of the system, one electron is 

added to the system (complete screening picture). It is worth noting that the completely 

screened final state theory has been largely developed for studies of chemical shifts in 

metallic alloys [125-127]. Using the so-called Z+1 approximation [125] of the completely 

screened final state, the relationship between the core level binding energy shift and the 

thermodynamics of mixing has been discussed in the literature [125-127].  

Fig. 3.5(d) shows the final state theory result, which is in good agreement with the 

previous calculations [115,116,122]. We note that the positions of Su and Sd, calculated to 

be -0.54 and -0.12 eV respectively, are in better agreement with experiment. In particular, 

we note that there is a significant relaxation energy gain of about 0.68 eV for Sd. It is 

attributed to the presence of a localized empty pz state at the site, which is occupied by 
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the screening electron in the final state picture, leading to a large relaxation energy gain 

[122]. Fig. 3.5(c) shows an isosurface plot of this screening electron density exhibiting a 

significant pz character. Furthermore, we identify the S’ peak to be derived from the S3’ 

atom, whose 2p peak is calculated to be at 0.17 eV in the final state theory. 

 

 

Figure 3.6    Si 2p core-level spectrum of 1/2 ML-Sr/Si(001) by in-situ XPS at room 

temperature. The energy positions of all components are expressed in terms 

of the binding energy relative to binding energy of the well-resolved bulk 

component. The inset shows the theoretical structure of 1/2 ML-Sr/Si(001) 

obtained from the DFT calculations. The theoretical SCLS for the surface Si 

atoms in the top four layers, as calculated in initial-state and final-state 

theories, are shown in (b) and (d), respectively. (c) Isosurface plot of 

electron density screening a core-hole at a top Si atom in a dimer. The 

yellow density represents negative charge saturated at 0.02 e
-
/Å

3
, while the 

blue density represents positive charge saturated at -0.02 e
-
/Å

3
. 
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In Fig. 3.6(a), we show the SCLS of the 1/2 ML-Sr/Si(001) surface. After 1/2 ML 

Sr deposition on clean 2×1 Si(001), the asymmetric tilt of the dimer is eliminated as a 

result of the charge transfer. Therefore, all of the top Si atoms become symmetrically 

equivalent, giving rise to a single merged peak at -0.33 eV in place of previously separate 

Su and Sd components. The S’ peak is found at 0.35 eV, which is shifted toward higher 

binding energies by 0.13 eV compared to that of pure Si (001). Comparison with our 

calculations show, that the final state theory is better than the initial state theory at 

predicting the SCLS of the 1/2 ML-Sr/Si(001) surface. The position of the merged dimer 

peak is calculated to be at -0.09 eV and -0.35 eV in the initial state and final state 

theories, respectively. The screening electron density for a core hole at the top Si atom in 

a dimer shows more homogeneous s-like distribution as shown in Fig. 3.6(c), compared 

to the pz-like distribution in Fig. 3.5(c). We also find that the  peak due to the S3’ atom 

(corresponding to S’ in experiment) is shifted by 0.08 eV toward higher binding energies 

compared to that in pure Si(001), which is also in good agreement with experiment. 

Interestingly, an unexpected result in the Si 2p core-level spectra of the 1/2 ML Sr 

on Si(001) is that the bulk component shifts toward higher  binding energy by 0.49 eV, 

even though two electrons are donated to the Si(001) surface. From a purely electrostatic 

point of view, when electrons are donated to a system, the bulk core-level is expected to 

move to a lower binding energy because the system now has extra electrons, which raises 

the electric potential. However, in the case of 1/2 ML Sr on Si, an opposite shift towards 

higher binding energy is observed. In addition, we observe that the shape of Si 2p spectra 

broadens in the higher binding energy region after 1/2 ML Sr deposition. To verify the 

charge transfer, the location of the valence band edge was measured for both clean 

Si(001) and 1/2 ML Sr on Si(001). The valence band edge positions are determined using 

the linear extrapolation method [128]. The energy shift of the valence band for 1/2 ML Sr 
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on Si is approximately 0.42eV toward higher binding energies when compared to that of 

clean Si(001). This value of the valence band shift confirms that it is the entire spectrum 

that shifted, supporting the presence of charge transfer from the Sr atoms.  

Using the initial state theory, we calculate the bulk 2p binding energy shift to be 

almost zero. This can be explained by the bulk 2p level rising up due to the surface dipole 

layer induced by the charge transfer, with a simultaneous rising of the Fermi level due to 

the change of the surface electronic structure. On the other hand, using the final state 

theory, we calculate the bulk 2p binding energy to be increased by 0.42eV, in excellent 

agreement with experiment. Since there is a negligible shift in the initial state calculation, 

we note that the shift of 0.42eV originates from the reduced relaxation energy gain 

(screening effect) when 1/2 ML Sr is deposited.  

 

 

Figure 3.7     Si 2p chemical shifts in SrSi2 and SiO2 with respect to that in pure bulk Si 

calculated using final state theory. Insets are the atomic structures of three 

possible bulk phases of SrSi2 and SiO2 α-quartz.  
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To verify the applicability of our methods to SrSi2 Zintl compounds, we calculate 

the chemical shifts in Si 2p in three SrSi2 bulk phases [129-131] and SiO2, for reference, 

in the final state theory using supercells. In Fig. 3.7, we also show the atomic structures 

of three possible phases of SrSi2 and α-quartz phase of SiO2. Cubic SrSi2 (space group: 

P4332is) is known to be a stable ground state phase in ambient environment [129]. The 

tetragonal phase (space group: I41/amd) can be achieved in quench experiments [130]. 

The hexagonal phase (space group: P-3m1), which is a stable phase of EuGe2 [131], is 

not stable in the case of SrSi2, but we consider it anyway since it has a layered Sr 

structure which is somehow similar to our 1/2 ML Sr/Si(001) structure. As shown in Fig. 

3.7, we note that Si 2p peaks in all three SrSi2 phases are shifted toward lower binding 

energy, as expected, and this shift is calculated to be -0.35 eV for the stable cubic SrSi2 

bulk. The 2p peak in SiO2 is shifted toward the higher binding energies by 5.47 eV, 

which is in reasonable agreement with the experimental value of 4.19 eV. Based on our 

bulk and surface calculations, we conclude that the final state theory properly describes 

and interprets the Si 2p binding energy shifts in the Sr Zintl template formed on Si(001) 

and captures the important relaxation energy gain due to the screening of the core holes 

generated by photoemission. 

 

3.4 SUMMARY 

We investigated the evolution of the atomic and electronic structure of Si(001) 

induced by sub-monolayer Sr deposited by molecular beam epitaxy (MBE). Using 

reflection high-energy electron diffraction (RHEED), we show that the Si(001) 2×1 

surface reconstructs to the complex 2×3 surface at 1/6 ML coverage and finally to the 

stable 2×1 structure at 1/2 ML Sr coverage, where all the Si dimers are flattened due to 
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the charge transfer from Sr to Si. The ionization energy is measured by in-situ UPS as a 

function of Sr coverage and compared with theoretical values calculated for a number of 

possible surface models. We measured the ionization energy to be 4.82 eV for pure 

Si(001) and 3.97 eV for 1/2 ML Sr/Si(001), both of which are in good agreement with the 

theoretical values of 5.18 eV and 3.53 eV, respectively. Furthermore, for an intermediate 

Sr coverage, such as 1/4 ML, we find that the ionization energy calculated with the Sr 

chain models (zig-zag or straight) is in better agreement with experiment than that of the 

homogeneous Sr model. We measure the surface core level shifts of Si(001) and 1/2 ML 

Sr/Si(001) using in-situ XPS. For pure Si(001), the binding energies of Su (up-atom) and 

Sd (down-atom) components from asymmetric Si dimers are measured to be at -0.43eV 

and 0.12eV, respectively. The S’ component, derived from the surface Si atoms at the 

trough sites (S3’), is positioned at 0.22 eV. By comparing the initial and final state 

calculations, we note that the final state theory better describes the SCLS spectra, 

indicating that strong site-sensitive screening plays an important role in determining the 

2p binding energies of Si(001). When half-monolayer Sr is deposited, we predict using 

the final state theory that there is a single dimer peak positioned at -0.35 eV and that the 

positions of S’ and B (bulk) peaks shift toward higher binding energies by 0.08 eV and 

0.42 eV, respectively. In experiment, the single dimer peak is found at -0.33 eV and the 

S’ and B peaks are shifted toward high binding energies by 0.13 eV and 0.49 eV, 

respectively, in good agreement with theory. 
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Chapter 4. Ferromagnetic LaCoO3 integrated on SrTiO3/Si (100) 

Artificial heterostructures with functional perovskite oxides as building blocks 

can now be synthesized using advanced thin film deposition techniques. Furthermore, 

strain engineering in these oxide heterostructures opens up routes for creating novel 

electronic phases [132-134]. An exciting example is the recent demonstration of biaxial 

tensile strain stabilizing an insulating ferromagnetic (FM) ground state in LaCoO3 [135-

144]. In our group, we have recently developed a way to integrate ferromagnetic LaCoO3 

on Si (100) via an epitaxial SrTiO3 buffer by molecular beam epitaxy (MBE) [140]. In 

this chapter, using spin density functional theory with the Hubbard correction we 

investigate the magnetic structure of strained LaCoO3. The results described in this 

chapter have been published as: (1) Hosung Seo, Agham B. Posadas and Alexander A. 

Demkov, “Strain-induced spin state transition and superexchange in LaCoO3”, Physical 

Review B 86, 014430 (2012) (9 pages); 2) A. Posadas, M. Berg, H. Seo, A. de Lozanne, 

A. A. Demkov, D. J. Smith, A. P. Kirk, D. Zhernokletov, and R. M. Wallace, "Epitaxial 

integration of ferromagnetic correlated oxide LaCoO3 with Si(100)", Applied Physics 

Letter 98, 053104 (2011). 

 

4.1 INTRODUCTION 

LaCoO3 (LCO) is a classic example of a correlated 3d transition metal perovskite 

oxide, which has been extensively studied [145,146]. However, ferromagnetic (FM) 

correlation has never been observed for the bulk ground state where the Co
3+

 ions exist in 

the so-called low spin (LS) state (total spin per Co S=0) [145]. Fuchs et al. first 

demonstrated that a ferromagnetic ground state with a Curie temperature (Tc) of ~90K 

could be stabilized by epitaxial tensile strain when LCO is grown on SrTiO3 using pulsed 
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laser deposition (PLD) [135]. Recently, we integrated tensile-strained LaCoO3 on 

SrTiO3/Si(100) pseudo-substrate using molecular beam epitaxy (MBE) and observed a 

ferromagnetic ground state with a Tc similar to PLD-grown films [140]. Several 

intriguing properties of strained LCO have been found experimentally. In addition to 

transport measurements showing insulating behavior for tensile-strained FM LCO [137], 

Fuchs and co-workers have also shown that both the population of higher spin states and 

the magnetization in LCO increase as tensile strain increases [136]. Using X-ray 

techniques, Merz and co-workers have suggested that the magnetic structure of tensile-

strained LCO grown on SrTiO3 (STO) is a mixture of Co
3+

 high spin (HS) and Co
3+

 LS 

states [143]. A recent report by Metha et al. also suggests that compressive strain by itself 

cannot produce a FM state in LCO [142], indicating the existence of an asymmetric 

orbital-lattice interaction [134]. Magnetization measurements of compressively strained 

LCO on LaAlO3 (LAO) substrates show only weak to no ferromagnetism [136,137,142]. 

Most recently, Sterbinsky et al. have shown that inter-site hybridization involving Co and 

O states in LCO on STO is weaker than that in LCO on LAO by comparing the pre-edge 

structure of the Co K-edge X-ray absorption spectra [144]. A complete theoretical picture 

of strained LCO must be able to account for all these experimental observations. 

The minimal theoretical model to describe the basic electronic properties of LCO 

is a [CoO6]
9-

 octahedron within the ligand field theory [146]. In a cubic crystal field, the 

localized 3d orbitals are split into doubly degenerate eg (    and       ) and triply 

degenerate t2g (dxy, dyz, and dxz) states separated by the crystal field splitting 10Dq. Other 

important energy scales are the on-site Hubbard repulsion U, Hund’s exchange coupling 

JH, and the hopping matrix between the Co 3d and O 2p orbitals t. Due to all competing 

interactions being of the same order, Co
3+

 can access different spin states: low-spin (LS, 

t2g
6
eg

0
, S=0), intermediate-spin (IS, t2g

5
eg

1
, S=1), or high-spin (HS, t2g

4
eg

2
, S=2). The 
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ground state is insulating and nonmagnetic (NM) with Co
3+

 in the LS state. LCO 

undergoes a crossover to a paramagnetic insulating phase at about 100 K, and a metal-

insulator transition above 500 K [147]. However, the spin structure at different 

temperatures has been highly debated. For example, the LS-HS [147,148], LS-IS 

[149,150], and LS-HS/LS crossover scenarios have been discussed in the literature [151-

155].  

While a substantial body of experimental results for strained LCO has been 

reported, there is a clear lack of theoretical understanding taking into account all the 

experimental observations [140,156-158]. Using DFT, Gupta et al., have claimed that 

tensile strain is able to stabilize a FM ground state in LCO [156] while Rondinelli et al., 

have suggested that strain by itself cannot produce a FM state [157]. However, Coulomb 

correlation effects for the localized 3d orbitals in LCO have not been considered in Ref. 

[156] and proper structural optimization has not been performed in Ref. [157]. In our 

previous work, using local spin density approximation combined with the Hubbard U 

correction (LSDA+U), we have shown that a ferromagnetic state based on a homogenous 

intermediate spin (IS) state (S=1) can be stabilized above 3.8% tensile strain [140]. The 

ferromagnetic IS state is, however, inconsistent with two experimentally determined 

properties of strained LCO: the IS state is half-metallic while experiment shows that 

strained LCO is insulating [137], and a rather high critical strain of 3.8% is required, 

which is somewhat higher than that in experiment (~2%) [135-140]. Most recently, using 

a LDA+U approach, Hsu et al. have shown that a HS/LS mixed state has a lower energy 

than that of the IS state in tensile-strained LCO on STO [158]. They have also suggested 

that the proposed HS/LS state is ferromagnetically coupled via superexchange interaction 

by considering the nearest neighbor interaction. 
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The rest of the chapter is organized as follows: in section 4.2, we explain the 

computational details; in section 4.3, we examine the stability of various magnetic 

configurations under epitaxial strain; in section 4.4, in order to explore the mechanism of 

strain-induced spin state transition in LCO, we discuss the electronic and structural 

response of LCO to applied strain, depending on its magnetic state; in section 4.5, we 

calculate the exchange parameters in the 1:1 HS/LS configuration and describe the 

superexchange paths using an effective eg model; in section 4.6, we discuss a possible 

spin-canted magnetic structure of tensile-strained LCO; and in section 4.7, we summarize 

our main results. 

 

4.2 COMPUTATIONAL DETAILS 

 

 

Figure 4.1     (a) Rhombohedral unit cell of LaCoO3 with the large sphere representing 

La, the medium-sized sphere representing Co, and the small sphere 

representing O. (b) 222   tetragonal supercell of LaCoO3. bin (bout) 

stands for in-plane (out-of-plane) Co-O bond length. θin (θout) stands for in-

plane (out-of-plane) Co-O-Co bond angle.  
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The calculations are done using density functional theory as implemented in the 

VASP code [161] along with projector augmented wave pseudopotentials to describe La, 

Co and O [162] and a cutoff energy of 600 eV. The valence configurations for the 

elements are 5s
2
5p

6
5d

1
6s

2
 for La, 3d

7
4s

2
 for Co, and 2s

2
2p

4
 for O. Each self-consistent 

electronic calculation is converged to 10
-6

 eV/cell and the tolerance factor for the ionic 

relaxation is set to 0.01 eV/Å . We employ the local (spin) density approximation 

combined with the Hubbard U correction (LDA+U) in the rotationally invariant 

formalism [163,164] to describe the static electronic correlation effect of 3d electrons of 

the Co
3+

 ion. For the exchange-correlation energy part of the LDA functional, we use the 

Perdew-Zunger parameterization of the Ceperly-Alder data [165]. For the Hubbard U 

correction, we use the Dudarev formalism to describe the local moment formation in 

strained LCO applying Ueff ( = U - J) of 3.8eV on the Co 3d orbitals. In addition, we 

check that the original Liechtenstein’s rotationally invariant functional with U = 5.27 eV 

and J = 1.47 eV [166] gives qualitatively the same electronic structure for the HS/LS 

mixed states. The rationale for the U value is based on the following: (1) it is consistent 

with the existing photoemission and cluster calculation data (U ≈ 5~5.5 eV) [167-169]; 

(2) it produces a nonmagnetic semiconducting ground state with an energy gap of 0.7 eV, 

in good agreement with the experimental value of 0.6 ~ 0.9 eV [167,170]; and (3) the 

theoretical structure is in good agreement with experiment [171]. The ground state 

structure of LCO is shown in Fig. 4.1 (a). It is described with space group      with a 

distorted corner-sharing CoO6 octahedral network (a
-
a

-
a

-
 in the Glazer tilt system 

[172,173]). We compare the calculated structural parameters for bulk LCO with 

experiment in Table 4.1.  
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Table 4.1. Ground state structure ( cR3 ) of non-magnetic insulating LaCoO3  

 a (Å ) α (°) x Co-O length 

(Å ) 

Co-O-Co 

angle (°) 

Theory (this work) 5.249 61.13 0.5528 1.893 162.87 

Experiment
 
[150] (T=5K) 5.345 61.01 0.5527 1.925 162.93 

 

 

Figure 4.2     Optimized c lattice constant (a) and cell volume (b) of LCO with different 

magnetic states. NM means non-magnetic LCO, HS/LS (1:3) or (1:1) mean 

ferromagnetic LCO with a HS/LS mixed spin state with the ratio of 1:3 or 

1:1. 

Motivated by the coherent cube-on-cube epitaxy of LCO with thickness of about 

40 nm on STO [140,141], we consider pure strain effects by performing ‘strained-bulk’ 

calculations using supercells. To examine the stability of various magnetic states in 

tensile-strained LCO, we use three cell types: 222  , 422  , and 2×2×2 

with respect to a five-atom pseudo-cubic cell, for which 6×6×4, 6×6×2, and 4×4×4 

Monkhorst-Pack k-point grids are used for the Brillouin zone integration, respectively 

[174]. To describe the effect of strain on the electronic and magnetic properties of LCO, 

we use the 222   cell shown in Fig. 4.1 (b). We vary the in-plane lattice 
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parameter aT biaxially and optimize the c-axis lattice constant and all internal degrees of 

freedom without any structural constraints. Strain is defined as (aT –apc)/(apc), where apc 

is the pseudo-cubic lattice parameter of non-magnetic (NM) LCO, which is calculated to 

be 3.74 Å . We consider biaxial strain levels in the range from -4% to 4%. The optimized 

c and cell volume of LCO with different magnetic states are shown in Fig. 4.2. The 

overall trend shown in Fig. 4.2 is that under tensile (compressive) strain, LCO tends to 

shrink (expand) in the c direction due to the Poisson effect while the cell volume 

increases (decreases) as a function of strain. Finally, to calculate the exchange coupling 

constants, we use 2×2×4 and 4×2×2 supercells, for which 4×4×2 and 2×4×4 k-point 

meshes are used, respectively. 

 

4.3 STRAIN-INDUCED SPIN STATE TRANSITION 

We start our investigation by searching for the most stable magnetic solution in 

LCO on STO at low temperature (theoretical strain = 3.5%). We use 222  , 

422  , and 2×2×2 cells for which the c-axis lattice constant and the internal 

structure are optimized for each magnetic configuration. We first test homogeneous 

magnetic configurations with all Co
3+

 in either the IS or HS states. For the homogeneous 

HS state, only an antiferromagnetically (AFM) aligned solution (G-type) is stabilized. 

This is consistent with the Goodenough-Kanamori-Anderson rule [175] stating that the 

indirect superexchange between half-filled orbitals, mediated by O 2p with an angle close 

to 180 degrees, is antiferromagnetic. At 3.5 % tensile-strain, however, the homogeneous 

IS state is still 15 meV/formula-unit higher in energy than the NM state with the 

homogeneous HS state 250 meV/formula-unit higher in energy than the IS state. 

Additionally, the homogeneous IS state is half-metallic, while experimentally, strained 
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LCO shows an insulating behavior [137]. Therefore, we conclude that the homogeneous 

magnetic configurations are unlikely to be the magnetic structure of tensile-strained LCO. 

 

 

Figure 4.3     (a) Energy of LCO with HS/LS mixed spin states per 2×2×2 cell (eight 

formula units) under a tensile strain of 3.5%. Energy of NM LCO is set to 0 

eV. Insets are schematic pictures of the geometrical arrangement of HS Co
3+

 

ions for each HS/LS configuration (c1 to c5). Dark spheres indicate Co
3+

 

sites with La and O sites omitted for clarity. White arrows in the large 

spheres represent spins at the HS Co
3+

 sites. (b) Projected density of states 

for 3d orbitals in the 1:1 HS/LS mixed state (c5 in Fig. 4.3 (a)) at LS Co
3+

 

site (upper panel) and out-of-plane HS Co
3+ 

site (lower panel). The Fermi 

energy (dashed vertical line) is set to 0 eV. Positive (negative) DOS is for 

spin-up (spin-down). (c) Cross-sectional valence charge distribution of the 

1:1 HS/LS mixed state at the CoO2 plane with contours overlaid. The 

contours are drawn for the charge density from 0.5 to 1.0 eÅ
-3 

usiang a step 

interval of 0.04 eÅ
-3

 to contrast the charge accumulations at the HS Co-O 

bonds (dotted arrows) with the LS Co-O bonds (solid arrows).  

We next consider mixed magnetic configurations where HS Co
3+

 ions are 

embedded in a LS Co
3+

 matrix. We compare the total energy of twenty two different 

HS/LS configurations, where various geometric arrangements of HS Co
3+

 ions are 
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considered. We have also compared various FM- and AFM-ordered states. However, we 

find that the dominant energy scale determining the stability of the system is provided by 

the concentration and arrangement of the HS Co
3+

 ions with an energy scale of 100 

meV/cell, as shown in Fig. 4.3(a). Therefore, our strategy is that we first consider FM-

ordered HS/LS states to study the overall stability and behavior of the HS/LS 

configurations under epitaxial strain. In section 4.5, we will explore the exchange 

interaction in the HS/LS state with the most stable geometrical configuration under 

tensile strain. 

The first important finding is that when LCO forms HS Co
3+

 ions, it is 

energetically favorable to separate them by LS Co
3+

 rather than having them to be the 

first nearest neighbors. Furthermore, we find that tensile-strained LCO becomes more 

stable as the number of these second nearest neighbor HS pairs increases as shown in Fig. 

4.3(a). Overall we find that a 1:1 HS/LS mixed configuration (c5 in Fig. 4.3(a)) is the 

most stable magnetic solution for LCO under 3.5% strain. The total energy of this 

configuration is 54 meV/formula-unit below that of NM LCO. In Fig. 4.3(b), we show 

the 3d-projected density of states at the LS and upper HS Co
3+

 sites along the c-axis 

direction for the 1:1 HS/LS state. There is an energy gap of 0.5 eV at the Fermi level 

defined by the t2g* and eg* splitting of the LS Co
3+

 sites. For the HS Co
3+

 site, the on-site 

U and J produce localized states from -8.0 to -5.0 eV in the spin-up channel, and empty 

dxz and dyz states in the spin down channel, consistent with the mean field picture of the 

HS state. The presence of the energy gap in the HS/LS mixed state is consistent with 

strained LCO being insulating [137]. 
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Figure 4.4     Energy of LCO per 222   cell (four formula units) as a function 

of strain for non-magnetic (filled squares), homogeneous IS (up triangles), 

1:3 HS/LS (down triangles), and 1:1 HS/LS states (right triangles).  

To elucidate the effect of epitaxial strain on the magnetic state of LCO,  we 

compare in Fig. 4.4 the energy as a function of strain for mixed HS/LS configurations 

with 25% and 50% concentration of HS Co
3+

, the homogeneous IS state (previously 

considered in Ref. [140]), and NM LCO for reference. We see that the HS/LS mixed 

states are stable when compared to the homogeneous IS state at all strain levels, and that 

above a tensile strain of 2.5%, the HS/LS states become more stable than NM LCO. 

Under zero strain, there is an energy cost to excite LS Co
3+

 to HS Co
3+

. Comparing the 

energy of a dilute HS/LS configuration with a HS Co
3+

 concentration of 12.5% to that of 

NM LCO, we estimate the energy cost of the excitation to be 62 meV/Co
3+

. However, as 

a function of tensile strain, the energy of the mixed HS/LS states (see Fig. 4.3) increases 
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more slowly than that of NM LCO, inducing a spin state transition at 2.5%. It is also 

evident from Fig. 4.4 that LCO with higher concentration of HS Co
3+

 is softer against 

tensile strain [136], and that compressive strain doesn’t stabilize a magnetic state 

[136,137,142] 

 

4.4 ELECTRONIC AND STRUCTURAL RESPONSE UNDER EPITAXIAL STRAIN 

To shed more light on the mechanism of the strain-induced spin state transition in 

LCO, we plot the energy gap in NM LCO as a function of strain in Fig. 4.5 (a). The 

energy gap in LCO forms between the t2g* and eg* bands and is given by 10Dq – [W(eg*) 

+ W(t2g*)]/2, where 10Dq is the crystal field splitting and W’s are the bandwidths of 

corresponding bands. Under epitaxial strain, the local symmetry at the Co
3+

 site is 

lowered from cubic (Oh) to tetragonal (D4h) and the degeneracy in the t2g* and eg* 

manifolds is lifted as shown in Fig. 4.5 (b). Furthermore, the change in the Co-O bond 

length and the Co-O-Co bond angle modifies the bandwidths [176]. In Fig. 4.5 (a), we 

see that the energy gap becomes less than 58 meV above a strain level of 2.5%, thus 

allowing for the spin state transition [152]. Note, however, that the band gap also narrows 

for compressively strained LCO, but this does not result in a magnetic solution as shown 

in Fig. 4.4. Our result suggests that the standard picture in terms of the competition 

between the crystal field splitting and the Hund’s rule coupling is not sufficient to 

consistently describe magnetism in strained LCO. Instead, we find that there is an 

important structural transition in LCO under tensile strain that accompanies the spin state 

transition. 
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Figure 4.5     (a) Energy gap between the t2g* and eg* bands of nonmagnetic LCO as a 

function of strain. (b) Energy level splitting of LS Co
3+

 under compressive 

or tensile strain 

When biaxially strained, LCO responds in the out-of-plane c direction due to the 

Poisson effect [136,140] (see Fig. 4.2). Since the LS CoO6 unit is rigid due to covalency 

of the Co-O bond (bond stretching costs a large amount of energy), strain is mainly 

accommodated by tilting and rotation of CoO6 octahedra [177]. Microscopically, this is 

achieved by changes in the Co-O-Co angles (θin and θout in Fig. 4.1 (a)) accompanied by 

slight changes in the Co-O bond length (bin and bout in Fig. 4.1 (a)) or local tetragonality 

(ΔTD = 2×(bin-bout)/|bin+bout|). As shown in Fig. 4.6 (a), in NM LCO, local tetragonality 

increases almost linearly as tensile or compressive strain is applied. In a simple model, 

the energy curve for NM LCO in Fig. 4.4, could be thought of as ½ kΔTD
2
, where k is a 

spring constant determined by the covalent mixing between Co 3d and O 2p states. 

Therefore, to minimize the bond stretching or ΔTD under tensile strain, the octahedral 

rotation is largely suppressed (θin greater than the bulk value) while the tilting is 

enhanced (θout smaller than the bulk value) as shown in Fig. 4.6 (c) and (d). The opposite 
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is true for compressive strain: θin becomes smaller than the bulk value in conjunction 

with the disappearance of the tilting mode (θout =180°). 

 

 

Figure 4.6    (a) Local tetragonality (ΔTD = 2×(bin-bout)/|bin+bout|) as a function of strain 

for CoO6 octahedra in NM LCO (squares), for HS Co
3+

 sites (down 

triangles) and LS Co
3+

 sites (up triangles) in 1:1 HS/LS FM LCO. (b) 

Schematic of octahedral distortion in 1:1 HS/LS FM LCO above 1.5% 

strain. Lateral arrows stand for the epitaxial constraint in the ab plane 

imposed by biaxial tensile strain while vertical arrows stand for the 

contraction of LCO in the c-direction due to the Poisson effect. In-plane (c) 

and out-of-plane (d) Co-O-Co angles as a function of strain for NM LCO 

(squares) and 1:1 HS/LS FM LCO (triangles). θ0 is the theoretical Co-O-Co 

angle in the LCO bulk. 
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Interestingly, we find that strained 1:1 HS/LS LCO undergoes an unusual 

structural transition above 1.5% tensile strain. It manifests as a substantial increase in ΔTD 

of the HS CoO6 clusters as shown in Fig. 4.6 (a) and (b). On the other hand, ΔTD of the 

LS clusters in 1:1 HS/LS LCO drops by more than a factor of two compared to NM LCO. 

This suggests that above 1.5%, tensile strain is accommodated mainly by the HS CoO6 

units through bond length changes, allowing the LS octahedra to be less distorted thus 

relieving their elastic energy. This is possible because HS Co
3+

 has a softer Co-O bond 

under stretch [178-180]. As a result, both bond angles θin and θout almost recover their 

bulk values since octahedral rotation and tilting are no longer needed for strain 

accommodation  (Fig. 4.6 (c) and (d)).  

One way to rationalize this effect is to assume that at the spin state transition 

under tensile strain, the spring constant between HS Co
3+

 and O becomes k', which is 

significantly less than k of LS CoO6 units. This is evident from the electronic structure 

shown in Fig. 4.3 (b). The strong on-site interactions U and J produce localized orbitals 

for the HS configuration while sacrificing the hybridization between Co 3d and O 2p. In 

Fig. 4.3 (c), we show the valence charge distribution in the CoO2 plane for the 1:1 HS/LS 

mixed state. Note that less charge is accumulated along the HS Co-O bonds due to 

reduced hybridization when compared to that of the LS Co-O bonds [144]. Therefore, 

although replacing LS Co
3+

 ions with HS ones costs energy (≈62 meV/Co
3+

), the relative 

softness of HS CoO6 clusters pays off beyond 2.5% strain. On the contrary, this type of 

structural transition does not occur under compressive strain as shown in Fig. 4.4 (a). If it 

were to occur, the HS CoO6 units would further contract in the ab plane, which is 

incompatible with the known tendency of HS Co
3+

 to occupy a larger local volume 

[150,171]. 
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4.5 SUPEREXCHANGE INTERACTION IN THE 1:1 HS/LS MIXED STATE. 

 

 

Figure 4.7     Schematic pictures of collinear magnetic structures of HS/LS mixed 

states. To calculate the first n.n. coupling parameters (J1,out and J1,in), the 

2×2×2 supercell is used (a) and the 2×2×4 (left) or 4×2×2 (right) supercell is 

used for the second n.n. coupling parameters (J2,out and J2,in) (b). Subscripts 

‘out’ and ‘in’ for the coupling parameters stand for out-of-plane and in-

plane, respectively. Dark spheres indicate Co
3+

 sites with La and O sites 

omitted for clarity. White and black arrows in the large spheres represent 

spins at the HS Co
3+

 sites. 

We note that the magnetic moments in the mixed 1:1 HS/LS configuration of 

3.5% tensile-strained LCO are well localized at the HS Co
3+

 sites. Therefore, to map the 

exchange coupling between the local moments, we use an effective Heisenberg 

Hamiltonian for the exchange energy of the system [159,160]:  
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ij eeJH

 



,                        (4.1) 

where        is the local moment at site i(j) and J
ij
 are the exchange parameters. 

We consider five different collinear magnetic configurations as shown in Fig. 4.7 to 

calculate the parameters for the first (coordination number = 12) and the second nearest 

neighbor (n.n.) (coordination number = 6) interactions. We note that the in-plane 

exchange constant J is different from the out-of-plane J owing to the tetragonal distortion 

in strained LCO on STO. This yields four coupling constants J1,in, J1,out, J2,in, and J2,out. To 

calculate J1,in and J1,out, we use the 2×2×2 cell (see Fig. 4.7 (a)), while we double the cell 

along the a-axis (the c-axis) to calculate J2, in (J2, out ) (see Fig. 4.7 (b)). We further 

emphasize that both J1’s and J2’s are important to consider on the same footing since two 

adjacent HS Co
3+

 interact via superexhcange mechanism [183,184], involving virtual 

hopping of eg electrons and t2g holes from  HS Co
3+

 sites to the n.n. LS Co
3+

 site. As 

shown in Fig. 4.7, both the first and second n.n. HS Co
3+

 pairs are separated by one LS 

Co
3+

 ion but with different angles: 90° (180°) for the first (second) n.n HS Co
3+

 pair. This 

means that the interaction strength is of the same order of magnitude in both cases. In 

Table 4.2, we list the exchange energies of the magnetic configurations in Fig. 4.7 along 

with the calculated exchange parameters. We find that the first n.n. coupling J1,in and J1,out 

are ferromagnetic and 2.5 and 2.7 meV/pair, respectively [185]. However, we observe 

that the second n.n. couplings are strongly antiferromagnetic and |J2,out| is larger than 

|J1|’s by more than a factor of two. 
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Table 4.2      Exchange energy gain for several magnetic configurations
a
 and 

exchange parameters of the 1:1 HS/LS state of 3.5% tensile-strained 

LaCoO3  

Configuration
a
 Energy (meV/cell) Exchange 

parameter 

(meV/pair) 

FM -8J1,in - 16J1,out - 8J2,in - 4J2,out J1,out 2.7 

AFM1 -8J1,in + 16J1,out -8J2,in - 4J2,out J1,in 2.5 

AFM2 8J1,in - 8J2,in - 4J2,out J2,out -7.7 

AFM3 -16J1,in - 16J2,in + 8J2,out J2,in -3.3 

AFM4 -16J1,out - 8J2,out 

a
 The collinear magnetic configurations are shown in Fig. 4.7. 

 

 

Figure 4.8     (a) Schematic of the superexchange paths for the first (J1) and second (J2) 

n.n. couplings of the 1:1: HS/LS mixed state in the ac-plane. Only the eg 

levels (        and          ) are shown. Diagrams illustrating the 

ferromagnetic (b) and antiferromagnetic (c) superexchange interactions for 

the first and the second n.n. couplings in the 1:1 HS/LS state, respectively. 

See the main text for the model description. 
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To better understand the qualitative features of the exchange parameters, we 

consider an effective eg model where the relatively small hopping matrix elements 

between t2g electrons are not included [186]. In Fig. 4.8 (a), we show the configuration of 

the 1:1 HS/LS state in the ac plane. The key difference between the first and second n.n. 

interactions originates from the hopping matrices. The first n.n. coupling involves both 

the out-of-plane and in-plane hopping matrices, which are described by tc and ta, 

respectively. Considering the orbital symmetry, tc and ta can be written as, 

 

tc = 








00

01
t

 and ta = 

















33

31

4

't
, respectively         (4.2) 

where we use {       , 
         }as a basis and t(t′) is the effective d-d hopping constant 

[186]. For the out-of-plane hopping matrix tc, we only consider the dominant hopping t 

between        states, for simplicity. Once we fix the hopping matrix along the c-axis, the 

in-plane hopping matrix ta can be obtained by a coordinate transformation. Note, 

however, that the in-plane hopping parameter t′ should be smaller than the out-of-plane t 

due to the tetragonal distortion in tensile-strained LCO. Using the full eg bandwidth W of 

approximately 4.0 eV in bulk LCO, we estimate the effective d-d hopping for unstrained 

LCO to be about 0.7 eV (≈W/6) [186]. For 3.5% tensile-strained LCO, we have shown 

that the bond angles are close to the bulk values, therefore the change in the hopping 

constant under tensile strain mainly arises from the bond length changes. Using our 

structural data along with Harrison’s formula (tdd ~ 1/d
5
, where d is the inter-atomic 

distance) [182], we calculate t≈0.8 eV and t′≈0.6 eV. 
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Table 4.3      States distinguished by the occupancy of the HS and LS Co
3+

 sites and 

their energies 

State HS Co
3+

 LS Co
3+

 HS Co
3+

 Energy 

S1 2 0 2 0 

S2 1 1 2 Δ 

S3 2 1 1 Δ 

S4 1 2 1 2Δ+U-JH (↑↑) 

2Δ+U+JH (↑↓) 

 

We first consider the superexchange path for the first n.n. HS–LS–HS cluster. 

Table 4.3 shows the relevant states for the superexchange interaction in terms of the eg 

occupancy at the HS or LS sites. The state S1 is the insulating FM- or AFM-ordered 

ground state of the 1:1 HS/LS state in the absence of hopping. The states S2, S3, and S4 

are virtual excited states that can be reached by one electron hopping from S1. For S2 and 

S3, we introduce the energy cost Δ for transferring one electron from the HS site to the 

LS site. In principle, Δ can be determined self-consistently, but we treat it as an empirical 

parameter in this qualitative calculation. The most important state for the superexchange 

interaction is S4, whose energy is determined by the on-site repulsion U and Hund’s 

coupling JH. For instance, state S4 which is derived from FM-ordered S1 is shown in Fig. 

4.8 (b). Considering the hopping matrices ta and tc, we construct the Hamiltonian for the 

FM- and AFM-ordered states as follows: 
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where we use t≈0.8 eV, t′≈0.6 eV, U≈5.0 eV, JH≈1.5 eV, and Δ≈2 eV. The exchange 

parameter J1,out is then calculated as: 

)()(2 ,1 AFMEFMEJ out  ,              (4.4) 

where E(FM/AFM) is the energy gain for the FM/AFM-ordered state due to 

superexchange.  

On the other hand, the superexchange interaction of the second n.n. HS-LS-HS 

cluster in the ac-plane only involves the hopping matrix tc (see Fig. 4.8 (a)). Therefore, 

the Hamiltonian for the FM-ordered state only involves configurations S1, S2, and S3 in 

Table 4.3, while S4 can contribute to the exchange energy gain for the AFM-ordered state 

(see Fig 4.8 (b)). The Hamiltonian matrices are written as: 
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where U' is the intra-orbital repulsion, for which we use U'=U+2JH [146]. Including the 

ab-plane exchange interactions, we calculate the exchange parameters as 1.9, 1.2, -7.9, 

and -3.1 eV for J1,out, J1,in, J2,out, and J2,in, respectively. These results are in qualitative 

agreement with the DFT results shown in Table 4.2. Therefore, we show that the larger 

second n.n. AFM coupling parameters originate from the difference between the hopping 

matrices involved for J1 and J2. 
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4.6 NON-COLLINEAR MAGNETIC STRUCTURE 

To explore the effect of J2,out in the 1:1 HS/LS configuration of tensile-strained 

(3.5%) LCO, we perform several calculations based on the unconstrained non-collinear 

spin density functional formalism [187]. The spin-orbit coupling is ignored. In these 

calculations, only the relative angles between the local moments determine the exchange 

energy. The calculations are done using the 422   cell that has 8 independent Co 

sites. First, we introduce a polar angle θ for half of the local moments as shown in Fig. 

4.9 (a) and calculate the energy of the system as a function of the angle. The magnetic 

structure with angle θ of zero and 180° corresponds to the collinear FM and AFM3 

configurations in Fig. 4.7, respectively. As shown in Fig. 4.9 (a), the fully FM-ordered 

state is unstable in the presence of the strong second n.n. antiferromagnetic coupling and, 

as a result, we find that the most stable collinear structure is AFM3 (net magnetization = 

0). We find that this is also the case for LCO under different tensile strain levels. 

However, we point out that the energy difference between the FM and AFM3 structure is 

small (~2.3 meV/Co
3+

). 
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Figure 4.9    (a) Energy of tensile-strained LCO with the 1:1 HS/LS configuration as a 

function of canting angle θ. Inset shows a canted spin configuration with 

angle θ in the ac-plane. Black arrows represent the local moments at the HS 

Co
3+

 sites. The 422   calculation cell used has eight formula units. (b) 

Schematic of a local moment described by polar angle θ and azimuthal 

angle φ (left). This arrangement is one of the lowest energy canted spin 

structures of tensile-strained LCO (right). La atoms and other small 

magnetic moments at LS Co
3+

 and O sites are omitted for clarity. 

To search for possible low energy canted spin structures in tensile-strained LCO, 

we introduce an additional azimuthal angle φ for the local moment as shown in Fig. 4.9 

(b). Considering a large set of different θ and φ for each local moment, we find multiple 

solutions that are degenerate with AFM3. One of the lowest energy canted spin structures 
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is shown in Fig. 4.9 (b). The spin moments rotate by 90 degrees (for φ) as it goes to the 

next upper ab-plane according to the second n.n. AFM coupling. However, half of the 

local moments are slightly canted toward the c-axis, yielding a small magnetic moment of 

about 0.26 μB/Co
3+

 in the system [140]. Our results suggest that the relatively low 

magnetic moment of 0.7 μB/Co
3+

 in experiment [140] may be due to the presence of the 

strong AFM coupling screening the FM ordering in the system. Finally, we remark that 

this particular type of canted structure considered in Fig. 4.9 (b) may not be the lowest 

energy structure even in theory, since we are still limited by the size of the cell. 

Furthermore, noting that in a typical magnetic measurement a small magnetic field is 

applied at finite temperature, another canted ferromagnetic state may be stabilized. 

 

4.7 SUMMARY 

In conclusion, we explain the mechanism of strain-induced spin state transition 

and examine the exchange interaction in tensile-strained LaCoO3. Considering various 

high-spin/low-spin configurations, we show that high-spin Co
3+

 ions in LCO prefer to be 

separated by low-spin Co
3+

 ions. We further demonstrate that above a tensile strain of 

2.5%, the ground state of LCO is an insulator with a 1:1 HS/LS mixed state. In contrast, 

compressive strain is not able to produce a magnetic state. We attribute the stabilization 

of the HS/LS state to increased compliance of LCO when it has a higher concentration of 

HS Co
3+

 ions. We examine the exchange parameters in the 1:1 HS/LS state of tensile-

strained LCO by considering various collinear magnetic structures. The first nearest 

neighboring couplings are ferromagnetic with strength of 2.5 and 2.7 meV/pair in the in-

plane and out-of-plane directions, respectively. However, the second nearest neighbor 

couplings are strongly antiferromagnetic with strengths of -3.3 and -7.7 meV/pair in the 
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in-plane and out-of-plane directions, respectively. Due to the strong antiferromagnetic 

coupling, we find that the lowest energy collinear structure is one with an up-up-down-

down order along the c-direction. However, we show that the competition between the 

FM and AFM couplings in the system may lead to a canted (non-collinear) spin structure 

with a finite net magnetization. 
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Chapter 5. Electronic structure and band alignment of the anatase 

TiO2/SrTiO3 (001) heterostructures integrated on Si(001) 

Using DFT, scanning transmission electron microscopy (STEM), and electron 

energy loss spectroscopy (EELS), we study the interface structure and electronic 

properties of the anatase-TiO2/SrTiO3(001) heterostructure eptiaxially grown on Si (001) 

by molecular beam epitaxy (MBE). In this chapter we shall foucus on the theoretical 

results. To better describe the results, we also present the experimental results along with 

the theoretical results. In this chapter, we show that charge transfer at the TiO2/SrTiO3 

interface is induced by the chemical bond formation between Ti and O. Subsequent O 

lattice polarization is found to be the leading screening mechanism at the interface. By 

comparing the theoretical local electronic structure to the O K edge EELS spectra taken at 

the interface with atomic resolution, we are able to trace how the local band structure 

evolves in response to the change in symmetry and bonding across the interface. We also 

discuss the effect of interfacial point defects (O vacancy and F impurity) on the band 

alignment. The work in this chapter has been published as: Hosung Seo, Agham B. 

Posadas, Chandrima Mitra, Alexander V. Kvit, Jamal Ramdani, and Alexander A. 

Demkov, “Band alignment and electronic structure of the anatase TiO2/SrTiO3 (100) 

heterostructure integrated on Si(100)”, Physical Review B 86, 075301 (2012) (9 pages). 

 

5.1 INTRODUCTION 

Anatase TiO2 is the subject of the extensive research effort owing to its energy 

and environmental applications [191-194]. The conduction band edge of TiO2 is well 

matched to the redox potential of water, making it an excellent candidate for hydrogen 

production via photocatalytic water splitting [195]. This material system is promising due 
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to its relatively high efficiency, chemical stability in water, non-toxicity, and low 

production cost [191]. Among the three polymorphs of TiO2 (rutile, anatase, and 

brookite), the most abundant phase in nature is rutile (space group P42/mnm). However, it 

has been found that anatase (space group I41/amd) shows significantly higher 

photocatalytic activity than rutile [195]. This has been attributed to the higher reactivity 

of the anatase (001) surface [196,197], higher mobility of the charge carriers [198,199], 

and longer electron-hole pair lifetime [200]. 

The main challenge for photocatalytic applications is the rather large band gap of 

anatase TiO2 (approximately 3.2 eV making it ultraviolet-active) and high recombination 

rate of the photo-excited electron-hole pairs [201]. A variety of methods for band gap 

engineering have been proposed to utilize solar-abundant visible light instead of 

ultraviolet, including nitrogen-doping [202], co-doping [203,204], and surface 

hydrogenation [205]. In order to overcome these challenges, oxide interface engineering 

has attracted considerable attention [206-209]. In addition to band gap engineering at the 

interface, a longer lifetime of photo-excited electron-hole pairs could be achieved, for 

example, by spatially separating the carriers across the interface using a staggered band 

alignment. However, a clear understanding of the interface effects on the photocatalytic 

activity of mixed oxide catalysts is lacking, in particular due to a limited number of 

model systems where such a connection can be traced [210]. 

 Since the thermodynamically stable bulk phase of TiO2 at room temperature and 

ambient pressure is rutile, single crystal anatase is typically synthesized only in the form 

of nanoparticles [192,196]. However, recent advances in oxide heteroepitaxy, have made 

it possible to grow high-quality, single crystal anatase films on perovskite substrates such 

as SrTiO3 (STO) or LaAlO3 (LAO) [211,212]. This provides an excellent model system 

for controlled studies of the photocatalytic behavior of anatase under various conditions 
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[213-215]. Burbure et al. have shown that for anatase-TiO2/BaTiO3 structures, dipole 

fields from the underlying ferroelectric domains separate holes and electrons, leading to 

spatially selective photochemical reactions at the anatase surface [213]. Kazazis and co-

workers have reported that the photocatalytic activity at the surface of anatase deposited 

on Si (111) can be controlled by changing the Fermi level position of the Si substrate 

[214]. Moreover, a number of interesting physical phenomena and potential applications 

of anatase/perovskite oxide heterostructures have been reported, including thermoelectric 

and spintronic applications [216-220].  

While a considerable amount of experimental work can be found in the literature, 

a detailed theoretical understanding of the electronic structure of the anatase-

TiO2/perovskite interface is lacking. Such knowledge could suggest new ways of 

manipulating the band structure and band alignment, which are crucial in high efficiency 

hydrogen production using sunlight, making this system of significant fundamental and 

practical interest. Recently, Chambers et al., using x-ray photoelectron spectroscopy 

(XPS), have reported that there is no measurable valence band offset between anatase 

TiO2 (001) and STO (001) [221]. Curiously, in contradiction with the XPS result, their 

DFT calculations suggest a valence band offset of 0.5 eV. This could be interpreted either 

as the inability of DFT to fully account for the interface properties or that the atomic 

structure used in the calculation differs from the experimental one. We feel that in view 

of its importance, the band alignment problem at this interface warrants revisiting.  

 

5.2 COMPUTATIONAL DETAILS 

We use DFT as implemented in the VASP code [223]. The exchange-correlation 

energy is treated within the local density approximation (LDA), using the Ceperley-Alder 
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data parameterized by Perdew and Zunger [224]. We employ projector augmented wave 

pseudopotentials to describe Sr, Ti, and O [225]. Valence electron configurations for the 

elements are 4s
2
4p

6
5s

2
 for Sr, 3d

2
4s

2
 for Ti, and 2s

2
2p

4
 for O. We use a cutoff energy of 

600 eV for the plane wave expansion. The electronic total energy is converged to 10
-6 

eV/cell. We fully relax the internal ionic degrees of freedom until the Hellmann-Feynman 

forces are less than 10 meV/Å . We employ 6×6×6 and 6×6×4 Monkhorst-type k-point 

meshes to integrate over the Brillouin zone for cubic STO and tetragonal anatase TiO2, 

respectively. We calculate the STO lattice parameter a to be 3.873 Å , and the TiO2 lattice 

parameters a and c to be 3.766 Å  and 9.456 Å  (c/a=2.511), respectively. These are in 

good agreement with low temperature experimental values of a = 3.897 Å  for STO [226], 

and a = 3.780 Å  and c = 9.491 Å  (c/a=2.511) for anatase TiO2 [227] that are extrapolated 

based on the thermal expansion coefficients. Thus, theoretical biaxial tensile strain in the 

anatase film on STO (001) is calculated to be 2.8%, which agrees well with the 

experimental value of 3.0%. 

 

 

Figure 5.1      Slab model of the 8ML anatase TiO2/SrTiO3 (001) heterostructure. 

To model the evolution of the valence band with the anatase film thickness, we 

use several supercells. We model the substrate with a five unit cell thick TiO2-terminated 

STO (001) slab. We consider 4, 6, and 8 monolayers (MLs) of anatase (one anatase unit 

cell has four MLs) on both sides of STO to take into account any interface and surface 
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dipoles within the periodic boundary conditions. The supercell with 8 MLs of anatase is 

shown in Fig. 5.1. The slab in each computational cell is separated from its nearest 

neighbor images in the c-direction by 14 Å  of vacuum to avoid spurious slab-slab 

interactions. We consider two types of supercells in terms of the in-plane cell size. To 

study the basic properties of the interface, we use a 1×1 in-plane cell. We increase the 

cell size to 22   to calculate the O K-edge spectra, O vacancy, and F impurity at the 

interface. We use a 6×6×2 k-point mesh for the 1×1 supercells. For the 22   

calculations, a 4×4×2 k-point grid is used for the structural relaxation while a 6×6×2 grid 

is used for the total energy and density of states calculations. 

 

5.3 CHARGE TRANSFER AND DIELECTRIC SCREENING AT THE INTERFACE 

 

 

Figure 5.2     Planar-averaged electrostatic potentials along the (001) direction for free-

standing STO (left) and TiO2 slabs (right). Macroscopically averaged 

potential profiles are shown in blue. Energy position of valence band 

maximum (VBM) in the bulk region of each slab with respect to the 

reference potential energy is indicated with the green line. Dotted green 

lines are drawn for comparison of the two VBM positions to visualize the 

Schottky-limit band offset.  
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To understand the mechanism of the band offset formation at the anatase/STO 

interface, let us first consider the Schottky limit when two oxide slabs are far apart so that 

there is no interaction between them. We consider TiO2-terminated STO (001) and 

tensile-strained (2.8%) anatase TiO2 (001) slabs separately. The calculated planar-

averaged electrostatic potential of these isolated slabs as a function of distance in the 

(001) direction is shown in Fig. 5.2. By macroscopically averaging the potentials, we 

identify the reference energy positions [245-247] in the bulk regions of STO (001) and 

TiO2 with respect to the vacuum level, which is set to be at 0 eV. The relative position of 

the valence band maximum (VBM) with respect to the reference energy is then 

determined in two separate bulk calculations. Assuming a common vacuum level, we find 

the valence band offset ΔEv (= EVBM(STO) – EVBM(TiO2)) to be 0.94 eV. The offset 

changes to 0.89 eV if a relaxed anatase film (a = b = 3.766 Å ) is considered, meaning that 

in the Schottky limit, tensile strain plays only a minor role in determining the band offset. 

The relatively large valence band offset can be traced to the difference in oxygen 

coordination between the two oxides, since in both materials the top of the valence band 

is formed predominantly by the oxygen p-states.  
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Figure 5.3     Z-contrast HRTEM image of the TiO2/SrTiO3/Si (001) structure. Blue 

(Ti) and green (Sr) balls are superimposed at the TiO2/SrTiO3 interface as a 

guide to the eye. Spatially resolved EELS measurement is performed at the 

region indicated by the orange box. 

When two oxide slabs are brought into contact, chemical bonds are created that 

result in charge redistribution in conjunction with a structural distortion at the interface. 

Our physical interface model between anatase TiO2 and STO (001) is shown in Fig. 5.4 

(a) and is based on the STEM image in Fig. 5.3. Note that half of O at the “STO surface” 

is bonded to Ti of anatase, leading to 3-fold coordinated O (O3-fold, site A), while the 

other half of O remains 2-fold coordinated (O2-fold, site B). Ti at the STO surface is also 

bonded to O of anatase at site C. We first check the evolution of the interface electronic 

structure as 4, 6, or 8 MLs TiO2 films are “deposited” (one anatase unit cell has four TiO2 

monolayers). There is no significant change in the interface electronic structure for the 

different coverages, and furthermore, after 6 MLs deposition, the bulk electronic structure 
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is recovered in the middle layer of the anatase region. In what follows, we focus on the 

heterostructure with 8 MLs of anatase deposited on STO (001) (see Fig. 5.1) unless 

otherwise noted. 

 

 

Figure 5.4     (a) Interface model between anatase TiO2 and STO (001). Black arrows 

show the relaxation pattern of the O ions at the interface. (b) Planar-

averaged electrostatic potential of the heterostructure along the (001) 

direction. The straight black lines indicate the reference electrostatic energy 

positions with respect to the vacuum level (0 eV) in the bulk region of STO 

and TiO2, respectively. The green lines indicate the relative positions of 

VBM of STO and TiO2 with respect to their corresponding reference energy 

positions. 

The valence band offset of the heterostructure can be written as ΔEH = ΔES + ΔV, 

where ΔEH  is the band offset of the actual heterostructure, ΔES is the band offset in the 

Schottky limit, and ΔV is the electrostatic potential drop at the interface due to the 

heterojunction formation. The valence band offset is calculated using the macroscopic 

average of the electrostatic potential [245-247], as shown in Fig. 5.4(b). We calculate the 

valence band offset to be 0.76 eV, thus ΔV is -0.2 eV. This process is often described as 

the creation of an interface dipole or double layer involving charge transfer and 

subsequent dielectric screening at the interface [234,235]. 
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Figure 5.5   Two-dimensional (left) and one-dimensional (right) projections of the 

charge redistribution (δρ(x,y,z)) at the TiO2/SrTiO3 (001) interface (see text). 

For the reference charge density of the free-standing STO and TiO2 slabs, 

we use relaxed (a) or un-relaxed (b) atomic geometry. 

Based on the Schottky limit result, we expect electron transfer from the STO 

valence band into TiO2. There are two channels for charge transfer: chemical bond 

induced transfer [248] and transfer into evanescent gap states [249]. In Fig. 5.5, we show 

the charge redistribution at the interface, which is defined as 

                                                                         

where ρ is the valence charge density of a given structure. In Fig. 5.5 (a), we use the 

charge densities of the relaxed free-standing STO and TiO2 slabs for ρ(STO substrate) 

and ρ(TiO2 film), respectively, while for the plots in Fig. 5.5 (b) we use those of the STO 

and TiO2 slabs where ionic positions are kept as those in the heterostructure. The two 

dimensional (2D) and one dimensional (1D) projections are defined as: 

                    
 

 

                           
 

 

 

 

             

, respectively, where a is the STO lattice parameter. First we note that the charge transfer 

is better represented in Fig. 5.5 (a) than (b). Then we observe that indeed, chemical bonds 



 75 

drive the charge transfer between O and Ti. Assuming that the chemical bonds locally 

modify the charge density, the density underneath the STO surface is shifted upward 

(towards anatase) and localized along the chemical bonds between O and Ti as shown in 

Fig. 5.5 (a). The charge transfer to evanescent states of TiO2 decays rapidly within 2 MLs 

of anatase as seen in Fig. 5.7 (a), where the finite density of states in the gap (between 

zero and -1 eV), can be only seen in the first two MLs of anatase. 

 

 

Figure 5.6   Band offset and total energy of the TiO2/STO heterostructure as a function 

of the displacement of O2-fold ions at the interface. The inset is a schematic 

picture to show the lattice polarization by O2-fold at the interface. In the 

relaxed heterostructure, the optimal Δz is -0.22 Å , where the energy is 

minimum. 

For oxide interfaces, Sharia et al. have pointed out the importance of screening by 

O lattice polarization [244]. They have shown that as the coordination number of 

interfacial O increases, the Born effective charge of O increases as well and, as a result, 

the band offset is pushed back to the Schottky limit owing to the enhanced screening 



 76 

ability of interfacial O. The same argument applies to the TiO2/SrTiO3 structure. We note 

that the O2-fold ions at the interface shift by 0.22 Å  from the Ti plane toward the STO bulk 

side as shown in Fig. 5.4 (a). In Fig. 5.6, we show the calculated band offset as a function 

of position of the O2-fold ions in the (001) direction. Pushing the O2-fold ions back to the 

level of the Ti plane decreases the band offset from 0.76 eV to 0.06 eV. It suggests that 

lattice polarization by the O2-fold ions is indeed the main screening mechanism at the 

interface [234]. The potential change at the interface due to lattice polarization is given 

by [250,251]: 
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where a is the in-plane lattice parameter, 
)(*

2

T
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Z


 is the Born effective charge of O2-fold 

along the (001) direction, Δu(O2-fold) is the displacement of O2-fold with respect to the Ti 

plane in the (001) direction, and ε∞ is the optical dielectric constant. Assuming ε∞ ≈ 6.2 

[252-254], we estimate the Z* of O2-fold at the interface to be -1.66. This number is 

consistent with the model developed in Ref. [234]. 
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Figure 5.7     (a) Layer-by-layer projected density of states (pDOS) of the TiO2/SrTiO3 

(001) heterostructure. The green line is the Fermi level. (b) Atom-resolved 

pDOS of the TiO2 layer at the STO bulk (bottom), interface (middle), and 

TiO2 bulk (top) regions. 

To gain further insight, we analyze the spatial evolution of the electronic structure 

of the anatase layer from the interface with STO to the surface. We plot the layer-by-

layer projected density of states (pDOS) for the valence band in Fig. 5.7 (a). Noting that 

the middle layers of the TiO2 film recover the bulk electronic structure, we find a valence 

band offset of 0.7 eV, consistent with that obtained by the average potential method. We 

plot the pDOS corresponding to Ti d orbitals and O p orbitals of a TiO2 layer in the STO 

bulk region, the interfacial TiO2 layer, and a TiO2 layer in the bulk region of anatase in 

Fig. 5.7 (b). By comparing the pDOS of O2-fold and O3-fold at the interface and those in the 

STO and anatase bulk regions, we see that the change in the bonding configuration at the 

interface drives the downward shift of the valence band. We will further discuss the 

evolution of the local electronic structure induced by the change in the bonding 
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configuration in chapter 6.1.4 using the experimental EELS O K edge spectra across the 

interface. 

 

5.4 EELS O K EDGE SPECTRA ACROSS THE INTERFACE 

Experimentally, the evolution of the electronic structure across the interface can 

be monitored using Electron Energy Loss Spectroscopy (EELS) [255].  We perform a 

similar measurement with atomic resolution across the region indicated in Fig. 5.3. We 

focus on the O K edge spectra [256-258] rather than Ti L2,3 edge spectra [259-261], as the 

O K edge in STO and TiO2 better reflects the change in the local bonding environment 

(see Fig. 5.8(a)) [255,262]. Theoretically, to include the effect of core holes generated in 

experiment, we employ the so-called Z+1 approximation [263,264] in our calculations. 

We replace the O atom under investigation with fluorine and calculate the 2p-projected 

DOS of the conduction band at that site [262]. In this way, one can create a positive 

charge in the core region and take into account the screening effect of the valence 

electrons. Using separate bulk calculations, we have first confirmed that increasing the 

in-plane cell size from 1×1 to 22   is sufficient to separate the core hole from its 

periodic images. We also find that the core hole effect is small for the O K edge spectra; 

and we only use it to make a few important spectral features more pronounced. In Fig. 

5.8(b), we plot the experimental EELS spectra along with the corresponding theoretical 

pDOS. Both are broadened using the Gaussian convolution method with a full width at 

half maximum value of 0.7 eV. 
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Figure 5.8     (a) Schematic pictures of a TiO2 plane in bulk STO (down) and bulk 

anatase TiO2 (up) (b) EELS O K edge spectra taken at the interface from the 

STO side (two bottom spectra) to the anatase TiO2 side (two upper spectra) 

through the interface (two middle green spectra). The corresponding 2p-

projected DOS’s are overlaid in grey. 

At the bottom of Fig. 5.8(b), we compare the O K edge spectrum taken from the 

STO bulk region to the 2p pDOS calculated at the O site in the STO bulk region of the 

supercell. In experiment, we observe three main features between 530 eV and 550 eV, 

which are well reproduced in theory. Analyzing the entire set of pDOS’s including 

contributions from the nearest neighbor Ti and Sr, we identify that the first, second, and 

third main peaks are derived from the interaction with Ti t2g, Sr d, and Ti 4sp states, 

respectively. The Ti eg peak is seen as a small peak in theory between the first t2g and the 

second Sr d main peaks. However, as the eg band is largely broadened in STO with a 
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bandwidth of about 5 eV, the eg peak is not seen experimentally owing to the presence of 

the adjacent large Sr d peak. 

 Looking at the spectrum taken from the anatase bulk region (see Fig. 5.8(b)), we 

observe quite different spectral features. First, the eg and t2g peaks become sharp and 

pronounced at position A compared to that of STO. Secondly, the Sr d peak is absent at 

position B, as there is no Sr on the TiO2 side of the interface. Thirdly and most 

importantly, there is the appearance of a large spectral weight between 538 eV and 543 

eV (position C), which is not found on the STO side. This peak turns out to be derived 

from the interaction with the nearest neighbor O along the c-axis. In Fig. 5.8(a) we show 

a schematic of the TiO2 plane in STO and anatase. Although the basic building block in 

both materials is a TiO6 octahedron, the connecting geometry is different: the octahedra 

share corners in STO while they share four adjacent edges in anatase. In contrast to the 

straight Ti-O chain along the a or b axes in STO, it exhibits a zigzag pattern in anatase as 

shown in Fig. 5.8(a). In other words, for a given octahedron in anatase, two O atoms in 

the ab-plane are shifted upward along the c-direction and the other two are shifted down 

with respect to the central Ti atom. This crystallographic feature leads to appreciable π-

type overlap between O 2p orbitals along the c-direction as shown in Fig. 5.8(a). Finally, 

we remark that this spectral peak originally emerges at the interface as shown in the 

middle of Fig. 5.8(b). By comparing with the 2p pDOS at the O3-fold site of the interfacial 

layer (site A in Fig. 5.4(a)), we infer that this peak at the interface reflects the chemical 

bond formation between anatase and STO. 
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5.5 OXYGEN VACANCY AND FLUORINE IMPURITY AT THE TIO2/SRTIO3 INTERFACE 

 

Figure 5.9     (a) Planar-averaged electrostatic potential of the heterostructure in the 

presence of an interfacial O vacancy. The straight black lines indicate the 

reference electrostatic energy positions with respect to the vacuum level. 

The green lines show the relative positions of VBM of SrTiO3 and TiO2 

with respect to their reference energy positions. (b) Layer-by-layer valence 

band pDOS of the heterostructure in the presence of an interfacial O 

vacancy. The dotted straight line is placed at the VBM in the STO bulk 

region and is extended into the TiO2 side for comparison. 

DFT calculations reported in [221] suggested a valence band offset of 0.5 eV, 

consistent with our results but in apparent variance with the measurement. To better 

understand this discrepancy, we consider two types of interface defects, an oxygen 

vacancy and a substitutional fluorine impurity. For these calculations, we increase the in-

plane cell size from 1×1 to 22   to allow for more structural degrees of freedom at 

the interface. We consider a 6 ML thick TiO2 overlayer on STO (001). 

In previous sections, we have established that interfacial O plays a crucial role in 

determining the dielectric response of the heterointerface. This brings a natural question: 

what would be the effect on the band alignment of an interfacial O vacancy? [265] Here 
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we only consider a neutral vacancy. There are four types of interfacial O ions as shown in 

Fig. 5.4(a). We find that a vacancy at site B is the most stable configuration. The O 

vacancy formation energy at this site is calculated to be 3.8 eV while those of the A, C 

and D sites are 1.6, 1.1, and 1.4 eV higher in energy, respectively. The formation energy 

of 3.8 eV is significantly lower than, for example, that of a neutral O vacancy in bulk 

STO, which is larger than 6.0 eV [266]. In section 6.1.3, we have shown that O at site B 

is responsible for the screening of the interfacial dipole. Therefore, one can expect that 

the band offset would be significantly reduced by a vacancy at this site, as the charge 

transfer that tends to equilibrate the Fermi level of two oxides will not be fully screened. 

Using the average potential method, we calculate the band offset for the interface with a 

vacancy to be 0.04 eV as shown in Fig. 5.9(a). The absence of the valence band offset in 

the presence of a vacancy is also seen in the pDOS of the heterostructure in Fig. 5.9(b). 

 

 

Figure 5.10   (a) Relaxed atomic structure of the TiO2/SrTiO3 (001) interface in the 

presence of an interfacial F impurity. (b) Layer-by-layer valence band pDOS 

of the heterostructure in the presence of the interfacial F impurity. The 

dotted line is placed at the VBM in the STO bulk region and extended 

across into the TiO2 side for comparison. 
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In addition, we consider a substitutional F impurity at the STO surface, which 

could be present when the STO substrate is etched in buffered HF solution in order to 

have a 1×1 TiO2-terminated surface [221]. It has been suggested in Ref. [221] that F 

substitutes O at the STO surface and the mole fraction within the XPS probe depth 

(~45Å ) has been estimated to be about 5%. We consider all four interfacial O sites A, B, 

C, and D for the F substitution. We find that the most stable structure is obtained when F 

is substituted for 2-fold O at the B site. The relaxed structure for this configuration is 

shown in Fig. 5.10(a). F at the A, C, and D sites is higher in energy by 1.1, 0.7, and 0.8 

eV, respectively. As mentioned earlier, 2-fold O at the B site is responsible for screening 

the interface dipole. Since F has lesser formal ionic charge of -1e versus -2e of O, one 

would expect that the effective charge of F at the interface is also reduced by about a 

factor of two. Furthermore, as shown in Fig. 5.10(a), substituted F does not polarize, 

while the rest of 2-fold O on the STO surface polarize toward the STO side by 0.27 Å . 

We attribute this to a much shorter Ti-F bond length (1.75 Å  in TiF4 is [267]), as 

compared to the Ti-O bond length of 1.95 Å  in STO. Therefore, we expect that the 

dielectric screening at the interface is significantly reduced by the F substitution. We plot 

the layer by layer pDOS in Fig. 5.10(b), showing a negligible valence band offset of less 

than 0.1 eV between STO and TiO2 in the presence of F at the interface. The average 

potential method gives a comparable offset of 0.3 eV, which is consistent with the pDOS 

offset.  

Thus, we argue that interfacial impurities such as an O vacancy or substitutional 

fluorine may be responsible for the experimentally observed absence of a valence band 

offset at the anatase TiO2/STO interface [221]. It is worth noting, that other mechanisms 

such as cationic exchange may also contribute to the disappearance of the valence band 

offset. For example, Ciancio et al. have observed a Sr-deficient epitaxial interphase at the 
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TiO2/STO interface grown by pulsed laser deposition (PLD) [268,269]. This interphase 

formation has been attributed to the long range migration of Sr from the STO substrate to 

the anatase film.  

5.6 SUMMARY 

In summary, we studied the interfacial atomic structure and electronic structure of 

anatase TiO2/STO (001) heterostructure grown on Si by molecular beam epitaxy using 

density function theory and scanning transmission electron microscopy. Theoretically, 

the interface is described at the local density approximation level. By analyzing the layer-

by-layer pDOS and EELS O K edge spectra we show that the evolution of the valence 

band across the interface is driven by the change in bonding configuration. The main 

results are summarized as follows: (i) in the Schottky limit, the STO valence band top 

(VBT) is higher in energy by 0.94 eV than that of TiO2; (ii)  charge transfer from STO to 

TiO2 occurs mainly through the chemical bonds at the interface and equilibrates the 

Fermi level by forming a double layer. However, subsequent polarization of the O2-fold 

lattice largely screens the interfacial dipole, yielding a net valence band offset of 0.76 eV; 

(iii) comparing the EELS O K edge spectra and the 2p-symmetry projected density of 

states across the interface, we show that the transition from Oh symmetry for TiO6 with 2-

fold coordinated O in STO to the tetragonal D2d symmetry with 3-fold O in anatase drives 

the evolution of the valence band. One of the main features is the appearance of a π-type 

oxygen-oxygen interaction along the c-direction. In addition, considering an interfacial O 

vacancy and F impurity, we show that the most stable vacancy or impurity site is the O2-

fold site that is responsible for the screening of the dipole layer. As a result, the band offset 

is significantly reduced in the presence of O vacancy or F impurity at the interface 

suggesting that the perceived absence of a valence band offset [31] is not intrinsic.  
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Chapter 6.  Band alignment in the visible-light photo-active 

CoO/SrTiO3(001) heterostructures on Si(001) 

Epitaxial oxide heterostructures are of great interest in a number of applications 

ranging from the oxide electronics to the model catalyst. One of the most important 

physical parameters for the oxide heterostructure research is the band offset at the 

interface.  In this work, we use DFT in the local spin density approximation combined 

with the Hubbard U correction (LSDA+U) to calculate the valence band offset of a 

CoO/STO (001) heterostructure. The heterostructure has been recently studied as a model 

oxide catalyst for water splitting under visible light. We also examine the effects of the 

Hubbard correction on the band offset by applying different Ueff values (3eV and 4eV) on 

the Co 3d states. The results described in this chapter have been recently summarized and 

submitted as: Thong Q. Ngo, Agham B. Posadas, Hosung Seo, Son T. Hoang, Martin D. 

McDaniel, Dirk Utess, Dina Triyoso, Alexander A. Demkov, and John G. Ekerdt, 

“Atomic Layer Deposition of Epitaxial Photoactive CoO, CoO/SrTiO3, and CoO/TiO2 on 

Si (001) for Water Splitting in Visible Light”, Submitted to Journal of Applied Physics 

(2013). The theory part has been prepared for submission as: Hosung Seo and Alexander 

A. Demkov, “Effects of the Hubbard U correction on the band offset of the visible-light 

photo-active CoO/SrTiO3(001) heterostructure: LSDA+U study”, to be submitted (2013). 

 

6.1 INTRODUCTION 

Artificial oxide heterostructures, epitaxially constructed with 3d transition metal 

oxides have become a subject of intensive research owing to their intriguing physical 

properties found at the interface [270-272]. The strongly correlated nature of 3d orbitals 

and its interaction with the local environment at the interface of the heterostructure play 
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an important role in producing novel electronic reconstructions [272]. In addition to the 

fundamental physics research, the novel functionalities of oxide heterostructures, such as 

magnetism, are of great interest due to their potential applications in low-power multi-

functional electronic devices [273-278]. 

 Epitaxial oxide heterostructures also gain a significant attention in the field of 

catalysis as model systems [279]. Traditionally, 3d transition metal oxides have been 

important in the photocatalytic water splitting for hydrogen production [280]. Ti-based 

oxides, such as TiO2 and SrTiO3 (STO), have become important oxide catalysts since 

Fujishima and Honda have demonstrated that TiO2 can split a water molecule under 

ultraviolet(UV) light [281]. Furthermore, the titanates attracted a large amount of 

attention owing to their chemical stability in water, non-toxicity, and low production cost 

[282-284]. The main drawback of STO and TiO2 in photocatalytic applications, however, 

is the rather large band-gap of 3.2 eV [285] making them only  UV-active and resulting 

in low photocatalytic efficiency. A number of schemes to improve the photocatalytic 

efficiency of the oxides have been proposed and extensively studied [283, 284, 286, 287]. 

One of the approaches is a composite semiconductor scheme [286], which couples a 

wide-band-gap semiconductor such as STO with a narrow-band semiconductor whose 

conduction band is higher in energy than that of STO. With this staggered band 

alignment, one could achieve a visible light photocatalytic response in addition to a 

longer lifetime of photoexcited electron-hole pairs by separating the carriers across the 

interface. Such interface effects in mixed oxide catalysts on the photocatalytic water 

splitting can be studied using epitaxial oxide heterostructures [288,289]. Furthermore, a 

number of interesting model systems based on epitaxial oxide films have been developed 

in the literature [290, 291]. 
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One of the most important parameters of a heterojunction is the band-offset owing 

to its profound effect on the carrier confinement and electronic transport along and across 

the interface. Experimentally, the band offset of epitaxial oxide heterostructures can be 

measured at high-precision using the so-called Kraut’s method [288, 292, 293] in X-ray 

photoemission spectroscopy. In addition, a number of techniques to characterize the 

interfacial band profile of oxide interfaces have been developed including electrical [294, 

295] and optical [296] methods. Recently, in our group weepitaxially grew a 

CoO/STO(001) heterostructure on Si(001) and demonstrated that under visible light the 

heterostructure generates electron-hole pairs, separates the carriers across the interface, 

and splits water into H2 and O2 [288]. Using in-situ X-ray photoemission spectroscopy, 

we measured the valance band top of CoO to be 1.9eV higher in energy than that of STO, 

thus realizing the desired staggered band alignment at the interface [288]. 

Although noticeable progress has been made in experiment to characterize the 

interface band profile of correlated oxide heterostructures [288, 293-296], theoretical 

modeling of the band offset is not well-established, mainly due to the correlated nature of 

transition metal oxides. Widely used method to calculate the band offset of conventional 

semiconductor materials is density functional theory in the local spin density 

approximation (DFT-LSDA). DFT-LSDA method is also successfully applied to a certain 

class of oxide interfaces [297-300], in particular, where O 2p bands line up [289, 301]. 

However, when it comes to strongly correlated oxides such as CoO, the LSDA fails to 

describe the electronic structure of CoO [302]. The LSDA combined with the Hubbard U 

method has been developed to correct the problem [303,304] and widely accepted as an 

efficient and reliable tool to calculate the bulk properties of correlated oxides [305-309]. 

On the other hand, the effect of Ueff on the interface band profile of correlated oxide 

heterostructure is not well-understood, although the LSDA+U is commonly used to study 
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the interface properties of oxide heterostructure [310-314] In Ref. [288], we have used 

the LSDA+U method to calculate the band offset of the CoO/STO(001) heterostructure to 

be 1.85 eV, which is in reasonable agreement with experiment. In this  chapter we 

explore the effect of Ueff on the band offset in more detail, as well as provide a detailed 

description of the band offset calculations in the LSDA+U method.  

 

6.2 COMPUTATIONAL DETAILS 

 

Figure 6.1     Unit cells of rocksalt CoO (a) and cubic perovskite SrTiO3 (b). In the 

type-II antiferromagnetic phase, the local magnetic moments in CoO are 

ferromagnetically coupled in each (111) plane, and antiferromagnetically 

coupled along the (111) direction. Spin-up (down) Co
2+

 ions are represented 

by blue (brown) balls. The unit cell shown in (a) for CoO has 64 atoms and 

the smallest primitive cell is a 4-atom rhombohedral cell. (c) A superlattice 

of CoO (AFM-II) and SrTiO3 (001). 
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We use DFT)as implemented in the VASP code [315] and the exchange-

correlation functional is approximated in the local density approximation using the 

Ceperley-Alder data parametrized by Perdew and Zunger [316]. We employ the 

projector-augmented-wave (PAW) method [317, 318] to describe Sr, Ti, Co, and O. The 

valence configurations for these elements are 4s
2
4p

6
5s

2
 for Sr, 3p

6
3d

2
4s

2
 for Ti, 3d

7
4s

2
 

for Co, and 2s
2
2p

4
 for O. A cutoff energy of 600 eV is used for the plane-wave 

expansion. We converge each self-consistent electronic calculation to 10
-6

 eV/cell, and 

we fully relax the ionic degrees of freedom until the Hellman-Feynman forces are less 

than 10 meV/Å . To describe the static electronic correlation effect in the 3d orbital spaces 

of the transition metal ions, we use local spin density approximation with the Hubbard U 

correction (LSDA+U) in the rotationally invariant formalism [304]. In particular, the 

LSDA+U method [304] allows to describe the local magnetic moment of Co
2+

 in the high 

spin state (HS, t2g
5
eg

2
, S=3/2) and improve the band gap of SrTiO3 [319]. We apply Ueff 

(=U-J) of 3.0 eV or 4.0 eV on the Co 3d 
 
and 4.0 eV on the Ti 3d states. The rationale for 

the choice of these Ueff values is discussed in detail in section III. We use 4×4×4 and 

8×8×8 Monkhorst-Pack k-point grids for the cubic CoO bulk (2×2×2 cell with 64 atoms 

as shown in Fig. 6.1(a)) and the cubic SrTiO3 bulk (5-atom cell), respectively, for the 

Brilluin zone integration. To calculate the band salignment of the CoO/STO(001) 

heterostructure, we consider a superlattice structure as shown in Fig. 6.1(c), consisting of 

7 monolayer thick CoO slab and 4.5 unit-cell thick STO layer (dimensions = 7.79 Å  × 

7.79 Å  × 33.03 Å ). A 4×4×1 Monkhorst-Pack k-point grid is used to sample the Brillouin 

zone of the CoO/STO (001) superlattice. 

 



 90 

6.3 BULK PROPERTIES OF COO AND SRTIO3 IN THE LSDA+U  

We start investigation by describing the band structure of the CoO and STO bulk 

compounds. The bulk structures of CoO and STO are shown in Fig. 6.1 (a) and (b), 

respectively and the main bulk properties are summarized in Table 6.1. CoO has a 

rocksalt structure and undergoes a  transition from paramgentic to antiferromagnetic 

below 289K [320] with the so-called type-II antiferromagnetic ordering (AFM-II). In the 

AFM-II phase, which is schematically shown in Fig. 6.1(a), the local magnetic moments 

of Co
2+

 ions in each (111) plane are ferromagnetically coupled, while the nearest 

neighbor ferromagnetic (111) planes are antiferromagnetically coupled. Under the Néel 

temperature, the cubic symmetry of paramagnetic phase of CoO is reduced to monoclinic, 

but the structural deformation is small [321], and thus neglected in this work. The local 

magnetic moment of Co
2+

 is known to be largely contributed by the high-spin state of 

Co
2+

 (t2g
5
eg

2
, S=3/2) yielding a magnetic moment of 3μB in the ionic limit. However, in 

experiment, the local magnetic moment has been measured to be 3.8 ~ 4.0 μB [321-323], 

thus the deviation from the pure spin contribution has been attributed to an orbital 

magnetization [324,325]. The band gap of CoO has been measured to be about 2.6 eV 

[326,327]. 

Table 6.1: Bulk properties of CoO and SrTiO3  

 a (Å ) Band gap (eV) Magnetic moment (μB) 

CoO (Experiment) 4.25 [321] 2.5 [326], 

2.6 [327] 

3.98 [321] 

3.80 [322, 323] 

CoO (LSDA) 4.105 Metallic 2.40 

CoO (LSDA+U) 4.150 (Ueff = 3eV) 

4.156 (Ueff = 4eV) 

1.53 (Ueff = 3eV) 

2.20 (Ueff = 4eV) 

2.54 (Ueff = 3eV) 

2.60 (Ueff = 4eV) 

SrTiO3 (Experiment) 3.897 [328] 3.2 [285] Non-magnetic 

SrTiO3 (LDA) 3.865 1.79 Non-magnetic 

SrTiO3 (LDA+U) 3.895 2.30 Non-magnetic 
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In Fig. 6.2(a), we show the electronic structure of CoO calculated in the LSDA 

showing metallic character [302], which is inconsistent with experiment [326,327]. One 

of the approaches to produce an improved electronic band structure for correlated oxides 

such as CoO is to correct the LSDA functional with the Hubbard parameter U applied on 

the localized 3d orbitals [303, 304]. More advanced techniques have been also developed 

such as hybrid functional [329], but they are computationally demanding and not suitable 

to calculate a large oxide superlattice structure such shown in Fig. 6.1(c). On the other 

hand, while retaining the essential features of correlated oxides, the LSDA+U can handle 

a relatively large structure without much increase of computational cost. One of the 

critical issues in the LSDA+U method is, however, the selection of the U and J values, or 

Ueff (U-J). In the literature, Ueff is mainly determined either by self-consistent calculations 

or by empirical estimations. For CoO, self-consistent Ueff  values of 6.9eV [303] and 4.2 

eV [307] have been proposed, while an empirical estimation has suggested a Ueff value of 

5.3 eV [303]. Ueff of 1.0 eV is proposed in Ref. [310] since it leads to the best agreement 

with experiment in terms of geometric structure of the CoO/Ir(100) heterostructure 

system. In Ref. [305], Ueff of 3.0 eV is proposed, which gives rise to a valence band 

density of states in good agreement with that obtained from hybrid functional calculations 

combined with quasi-particle corrections (HSE03+G0W0). 
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Figure 6.2     Projected density of states (pDOS) of rocksalt CoO in the type-II 

antiferromagnetic state calculated in the LSDA (a) and in the LSDA+U with 

Ueff (=U-J) of 3.0 eV (b) and 4.0 eV (c). Positive and negative pDOSs are 

spin-up DOS and spin-down DOS, respectively. For each panel, the top and 

middle plots are the pDOSs of Co
2+

 in the high-spin state with the total 

magnetic moment being up and down, respectively, while the O 2p states 

are shown at the bottom. The high-spin configurations (t2g
5
eg

2
) with the total 

magnetic moment being up and down are shown as insets in (b). 

In Fig. 6.2 (b) and (c), we show the electronic structure of CoO calculated using 

Ueff of 3 eV and 4 eV. We observe that the insulating behavior of CoO is now captured in 

the LSDA+U results opening a gap. We remark, however, that the LSDA+U calculations 

do not automatically guarantee that the insulating state for CoO is produced. Rather, we 

observed that many initial set-ups ended up in random high-energy metallic states. To 

obtain the insulating ground state with Co
2+

 in the high-spin state, we use the following 

procedures [330]. We first apply a large Ueff value of 8 eV to fully localize the 3d 

electrons and to force the system to fall into an insulating state. All symmetry constraints 

are turned off not to symmetrize the charge density during self-consistent calculations. 
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We then use the pre-converged wave functions and charge density obtained from the 

large Ueff calculation as an input to a subsequent calculation with a small Ueff value of 

3eV or 4eV. For epitaixially strained bulk calculations, one might keep the 

symmetrization on, since a tetragonal distortion splits the Co t2g and eg levels and help 

stabilization of the high spin state of Co
2+

. 

The effects of Ueff on the bulk band structure of CoO can be seen by comparing 

the results shown in Fig. 6.2 (b) and (c): the occupied Co 3d states are pulled down while 

the unoccupied 3d states are pushed up. As a result, the band gap increases from 1.53 eV 

to 2.20 eV if Ueff increases from 3eV to 4eV. To match the experimental band gap of 

about 2.60 eV, one might further increase the Ueff value, but it could lead to an unphysical 

situation. We remark that the hybridization between Co 3d states and the O 2p band is 

enhanced when we increase Ueff as indicated by dotted arrows in Fig. 6.2 (b) and (c). 

Therefore, the width of the valence band is decreased from 9.0 eV for Ueff of 0 eV to 7.9 

eV for Ueff of 3eV and to 7.6 eV for Ueff of 4eV. Using larger Ueff values such as a self-

consistent Ueff of 6.9 eV, the valence band structure is further distorted, leading to an 

unphysical O 2p-like valence band top [305].  

We turn to STO, whose bulk parameters are summarized in Table 6.1. Basic bulk 

properties of STO have been well-studied using the LDA [289,319]. The success of the 

LDA in this case is owing to the empty correlated Ti 3d manifold. However, the gap is 

underestimated in the LDA to be 1.79 eV compared to the experimental value of 3.2 eV. 

The underestimated band gap of STO in the LDA becomes problematic for certain 

calculations of oxide heterostructures because it could lead to an unphysical charging of 

the conduction band of STO. For example, we perform test calculations for the band 

offset of the CoO/STO (001) heterostructure in the LSDA and we find that there is a 

charge transfer from the Co 3d valence state to the Ti 3d conduction band (not shown) 
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due to the underestimated band gap of STO. Lee and Demkov have proposed to use the 

LDA+U method with the Ueff correction applied to the empty Ti 3d states [319]. Since the 

occupied valence band is mainly O 2p and the Ti 3d states are empty, the action of Ueff on 

the Ti 3d state in STO is mainly to increase the band gap by pushing the Ti 3d band, 

while not affecting the O 2p valence band. We further remark that it is important to 

include the Ti semi-core states in the LDA+U calculations. In Fig. 6.3 (a) and (b), we 

compare the electronic structure of STO calculated without and with the Ti semi-core 

states, respectively, for different Ueff values. Without the Ti semi-core states, the eg band 

starts to overlap with the t2g band at low Ueff values and becomes almost degenerate with 

the t2g band at the high Ueff value of 8 eV. This unphysical situation can be partly avoided 

using the Ti semi-core states and the intermediate Ueff value of 4.0 eV as shown in Fig. 

6.3 (b).  In Fig. 6.3, we show the lattice constant and the band gap of SrTiO3 as a 

function of Ueff. The Ueff of 4 eV gives the lattice constant of 3.895 Å , close to the 

experimental value of 3.897 Å  as well as an increased of band gap of 2.3 eV, which turns 

out to be enough to avoid the unphysical charging from the Co 3d valence band when 

used in the CoO/STO heterostructure calculations. 
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Figure 6.3     Projected density of states (pDOS) of SrTiO3 calculated using Ti 

pseudopotential without (a) and with (b) semicore 3p states. For each panel, 

the top pDOS is calculated in the LDA (no Ueff) and the middle and bottom 

pDOSs are calculated with the Ueff values of 4 eV and 8 eV, respectively. 

The lattice constant (c) and the band gap (d) of SrTiO3 (the Ti semi-core 

states are included.) as a function of Ueff . 

6.4 BAND OFFSET: SCHOTTKY-LIMIT AND HETEROJUNCTION RESULTS 

To calculate the valence band offset, we note that the valence band offset ΔEH 

(=EVBM(CoO) – EVBM(STO)) of the heterostructure can be written as 

                                         

where ΔES is the band offset in the Schottky limit (no oxide-oxide interaction) and ΔV is 

the electrostatic potential drop at the interface due to the heterojunction formation. It is 
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worth commenting on the important features of the CoO/STO heterostructure. A 

conventional picture of the band offset of oxide heterostructures is to assume that the O 

2p bands line up with a finite band offset, which is the case, for example, for the 

LaAlO3/STO(001) [319] or TiO2/STO(001) [289] heterostructures. However, as shown in 

Fig. 6.2 the valence band maximum (VBM) of CoO is mainly comprised of the Co 3d t2g 

states and this 3d band is expected to line up with the O 2p band of STO. Therefore, the 

band offset is expected to be sensitive to the choice of the Ueff value on the Co 3d states. 

However, it is not well explored in the literature how sensitive the different contributions 

to the band offset (ΔES and ΔV) are to the choice of the Ueff value. In this section, we 

calculate the band offset in the Schottky-limit (ΔES ) and that of the CoO/STO 

heterojunction (ΔEH) shown in Fig. 6.1(c) using the Ueff values of 3 and 4 eV for the Co 

3d states, while keeping the Ueff value of 4 eV in the Ti 3d states for STO. 

 

 

Figure 6.4     Plane-averaged electrostatic potentials as a function of distance (z) normal 

to the (001) surface for free-standing STO (left) and CoO (right) (001) slabs. 

Ueff of 3 eV and 4 eV are applied to the Co 3d states and the Ti 3d states, 

respectively. Macroscopically averaged potential profiles are shown in red. 

Energy position of valence band maximum (VBM) is represented with the 

blue straight line. Dotted blue lines are drawn for comparison of the two 

VBM positions to visualize the Schottky-limit band offset. 
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To calculate the Schottky-limit band offset, we separately consider TiO2-

terminated STO (001) and compressively strained CoO (001) slabs. The STO slab is 6 

unit-cell-thick and is separated by its periodic images along the (001) direction by 15Å  

vacuum. For the freestanding CoO(001) slab, we keep the AFM-II phase for the magnetic 

structure and consider a 6-layer thick (001) slab with a 2×2 surface cell. The same 

vacuum space of 15Å  is used in the CoO(001) supercell. In Fig. 6.4, we show the plane-

averaged electrostatic potentials of these isolated slabs as a function of distance normal to 

the (001) surfaces. By macroscopically averaging the potentials, we identify the reference 

energy positions in the bulk regions of STO and CoO with respect to the vacuum level, 

which is set to 0 eV. The relative position of the VBM with respect to the reference 

energy is then determined in two separate bulk calculations. We can  cross check to the 

result by calculating the VBM with respect to the vacuum level using the layer-by-layer 

projected density of states of the slab. Assuming a common vacuum level and using the 

Ueff values of 3.0 eV and 4.0 eV for the Co 3d states, we find the valence band offset to 

be 1.84 eV and 1.66 eV, respectively. Therefore, the 1.0 eV difference in Ueff gives rise to 

about 0.2 eV difference in the band offset in the Schottky limit. When relaxed 

freestanding CoO(001) slabs are used, then the offset changes to 1.36 eV with the Ueff 

value of 3 eV and 1.10 eV with the Ueff value of 4 eV, implying that in the Schottky limit, 

strain-relaxation also plays an important role in determining the band offset. 
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Figure 6.5     Layer-by-layer projected density of states (pDOS) of the 

CoO/SrTiO3(001) heterostructure calculated with the Ueff values of 3 eV (a) 

and 4 eV (b) applied on the Co 3d states. The Ueff values applied on the Ti 

3d states in both calculations are the same as 4 eV. 

When two oxide slabs are brought into contact, chemical bonds are created, 

inducing charge redistribution as well as a structural distortion at the interface. Our 

physical interface model between CoO and STO is shown in Fig. 6.1(c), where half of O 

of CoO is bonded to the TiO2 surface while the other half of O remains two-fold 

coordinated. This bonding configuration is somewhat similar to that of the previously 

discussed TiO2/SrTiO3 (001) interface. There non-bonding two-fold O at the interface 

plays an important role in the dielectric screening at the interface [289]. The calculation 

procedure is as follows. Since we consider an epitaxial interface between CoO and STO, 

we match CoO on STO (001). We fix the in-plane lattice constant of CoO to that of STO 
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(3.895Å  in the LSDA+U) and optimize the c-axis constant. For the Ueff values of 3 eV 

and 4 eV, we obtain the c-values of 4.405 Å  and 4.412 Å , respectively. We then consider 

a superlattice consisting of two unit-cell thick STO layer and 5 monolayer thick CoO 

layer to pre-optimize the interface structure. We first calculate the optimal interspacing 

between the CoO and STO layers to be 2.073 Å  and 2.113Å  for the Ueff values of 3eV 

and 4eV, respectively. After relaxing this relatively small superlattice structure, we insert 

two more unit cells of STO and two more monolayers of CoO in their bulk regions of the 

superlattice and relax the whole structure again. There are two issues worth commenting 

on. As observed in the Schottky limit results, strain relaxation in the CoO layer may play 

an important role in the band offset of the CoO/STO(001) heterostructure. However, in 

our previous work, a very thin CoO film (2.0 nm) has been deposited, so we regard the 

experimentally observed offset of 1.9 eV to be obtained from strained CoO overlayer. In 

addition, we assume the magnetic structure of the CoO layer in the superlattice 

calculation to be the AFM-II, which may not be the ground state magnetic configuration 

for the CoO(001) thin film in experiment. This should be further investigated in the 

future both, theoretically and experimentally.  Here we only consider the AFM-II state, 

assuming that the position of the 3d states with respect to the O 2p band in STO do not 

change significantly for different magnetic ordering in the CoO layer. 

In Fig. 6.5, we compare the layer-by-layer projected density of states (pDOS) of 

the CoO/STO(001) heterostructure calculated using the Ueff value of 3 eV and 4 eV for 

the Co 3d states. As expected from the Schotkky-limit results, the Co 3d t2g states are 

placed in the middle of the STO gap and a charge transfer occurs from CoO to metal-

induced gap states (MIGS) in STO. By comparing the VBM position in the bulk-like 

region of STO and that of CoO, we calculate the valence band offset to be 1.85 eV and 

1.57 eV for the Co Ueff values of 3eV and 4eV, respectively. We note that the Co Ueff 
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value of 3 eV gives an offset that is in a reasonable agreement with the experimental 

value of 1.9 eV [288]. On the other hand, applying the larger Ueff value of 4 eV on the Co 

3d states pulls down the Co 3d states more in energy and results in the reduced band 

offset. In addition, we observe that the band offset calculated using the heterojunction is 

similar to the Schottky limit result, especially for the reasonable Ueff value of 3 eV on the 

Co 3d states, implying that the potential drop ΔV is almost zero. For the Ueff value of 4 

eV, there is a potential drop of about 0.1 eV. ΔV is often explained by the creation of an 

interfacial dipole or double layer due to charge transfer and subsequent dielectric 

screening at the interface [289, 298, 300]. The charge transfer tends to equilibrate the 

Fermi level at the heterojunction, while the dielectric screening tends to bring the band 

offset back to the Schottky limit value. In Fig. 6.5, we observe that the charge transfer 

from CoO to SrTiO3 rapidly decays within the two unit cells of STO, which is consistent 

with the estimate obtained from the complex band structure analysis [297]. On the other 

hand, we observe that the non-bonding two-fold O
2-

 ions at the interface polarize toward 

the CoO side by 0.188 Å  (Ueff=3eV) and 0.177 Å  (Ueff=4eV) with respect to the Co plane, 

thus providing a large dielectric screening at the interface [289]. For the low Ueff value of 

3 eV, the dielectric screening by the O lattice polarization is sufficient to recover the 

Schottky limit value, but applying the larger Ueff value of 4 eV makes the Co-O bonding 

at the interface a bit stiffer, so the charge transfer becomes slightly dominant over the 

dielectric screening, leading to a slightly reduced band offset of 1.57 eV compared to its 

Schottky limit value of 1.66 eV. 

6.5 SUMMARY 

We explored the effect of the Hubbard correction Ueff (U-J) on the bulk properties 

of CoO and SrTiO3 and on the interface band profile of the CoO/STO (001) 
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heterostructure. For the CoO bulk, we show that the LSDA produces a metallic state, thus 

fails to capture the insulating nature of CoO. The LSDA+U method with the Hubbard 

correction Ueff applied on the Co 3d states, we are able to open a gap at the Fermi level 

and stabilize the AFM-II state with Co
2+

 in the high spin state. Technical procedures to 

stabilize the insulating ground state of CoO are discussed in detail. By comparing the 

results obtained with different Ueff values, we show that a larger Ueff applied to Co 3d 

states gives a larger band gap, but it also induces greater hybridization with the O 2p 

band, which can lead to unphysical valence band features. For the STO bulk, we show 

that the underestimated band gap and the lattice constant in the LDA can be improved by 

applying the Ueff correction to the empty Ti 3d conduction band. We use the Ueff value of 

4 eV for the Ti 3d states in STO. For the CoO/STO (001) heterostructure, we calculate 

the band offset in the Schottky limit by considering separate freestanding slabs and use 

the superlattice model to study the correction to the Schottky limit result for the band 

offset. In the Schottky limit, we calculate the band offset to be 1.84 eV and 1.66 eV using 

the Ueff values of 3 eV and 4 eV applied to the Co 3d states, respectively. Using the 

CoO/STO (001) heterostructure, we calculate the band offset to be 1.85 eV and 1.57 eV 

for the Ueff values of 3 eV and 4 eV, respectively. We note that the offset obtained with 

the Ueff value of 3 eV on the Co 3d states results in a good agreement with the 

experimental value of 1.9 eV. In addition, we note that the dielectric screening at the 

interface provided by the non-bonding two-fold O
2-

 ions is strong enough to compensate 

the charge transfer at the interface, giving rise to the band offset of 1.85 eV that is 

basically the same as the Schottky-limit result. However, applying the larger Ueff value of 

4.0 eV to the Co 3d states not only pulls down the Co 3d states in energy, thus reducing 

the band offset in the Schottky limit, but also makes the Co-O bonding stiffer (reduced 

dielectric screening), resulting in a reduced band offset of 1.57 eV.  
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Chapter 7.  First-principles thermodynamics of the Pt growth on 

SrTiO3 (001) 

Using density functional theory, we investigate the growth mode of Pt (001) on 

SrTiO3 (001) (STO) and explore the thermodynamic wetting conditions at this interface. 

We calculate the surface energy of Pt (001) to be 2.45 J/m
2
 and that of TiO2-terminated 

STO (001) to range from 1.30 J/m
2
 to 2.06 J/m

2
, depending on the chemical environment. 

The calculated interface energy is 0.37 J/m
2
 higher than that of the STO (001) surface 

across the entire thermodynamically allowed range, suggesting that Pt (001) would grow 

on the STO (001) surface as Volmer-Weber three dimensional (3D) islands. Using the 

Young’s equation, we calculate the contact angle between a Pt (001) island and STO 

(001) to be between 98.7° and 100.6°. This work has been published as: Hosung Seo, 

Agham B. Posadas and Alexander A. Demkov, “First-principles study of the growth 

thermodynamics of Pt on SrTiO3 (001)”, J. Vac. Sci. Technol. B 30, 04E108 (2012) (4 

pages). 

 

7.1 INTRODUCTION 

Artificial heterostructures using perovskite oxides as building blocks can now be 

synthesized using advanced physical deposition techniques [331], resulting in the 

development of oxide electronic devices based on a variety of functional oxides [332-

334]. SrTiO3 received significant attention owing to the possibility of tuning and utilizing 

its electrical, optical, and magnetic properties in a wide range [335-341]. Such examples 

include the quasi-two dimensional electron gas [337], thermoelectric effect [338], 

spintronic applications [339], low-dimensional superconductivity [340], and resistive 

switching [341]. On the other hand, integration of oxide devices requires a stable and 
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reliable contact material. One of the widely used electrode materials is Pt due to its 

chemical stability in an oxidizing environment and high conductivity. The Pt/STO system 

has been intensively studied experimentally [342-347] and theoretically [348,349] (see 

Ref. 350 for review). One of the important issues for the system is that even on nearly 

lattice matched STO (001), the epitaxy of (001)-oriented Pt films is challenging [342-

345]. Francis et al., have reported that, using pulsed laser deposition technique, high 

temperature (600 °C) growth produces Pt (001) films while (111)-oriented films are 

obtained at reduced temperature [342]. Employing sputtering methods, Xu et al. have 

shown that as-grown Pt film is polycrystalline [344]. They have also reported that a 

(001)-oriented film could be grown by introducing oxygen-doped argon gas. A study 

using molecular beam epitaxy (MBE) by Polli et al., has shown that at high temperature 

of 850 °C, Pt grows as homogeneously distributed 3D islands with the (001) orientation 

on the TiO2-terminated STO (001) surface [345]. On the other hand, they have shown 

that 3D islands with both the (001) and (111) orientations are obtained on the SrO-

terminated surface. Moreover, the Schottky barrier has been found to be very sensitive to 

the deposition conditions and the interface structure [346-348], indicating that the 

understanding of the interface formation is crucial for the potential applications of the 

Pt/STO junctions in oxide electronics.  

Unfortunately, atomic-level understanding of Pt growth and interface formation 

on STO (001) is still lacking [350]. In particular, there has been no detailed theoretical 

study on the energetics of the Pt/STO (001) interface formation, which is the focus of this 

work. Using first-principles calculations based on DFT, we investigate the surface and 

interface energy of the Pt/STO(001) junction. Our results suggest that the natural growth 

mode for Pt (001) on STO (001) is the Volmer-Weber island formation. The paper is 
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organized as follows. In section 7.2, we provide computational details, and in section 7.3, 

we discuss the growth of Pt on STO (001). 

 

7.2 COMPUTATIONAL DETAILS 

 

Figure 7.1.    (a) Simulation cells containing the SrTiO3 (001) slab. Both TiO2 (up) or 

SrO (down) terminations are shown. (b) Slab model of Pt (001). (c) Atomic 

models of the epitaxial interface between Pt (001) and TiO2-terminated STO 

(001). Pt is placed on top of O sites (left) or on top of hollow and Ti sites 

(right). (d) Atomic model for Pt (001) on SrO-terminated STO (001). Pt is 

placed on top of hollow sites (left) or on top of Sr and O sites (right). 

We use DFT within the local density approximation as implemented in the VASP 

code [351]. The exchange-correlation functional is approximated using parameterization 

of Ceperley-Alder data by Perdew and Zunger [352]. We employ projector augmented 

wave pseudopotentials to describe Sr, Ti, O, and Pt [353] and cutoff energy of 600 eV is 

used. Valence electron configurations for the elements are 4s
2
4p

6
5s

2
 for Sr, 3d

2
4s

2
 for Ti, 

2s
2
2p

4
 for O, and 5d

9
6s

1
 for Pt. Each self-consistent electronic calculation is converged to 
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10
-6

 eV/cell and the tolerance factor for the ionic relaxation is set to 0.01 eV/Å . 

Experimentally, cubic Pt and STO have very similar room temperature lattice constants 

of 3.905 Å  and 3.923 Å  for STO and Pt, respectively [354, 355]. The theoretical lattice 

constants of STO and Pt are calculated to be 3.873 Å  and 3.907 Å , respectively. The 

result is in qualitative agreement with experiment, but results in slightly higher strain. We 

use several supercells to study the interaction between Pt and STO. These are shown in 

Fig. 7.1. We make sure that there is a mirror plane at the center of each supercell to meet 

the periodic boundary condition along the c direction [356, 357]. To test the 

thermodynamic stability of the epitaxial Pt/STO(001) heterostructure, we calculate the 

surface energy of STO (001) and Pt (001) using a slab geometry with 16 Å  thick vacuum 

layer to avoid a spurious slab-slab interaction, as shown in Fig. 7.1 (a) and (b), 

respectively. For the STO (001) surface, we consider TiO2 and SrO terminations. 

Thicknesses of the STO and Pt slabs are four and seven unit cells, respectively, for which 

6×6×2 and 12×12×2 Monkhorst-Pack k-point grids are used for the Brillouin zone 

integration. The interfacial energy of the Pt/STO(001) heterostructure is then calculated 

using a superlattice consisting of STO (001) and Pt (001) (four unit-cell thick each), as 

shown in Fig. 7.1 (c) and (d). We consider four interface models. For the atomic 

arrangement at the Pt-TiO2 interface (see Fig. 7.1 (c)), Pt atoms are placed either on top 

of O sites or on top of Ti and hollow sites. At the Pt-SrO interface, Pt atoms are placed 

either on top of hollow sites or on top of Sr and O sites as shown in Fig. 7.1 (d). A 

12×12×2 k-point grid is used for the superlattice calculations.  
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7.3 RESULTS AND DISCUSSION  

The epitaxial thin film growth depends on several critical factors. The 

thermodynamic condition for Pt (001) to wet STO (001) is: 

)001(/ PtSTOPtSTO  
,           (7.1) 

where γSTO is the STO surface energy, γPt(001) is the Pt surface energy, and γPt/STO is the 

interface energy of the given epitaxial interface.  

We start our investigation by calculating the surface energies of SrO- or TiO2-

terminated (1×1) STO (001) and Pt (001) using the first-principles thermodynamic 

technique [358].  The surface Gibbs free energy for STO (001) is defined as: 

   )]
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A
  ,      (7.2) 

where Eslab is the total energy of the STO film and A is the surface area. NSr, NTi, and NO 

are the numbers of Sr, Ti, and O atoms in the film, respectively. The chemical potentials 

for the elements μSr, μTi, and μO are referenced to bulk metals, and O2 molecule. 

Assuming that the STO surface is in equilibrium with the stoichiometric STO bulk 

compound, the sum of the chemical potentials should satisfy the equilibrium condition: 
STO

fOTiSr E  3 ,             (7.3) 

where 
molecule

O

bulk

Ti

bulk

Sr

bulk

STO

STO

f EEEEE
22

3
  is the formation energy of the STO bulk. 

We further assume that any bulk metal precipitation and formation of the binary oxides 

do not occur on the surface, yielding the following boundary conditions for the chemical 

potentials.  

0Sr and 0Ti ,            (7.4) 

SrO

fOSr E  and 22
TiO

fOTi E  ,            (7.5) 
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where 2/TiOSrO

fE are the formation energies of the binary oxides. We list the calculated 

formation energies of bulk STO, TiO2, and SrO in Table 7.1, which are in good 

agreement with experiment and previous theoretical results. 

 

Table 7.1 Formation energies of bulk SrTiO3, TiO2, and SrO (eV/formula-unit) 

Material This work, 

DFT-LDA 

Theory, 

DFT-hybrid B3PW [359] 

Experiment [360] 

 

SrTiO3 -17.69 -17.29 -17.31 

SrO -6.25 -6.16 -6.11 

TiO2 -10.02 -9.78 -9.77 

 

Using equation (7.3), we reduce the number of independent variables in (7.2) 

from three to two. 

  OTiOSrTiSr

molecule
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bulk

SrTiSr

bulk
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where )(
2

1
, TiSrTiSr NN

A
  and )3(

2

1
, TiOTiO NN

A
 . Combining conditions (7.3), 

(7.4), and (7.5), we obtain  
SrO

fOSr

TiO

f

STO

f EEE  2              (7.7) 

OSr

STO

fE  3                  (7.8) 

Next, we compare the surface energy of SrO- and TiO2-terminated STO (001) 

surfaces inside the range defined by three precipitation lines in (7.7) and (7.8). We plot 

the surface phase diagram in Fig. 7.2, where the surface with lower energy at given μSr 

and μO is indicated.  
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Figure 7.2     Surface phase diagram for (1×1) SrTiO3 (001) as described by the O and 

Sr chemical potentials. Zero values of the chemical potential correspond to 

the Sr-rich and O-rich limits, respectively. 

The main point of Fig. 7.2 is that the SrO-terminated surface has lower surface 

energy in most of the relevant chemical potential range. Note, however, that according to 

the condition (1) we need the surface energy as high as possible to enable wetting. 

Depending on the chemical potential values, the energy of the  TiO2-terminated surface 

ranges from 1.30 J/m
2
 to 2.06 J/m

2
 while it ranges from 0.71 J/m

2
 to 1.46 J/m

2
 for the 

SrO-terminated surface. These results are in good agreement with previous theoretical 

values [361,362]. Furthermore, an atomically flat TiO2-terminated 1×1 surface can be 

obtained by the chemical etching technique [363], making it a good substrate for epitaxy. 

Applying the same method, we calculate the surface energy of Pt (001) to be 2.45 J/m
2
 as 

reported in Table 7.2. Since Pt (001) on STO (001) is compressively strained, we also 

calculate the surface energy of strained Pt (001) to be 2.42 J/m
2
, implying that the surface 

energy is relatively insensitive to the compressive strain. 



 109 

Table 7.2 Surface energies of Pt (J/m
2
) 

Surface This work, 

DFT-LDA 

Theory [364], 

DFT-GGA 

Experiment 

 

(100) 2.454 2.734  

(111) 2.013 2.299 2.489[365], 2.475[366] 

(110) 2.502 2.819  

 

To examine the thermodynamic wetting condition (1), we calculate the energy of 

the epitaxial Pt/STO (001) interfaces having either Pt-TiO2 or Pt-SrO interfacial 

structures. We match Pt (001) to each TiO2- and SrO-terminated STO substrate in two 

ways as shown in Fig. 7.1 (c) and (d), respectively. The interface energy is then 

calculated by 

)]()
2

1
()()([

2

1
2

//

bulk

PtPtPt

molecule

OO

bulk

TiTiTi

bulk

SrSrSrSTOPtSTOPt ENENENENE
A O
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where EPt/STO is the total energy of the Pt/STO superlattice and A is the surface area. NSr, 

NTi, NO , and NPt are the numbers of Sr, Ti, O, and Pt atoms in the superlattice, 

respectively. For the chemical potentials for the elements μSr, μTi, and μO, we apply the 

same constraints used for the STO surface calculation described from (7.3) to (7.8). 

However, we set μPt to be 0 eV, assuming that the interface is in equilibrium with the Pt 

bulk metal. The final expression for the interface energy takes the following form: 

)2/()(/ AC OSrSTOPt   ,                      (7.10) 

where C is a constant and + and – are for the Pt-TiO2 and the Pt-SrO interface, 

respectively. The range of the sum of μSr and μO are given in (7.7). We first find that the 

lowest energy configuration is one in which Pt is directly bonded to surface O for the Pt-

TiO2 interface. For Pt on the SrO-terminated STO surface, we find that Pt prefers to sit on 

top of the Sr and O sites rather than on top of the hollow sites. These results are in 
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agreement with a previous theoretical calculation [349]. Treating the sum of μSr and μO as 

one parameter, say x, we plot the surface energies and the corresponding lowest interface 

energies as a function of x in Fig. 7.3. The energy ranges from 1.67 to 2.43 J/m
2
 and from 

1.85 to 2.60 J/m
2
 for the Pt-TiO2 and Pt-SrO interfaces, respectively. However, the 

energies of the Pt-TiO2 and Pt-SrO interfaces are higher than that of the TiO2 and SrO 

surfaces by 0.37 and 1.14 J/m
2
, respectively. Our results suggest that it is energetically 

favorable for STO to expose its surface to vacuum rather than for Pt (001) to wet the 

surface. It is noteworthy that the lowest energy surface of Pt is the (111) surface (see 

Table 7.2), where Pt forms a close-packed hexagonal structure. However, even if Pt (001) 

film would manage to lower its surface energy by surface reconstruction [367], the 

interface energy is still too high to enable wetting. Therefore, the most likely 

macroscopic growth mode for Pt (001) is the Volmer-Weber 3D island growth [342,345].  

 

 

Figure 7.3     Surface energy of SrO- and TiO2-terminated STO (001) and interface 

energy of epitaxial Pt/STO (001) interfaces as a function of the sum of Sr 

and oxygen chemical potentials. The relevant range of the sum is shown in 

(7) in the main text. 
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Polly et al., have reported cross-sectional TEM images of (001)-oriented Pt 

nanocrystals on TiO2-terminated STO (001) surface [345], in which the contact angle 

varies from about 92° to 123°. The contact angle θ between Pt (001) island and STO 

(001) can be determined by the Young’s equation [368]: 

 cos)001(/)001(  PtSTOPtSTO ,                     (7.11) 

where γSTO(001) is the surface energy of TiO2-terminated STO (001), γPt is the Pt 

surface energy, and γPt/STO(001) is the interface energy of the Pt/STO (001) interface. Using 

the surface energies of Pt (001) and Pt (111), we calculate the contact angle to be ranging 

from 98.7° to 100.6°, which is in qualitative agreement with experiment [345]. 

We note that we only consider ideally flat epitaxial interfaces between Pt (001) 

and STO (001). However, there may be novel ways to enable Pt to wet the STO surface. 

In the view of the wetting criterion stated in (1), the wetting could be achieved either by 

increasing the substrate’s surface energy or by introducing a novel transition layer [369] 

to decrease the interface energy. We finally remark that a detailed microscopic modeling 

[370] of the kinetic process of Pt on STO would shed more light on the growth of Pt on 

STO, which will be further investigated. 

 

7.4 SUMMARY 

In summary, we perform density functional calculations to examine the growth 

mode of Pt (001) on SrTiO3 (001). Considering the thermodynamic condition of wetting, 

we calculate the surface and interface energies in the Pt/STO (001) system. We find that 

the (1×1) TiO2-terminated surface, with energy ranging from 1.30 J/m
2
 to 2.06 J/m

2
, is 

higher in energy than the SrO-terminated surface, making it preferable for epitaxy. 

However, owing to the higher surface energy of Pt (001) (2.454 J/m
2
) and interface 
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energy between Pt (001) and STO (001) (1.67 J/m
2
 ~ 2.43 J/m

2
) the Volmer-Weber island 

growth mode is expected for macroscopic Pt (001) growth on STO (001) that is 

consistent with experiment. Using the Young’s equation, we estimate the contact angle of 

a Pt (001) island on the STO (001) surface to be ranging from 98.7° to 100.6°.  
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Chapter 8. Polar LaAlO3 (001) surface stabilization by point defects 

In this chapter, we investigate the influence of surface vacancies on the surface 

stability of a stoichiometric free-standing LaAlO3 (001) thin film. Defect-free three and 

five unit cell thick LaAlO3 (001) thin films show macroscopic electric fields of 0.28 V/Å  

and 0.22 V/Å , respectively. The built-in electric field is sufficiently strong for the five 

unit cell thick film to undergo a dielectric breakdown in the local density approximation. 

We show that the electric field can be effectively compensated by La vacancies on the 

LaO surface, O vacancies on the AlO2 surface, or both types of vacancy present at the 

same time. Comparing surface Gibbs free energies we show that several surface vacancy 

structures are thermodynamically stable. The work described in this chapter has been 

published as: Hosung Seo and Alexander A. Demkov, “First-principles study of polar 

LaAlO3 (001) surface stabilization by point defects”, Physical Review B 84, 045440 

(2011) (9 pages). 

 

8.1 INTRODUCTION 

Lanthanum aluminate LaAlO3 (LAO) is a polar perovskite oxide widely used as a 

single crystal substrate material in oxide epitaxy [371,372]. Along the [001] direction 

LAO can be viewed as a stack of alternating charged LaO and AlO2 planes. In the ionic 

limit, the LaO and AlO2 planes carry a charge of +e and –e per (1×1) in-plane cell, 

respectively. Therefore, an ideal as-cleaved LAO film would have an electrostatic 

potential diverging as the film thickness increases. In the semiconductor context the 

effect is known as polar catastrophe [373]. Recently, thin films of LAO have drawn 

considerable attention owing to the discovery of the two-dimensional electron gas in the 

LaAlO3/SrTiO3 (STO) heterostructure [374-384]. Several studies of oxide 
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heterostructures including LAO layers have followed [385-388]. In many cases, the 

intrinsic polarity of LAO is believed to be responsible for novel physical phenomena. The 

built-in electric field may offer, for example, a possible explanation for the interfacial 

charge and critical thickness of the LAO overlayer in the LAO/STO system. Electrons 

transfer from the valence band at the LAO surface to the conduction band of the STO 

substrate as the film thickness exceeds 4 unit cells [377,378]. This model explains the 

main properties of the LAO/STO system; however, it assumes that the LAO surface 

maintains its defect-free structure. 

The key question is whether the as-cleaved LAO (001) surface can be kept to 

sustain the built-in electric field. Harrison has shown that the polar catastrophe can be 

avoided when the surface atomic composition is modified so that accumulated charge is 

compensated [373]. The idea can be readily applied to the polar oxide surface. When bulk 

LAO is stoichiometrically cleaved, positively charged LaO and negatively charged AlO2 

surfaces are exposed. If one can introduce compensating charges, for example, -δ to the 

LaO surface and +δ to the AlO2 one, this gives in the simple capacitor model 

compensating electric field of 4πδ/ε inside the LAO film, where ε is the dielectric 

constant of LAO. This surface charge compensation can be achieved, for instance, by 

desorbing native ions or adsorbing foreign charged entities on the surface [389]. The 

LAO (001) surface has been extensively studied both theoretically and experimentally 

[390-402]. Several point defects in bulk LAO and O vacancies in LAO (001) film have 

been studied theoretically [403-406]. Using density functional theory Zhang et al.[405] 

have recently shown that O vacancy preferably forms at the AlO2 surface of the LAO 

overlayer on STO. Zhong et al., have discussed the similar position dependence of 

formation energy of an O vacancy in the LAO/STO superlattice [406]. La vacancies on 

the LaO-terminated surface of LAO (001) film have been observed experimentally using 
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a transmission electron diffraction technique [400]. Using density functional theory 

Lanier et al. have theoretically evaluated the basic electronic properties of the LaO 

surface with a La vacancy [400]. However, to our knowledge, the details of the 

stabilization mechanism for the LAO (001) polar surface have not been considered 

theoretically. In this paper we use first-principles calculations to study the stability of the 

built-in electric field in LAO (001) films with respect to formation of surface vacancies. 

The rest of the chapter is organized as follows. We briefly describe the computational 

methods in section 8.2. In section 8.3, we discuss defect-free three unit-cell (u.c.) and five 

u.c. thick LAO (001) films. We consider five u.c. thick LAO (001) thin films with three 

different surface vacancy structures in section 8.4. Surface Gibbs free energy and relative 

thermodynamic stability of the vacancy structures are discussed in section 8.5. We 

summarize the main results in section 8.6. 

 

8.2 COMPUTATIONAL METHODS 

 

Figure 8.1    (a) Rhombohedral unit cell of LaAlO3. The unit cell vectors are designated 

as                  and        . α = 60° is used and the corresponding cubic perovskite 

cells are shown with black boxes. The [001] and [111] indicate the 

crystallographic directions of the cubic cell. (b) Total energy versus 

octahedral tilting angle in LaAlO3. The lowest total energy is set to 0 eV. 
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We use density functional theory (DFT) within the local density approximation 

(LDA) as implemented in the VASP code [407]. The exchange-correlation functional is 

approximated using parameterization by Perdew and Zunger [408]. We employ projector 

augmented wave (PAW) pseudopotentials 409] to describe La, Al, and O. Valence 

configurations for the elements are 5s
2
5p

6
5d

1
6s

2
 for La, 3s

2
3p

1
 for Al, and 2s

2
2p

4
 for O. 

A plane wave cutoff energy of 600 eV is used, along with a 8×8×8 (bulk) and a 6×6×2 

(slab) Monkhorst-Pack special k-point grids [410] for integration over the Brillouin zone. 

The electronic total energy is converged within 10
-6 

eV/cell for each electronic self-

consistent field calculation. Experimentally, the ground state structure of LAO below 

820K is a rhombohedral perovskite (    ) with the tilted AlO6 octahedra network [411-

414]. We calculate the rhombohedral cell angle α in the ground state structure to be 

60.1°. We note that this value is very close to 60° corresponding to cubic symmetry of 

the system (see Fig. 8.1 (a)), and energy difference between the α=60° and α=60.1° 

structures is less than 0.5 meV/(LAO-formula-unit). Therefore in what follows we 

approximate the ground state structure of LAO with the cubic perovskite structure with 

tilted octahedra. In Fig. 8.1 (b), we plot the energy of bulk LAO as a function of the 

rotation angle φ of the octahedra about the cubic [111] direction. The ground state angle 

is found to be 6.1° in good agreement with the experimental value of 5.7° at 4.2K [414]. 

We compare several ground state properties of bulk LAO calculated in this work to 

previous theoretical results and available experimental data in Table 8.1. 

 

 

 

 



 117 

Table 8. . Bulk properties of LaAlO3 

 a (Å ) Eg (eV) α (°) φ (°) 

Theory  

(This work) 

5.29 3.87 60.1 6.1 

Theory  

(DFT-LDA) 

5.31 [402] 3.3 [402] 60.2 [418] 6.3 [418] 

Experiments 5.36 (4.2K) [414] 5.6 [423] 60.15 (4.2K) [414] 5.7 (at 4.2K) [414] 

We consider free-standing, stoichiometric LAO (001) slabs having two 

chemically different (LaO and AlO2) surfaces as shown in Fig. 8.2. The cell size is 2×2. 

Since the slab is stoichiometrically terminated, there is a potential difference across the 

film due to the built-in electric field. To deal with the electric field within the periodic 

boundary condition, we use double-slab geometry to produce a periodic potential [377]. 

Three u.c. and five u.c. thick LAO (001) films are considered. We define a layer of LaO 

plus a layer of AlO2 as one u.c.. Therefore thicknesses of the as-cleaved three u.c. and 

five u.c. films are 9.37 Å  and 16.86 Å , respectively. The LAO slabs in the simulation cell 

are separated by 10 Å  thick vacuum regions. To ensure that the vacuum thickness is large 

enough to avoid spurious interactions between the slabs, we check that the electrostatic 

potential is flat in the vacuum region for each result. We have also considered one three 

u.c. thick LAO (001) slab structure using 15 Å  of vacuum, and checked that it gives the 

same result as one obtained with 10 Å  of vacuum. We fully relax all slab structures until 

the Hellmann-Feynman forces are less than 25 meV/Å . 

 

Figure 8.2     The simulation cell: two five u.c. thick LAO (001) slabs in the cell are 

mirror-symmetric. 
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8.3 DEFECT-FREE LAALO3 (001) FILMS 

 

 

Figure 8.3     (a) Layer-projected density of states of the three u.c. thick LAO film. The 

Fermi level is located at 0 eV. Planar-averaged local electrostatic potential 

energy of the three u.c. LAO film before relaxation (b) and after relaxation 

(c), respectively. The vacuum level between the AlO2 surfaces is set to 0 eV. 

The macroscopically averaged potential energies are shown by blue curves.  

We first examine the as-cleaved stoichiometric three u.c. thick film. To study the 

electronic and ionic responses of the system to the built-in electric field separately, we 

first consider the un-relaxed structure. We show the layer-projected density of states 

(DOS) of the cleaved-bulk structure in Fig. 8.3 (a). The main feature is tilt of the LAO 

band structure due to the built-in electric field. The valence band states of the AlO2 layer 
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on the right are raised in energy so that they reach the conduction band level of the LaO 

layer on the left. The electrons in the valence states of the AlO2 layer can tunnel through 

the film and transfer into the LaO layer, rendering the film metallic. This is a dielectric 

breakdown. We calculate the electric field using planar average of the local electrostatic 

potential by plotting it as a function of distance in the direction normal to the surface in 

Fig. 8.3 (b). The potential is then macroscopically averaged along the stacking direction 

and the electric field is estimated from the slope in the bulk region. The field in the un-

relaxed three u. c. thick film is 0.39 V/Å . Next we allow the atoms to relax. As seen in 

Fig. 8.4 (a) and (c), La and Al cations move to the right and O anions move to the left 

with respect to their bulk positions. Note that the residual electric field is pointing toward 

the AlO2 surface, so the ions move to screen it. This ‘polar-type’ distortion in the three 

u.c. thick LAO film reduces the electric field to 0.28 V/Å . As a result the system opens 

the band gap of 1.18eV and returns to an insulating state. Similar polar distortions in 

LAO/STO heterostructures have also been discussed by Pentcheva and Pickett [378].  
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Figure 8.4     Side views of the relaxed structure of the three u.c. LAO film (a), and the 

relaxed structure of the five u.c. LAO film (b). (c) Relative displacements of 

the ions with respect to the La and Al (001) planes in the bulk LAO. 

To further analyze the system’s response, we calculate layer charges based on the 

Bader analysis [415,416]. The Bader method partitions the continuous charge density into 

atomic charges based on the so-called zero flux surfaces on which the charge density is 

minimal in the direction normal to the surface. Since LAO is largely ionic, the Bader 

method is a natural choice to assign the atomic charges. We use the number of electrons 

per (2×2) in-plane cell as a unit for the charge density unless noted otherwise. In the bulk, 

the Bader charges of the LaO and AlO2 bulk layers are calculated to be 1.43e and -1.43e, 

respectively (in the ionic limit they would have been 4e and -4e). As shown in Fig. 8.5(a), 

the middle LaO and AlO2 layers in the three u.c. thick film are charged approximately 
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1.45e, and -1.45e, respectively, before and after the structural relaxation. Major changes 

take place in the surface regions. For the cleaved-bulk structure, the surface charges are 

0.9e and -0.9e for the LaO and AlO2 surfaces, respectively. Note, however, that in the 

original model of Hwang [374] the charge transfer would have been 2e in the cell of this 

size, and the field would be gone.  In other words, what we observe is the inability of the 

electron system alone to alleviate the polar catastrophe. Once the ions are allowed to 

relax and the ionic dipoles are induced, the electric field is further screened and the 

charge transfer leading to the dielectric breakdown vanishes. The Bader charge of the 

surface layer is now roughly +/-2e (See Fig. 8.5(a)). The higher surface charges can be 

understood within a simple bond electron transfer model [389]. In this model the ionic 

formal charges are corrected by the electron transfer due to orbital hybridization with the 

nearest neighbors. For example, the atomic charges of La, Al, and O in the bulk are given 

by QLa = 3 - 12ΔLa-O, QAl = 3 - 6ΔAl-O, and QO = -2 + 4ΔLa-O + 2ΔAl-O, where ΔLa-O and 

ΔAl-O are amounts of electron transfer from O to La and Al, respectively. Using the Bader 

charges of La, Al, and O in the bulk we estimate that ΔLa-O ≈ 0.08 and ΔAl-O ≈ 0. The 

transition nature of La manifests in a larger correction than that of Al, despite the larger 

electronegativity difference (EN(O)=3.44, EN(Al)=1.61 and EN(La)=1.1).  Considering 

the coordination environment at the surfaces and Δ values in the bulk, the surface charges 

are estimated to be +2.6e and -2.6e for LaO and AlO2 surfaces, respectively, in 

qualitative agreement with the calculated values. We conclude that the residual electric 

field of 0.28 V/Å  is a result of balancing between the charge transfer and ionic screening. 

Most importantly, we find that at least in very thin films, the dielectric breakdown can be 

averted.  
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Figure 8.5     Bader charges of LaO and AlO2 layers in the three u.c. thick LAO film 

(a), and in the 5 u.c. thick LAO film (b).  

For a five unit cell thick film, the dielectric breakdown is also observed for the 

cleaved-bulk geometry as seen in Fig. 8.6(a). The relaxed structure shows a polar 

distortion similar to that of the relaxed three unit cell thick film (see Fig. 8.4 (b) and (c)). 

However, unlike the thinner film, the thicker one cannot avoid the dielectric breakdown 

even after the polar distortion, and both surfaces remain metallic. This can be also 

observed in the layer-resolved Bader charge plot shown in Fig. 8.5 (b). Again, the surface 

charge accumulation is enhanced by the ionic relaxation. However, the values (1.81e and 

-1.46e for the LaO and AlO2 surfaces, respectively) are smaller than for the three unit cell 

thick film, meaning that the initial electronic charge transfer doesn’t vanish. This charge 

transfer additionally reduces the electric field by 0.06 V/Å  in comparison to the three unit 

cell case, and the residual electric field is 0.22 V/Å .  
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Figure 8.6     (a) Layer-projected density of states of the five u.c. thick LAO film. The 

Fermi level is located at 0 eV. Planar-averaged local electrostatic potential 

energy of the five u.c. thick LAO film before relaxation (b) and after 

relaxation (c), respectively. The vacuum level between the AlO2 surfaces is 

set to 0 eV. The macroscopically averaged potential energies are shown by 

blue curves.  

In summary, we find that above the critical thickness of about four unit cells, an 

ideal stoichiometric LAO film cannot avoid the dielectric breakdown as electrons transfer 

from the O 2p states at the AlO2-surface to the La 5d states at the opposite LaO-surface. 

We see from the three unit cell thick film result that the electric field in the bulk region of 

LAO is 0.28 V/Å . Therefore, because the LDA band gap of LAO is only 3.87 eV the 

critical thickness is only ~14 Å .  However, the LDA is known to under-estimate the band 
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gap [419]. The experimental band gap of LAO is 5.6eV. Using the electric field of 0.28 

V/Å , the critical thickness is estimated to be 20 Å  or five unit cells.  

 

8.4 THIN LAALO3 (001) FILMS WITH SURFACE VACANCIES 

 

Figure 8.7     Schematic of the surface vacancies. 

To explore the residual electric field stability with respect to point defects we 

consider three different surface vacancy structures: 1) (1/4)-monolayer (ML) of La 

vacancies on the LaO surface, 2) (1/8)-ML of O vacancies on the AlO2 surface, and 3) 

(1/4)-ML of La vacancies on the LaO together with (1/8)-ML of O vacancies on the AlO2 

surface (mixed vacancies). An Al vacancy at the AlO2 surface and O vacancy at the LaO 

surface are not considered because they are not expected to compensate the surface 

charge. For example, a neutral O vacancy at the LaO surface would produce two 

electrons localized at the surface leaving the overall charge unchanged. A similar 

argument applies in the case of a neutral Al vacancy at the AlO2 surface. The initial slab 

geometry is taken from the fully relaxed, defect-free five u.c. thick LAO slab and 

vacancies are created by removing atoms from the surfaces as shown in Fig. 8.7. The 

vacancies are neutral so that the LAO films remain neutral after the vacancy formation. 

We have considered several vacancy concentrations, the results are qualitatively similar 

to the lower concentration cases discussed in this section.  
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Figure 8.8     Planar-averaged electrostatic potential of the five u.c. thick LAO films 

with (1/4)-ML of La vacancies (a), (1/8)-ML of O vacancies (b), and mixed 

vacancies (c). 

We compare the macroscopically averaged electrostatic potential in the presence 

of vacancies before and after the structural relaxation. The results for each vacancy 

structure are shown in Fig. 8.8. First, we observe that the built-in electric field in the bulk 

region is readily influenced by the surface vacancy formation even before the ionic 

relaxation. In particular, for the un-relaxed LAO film with the La surface vacancies, the 

residual electric field is only 0.03 V/Å . Other vacancies also significantly reduce the 

electric field, leaving the residual fields of 0.11 V/Å  and -0.12 V/Å  for the O vacancy 

case and the mixed vacancy one, respectively. When we allow for the ionic relaxation, 

the electric field is further screened and reduced to zero in the bulk region for all cases. 
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We plot the layer-projected density of states for each structure in Fig. 8.9. Due to the 

compensation of the electric field in the presence of the surface vacancies, no band tilting 

can be observed. Energy gaps of 3.65eV, 2.85eV, and 3.31eV open up for the La, O, and 

mixed vacancy case, respectively. There are, however, important differences between the 

La and O vacancies. The La surface vacancies induce hole states at the top of the valence 

band (O 2p states) as shown in Fig. 8.9 (a). Creating O vacancies involves breaking the 

Al-O bonds and releases electrons. The surface states pinning the Fermi level inside the 

band gap are clearly seen in the projected density of states (see Fig. 8.9 (b)). The exact 

energy position of the defect level is difficult to ascertain at the LDA level since the state 

is localized and self-interaction may push it higher up in energy [420]. Xiong et al. have 

studied the neutral O vacancy in LAO bulk using the screened exchange method and 

found that the neutral O vacancy induces a singly degenerate gap state lying 0.8 eV 

below the conduction band, trapping two electrons [403]. 
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Figure 8.9     Layer-projected density of states of the five u.c. thick LAO film with 

(1/4)-ML of La vacancies (a), (1/8)-ML of O vacancies (b), and mixed 

vacancies (c). The Fermi energy is located at 0 eV. Gray dotted lines show 

the  projected density of states before relaxation and black lines show the 

projected density of states after relaxation. 

The defect-related charges play a crucial role in screening of the built-in electric 

field. We compare layer-resolved Bader charges of the LAO films having the surface 

vacancies to that of the fully relaxed defect-free five u.c. LAO film in Fig. 8.10. If no 

relaxation is allowed, there is only the electronic response of the system. The main effect 

occurs within the first two layers away from the surface at which the vacancies are 



 128 

created. For the La vacancies (see Fig. 8.10 (a)) the holes reduce the charges of the LaO 

surface and the adjacent AlO2 layer from 1.81e to 0.89e and from -1.41e to -0.74e, 

respectively. The electrons introduced by the O surface vacancies at the AlO2 surface 

modify the Bader charges of the AlO2 surface from -1.46e to -1.05e and that of the 

adjacent LaO layer from 1.06e to 0.75e as shown in Fig. 8.10 (b). When the mixed 

vacancies are created, holes are introduced at the LaO surface and electrons at the 

opposite AlO2 surface. Similar to the La and O vacancy cases, the holes and electrons are 

‘localized and polarized’ mainly in the surface regions where they are created as shown 

in Fig. 8.10 (c). This happens because there are no available states in the bulk region or at 

the opposite LaO surface to accept the electrons generated by an O surface vacancy at the 

AlO2 surface (for the holes introduced by the La surface vacancies that would be the 

AlO2 surface). 

 

Figure 8.10   Bader charges of LaO and AlO2 layers in the five u.c. thick LAO film with 

(1/4)-ML of La vacancies (a), (1/8)-ML of O vacancies (b), and mixed 

vacancies (c). 
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Once the  ions are allowed to relax, for example in the case of the LAO film with 

the La surface vacancies, additional surface states appear at the top of the valence band at 

the opposite AlO2 surface (see Fig. 8.9(a)). These states accommodate the holes 

transferred from the LaO surface. This screening process is also seen in the Bader 

charges in Fig. 8.10(a). The Bader charges of the LaO and AlO2 surfaces are further 

compensated to 0.25e and -0.73e, respectively, due to the hole transfer after the ionic 

relaxation. Ionic relaxation in the LAO film with the O surface vacancies creates 

additional surface states at the bottom of the conduction band of the LaO surface as seen 

in Fig. 8.9(b). The electrons localized at the AlO2 surface before the relaxation transfer to 

these new states. This leads to further reduction of the Bader charges of the LaO and 

AlO2 surfaces to 0.93e and -0.62e, respectively as shown in Fig. 8.10(b). For the mixed 

vacancy case, the electrons at the AlO2 surface and the holes at the LaO surface are 

transferred to the opposite sides. The surface charges are reduced to 0.20e for the LaO 

and to -0.45e for the AlO2 surface after ionic relaxation. 

 



 130 

 

Figure 8.11   Relative displacements of atoms in the five u.c. thick LAO (001) slab with 

(1/4)-ML of La vacancies (a), (1/8)-ML of O vacancies (b), and mixed 

vacancies (c) with respect to the La and Al (001) planes in the bulk LAO 

structure. 

It is interesting to note that in the presence of surface vacancies the polar 

distortion disappears and the bulk region recovers the tilted perovskite structure. Relative 

atomic displacements for each case are presented in Fig. 8.11. In the bulk region La 

atoms are close to their centrosymmetric positions, the O atoms of the LaO planes move 

close to the bulk positions, and O atoms of the AlO2 planes show rumpling characteristic 

of the octahedral tilting in bulk LAO [379]. The polar-distortion is energetically costly 

because all Al-O bonds are distorted. Once the system has available screening charges, 
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the role of the ionic dipoles diminishes. Instead, the system induces surface states by 

having a local surface distortion and screens the built-in electric fields by filling these 

states. Pauli et al. have recently reported the structural evolution of LAO on STO as the 

LAO film thickness increases from two to five unit cells using surface x-ray diffraction 

techniques [381]. They find that the buckling of the LaO planes indicative of the polar 

distortion disappears when the film thickness exceeds four unit cells. Our result suggests 

that this disappearing of buckling is an indication of the polar surface stabilization by 

screening. The actual screening mechanism may of course be different from the one 

described here due to the presence of the epitaxial interface with STO. We hope that 

further experimental studies of the atomic-scale evolution of the LAO surface structure 

will shed light on this complicated problem. Lastly we notice that the surface structure 

we obtain for the AlO2 surface is in qualitative agreement with the experimental result of 

Francis et al. [397]. They reported the outward relaxation of O atoms and inward 

relaxation of Al atoms for the AlO2-terminated LAO (001) surface. 

 

8.5 STABILITY OF SURFACES WITH VACANCIES 

Thus far we have established that by having surface vacancies, the LAO film 

could reduce the built-in electric field and lower its energy by recovering the bulk tilted 

perovskite lattice. The surface vacancy formation, however, costs a certain amount of 

energy. If the energy cost to create surface vacancies is too high, then the energy gain due 

to the compensation of the built-in electric field may not be sufficient to have an 

appropriate vacancy concentration. To compare the stability of the surfaces with 

vacancies to that of the stoichiometric LAO (001) surface we calculate the surface Gibbs 

free energy for each structure, defined as 
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where E(slab) is the total energy of the LAO slab under consideration. NLa, NAl, and NO, 

are the numbers of La, Al, and O atoms in the slab, respectively. The chemical potentials 

for the elements μLa, μAl, and μO are referenced to bulk metals, and O2 molecule. We 

approximate the Gibbs free energy of the slabs as the total energy obtained from the DFT 

calculations; that is, the vibrational and pressure contributions to free energy are 

neglected [421]. 

Since the surface is assumed to be in equilibrium with the LAO bulk, the sum of 

the chemical potentials should satisfy the equilibrium condition: 
LAO

fOAlLa E  3 ,           (8.2) 
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  is the formation energy of LAO 

bulk. 

Using this relation, we can reduce the number of independent variables in the 

surface free energy expression from three to two. 
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where )(
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1
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1
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There are additional boundary conditions for the chemical potentials: 

0La and 0Al ,     (8.4) 

3232
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fOLa E  and 3232
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  are the formation energies 

of binary oxides. These conditions guarantee that any bulk metal precipitation and 

formation of the binary oxides are prohibited. 
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Combining conditions (8.2), (8.4), and (8.5), we obtain the following ranges of 

possible values of chemical potentials: 

3232 322
OLa

fOLa

OAl

f

LAO

f EEE                (8.6) 

OLa

LAO

fE  3         (8.7) 

Table 8.2  Formation energies of LaAlO3, La2O3, and Al2O3 per formula unit. 

Material Theory, LDA (eV) Expt. (eV) 

LaAlO3 -18.94 -17.25 [422] 

-18.58 [424] 

-17.36 [424] 

La2O3 -19.03 

Al2O3 -17.49 

 

We list the calculated formation energies for bulk LaAlO3, La2O3, and Al2O3 in 

Table 8.2. Theoretical values are in good agreement with experiment.  

 

 

Figure 8.12   Phase diagram for the LAO (001) surface as a function of La and O 

chemical potentials. 
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Based on these formation energies, we determine the relevant chemical potential 

ranges and build the surface phase diagram as shown in Fig. 8.12. As can be seen in the 

figure, the binary oxide La2O3 would precipitate on the LAO surface for the chemical 

potential values above the La2O3 precipitation line, and Al2O3 would precipitate below 

the Al2O3 precipitation line. There is an Al precipitation line below which the bulk Al 

metal would form at the surface. All surface energies are compared inside the strip 

defined by three precipitation lines. Zero values of chemical potential correspond to La-

rich and O-rich limits. The phase diagram shown in Fig. 8.12 is drawn as follows. We 

include the surface if its free energy is lower than that of the stoichiometric LAO film. If 

there are multiple stable surface vacancy structures, we indicate the surface with the 

lowest surface free energy in the diagram. For example, in the strip region, the surface 

with 1/8-ML of O vacancies becomes stable when the O chemical potential is less than -

4.6 eV. As approaching the O-poor condition for the O chemical potential (lower than -

5.8 eV) the 1/4-ML of O vacancies becomes more stable than the 1/8-ML of O vacancy 

structure. The surface with mixed vacancies and the one with La vacancies are stable 

when the La chemical potential is reduced beyond -6.3 eV in the strip. The most 

interesting result is that in the range of intermediate values of La and O chemical 

potentials the LAO (001) film of thickness larger than critical (five u.c. thick film in 

LDA) could have stable stoichiometric surfaces and maintain the built-in electric field of 

0.22 V/Å . We finally remark that the phase diagram constructed in Fig. 8.12 considers a 

limited portion of the phase space. There may be, depending on different chemical and 

physical environment, other types of defects present such as molecular adsorbates or 

extended defects stabilizing the LAO thin film. These would require further theoretical 

and experimental investigations. 
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8.6 SUMMARY 

In conclusion, we use first-principles density functional theory calculations to 

explore the possible mechanism of LAO (001) polar surface stabilization. All considered 

defect-free stoichiometric LAO (001) thin films suffer the dielectric breakdown in the as-

cleaved geometry. The three u.c. thick film could screen the electric field by a strong 

polar-type distortion, leading to the insulating phase with the built-in electric field of 0.28 

V/Å . However, already a five u.c. thick LAO (001) film cannot avoid the charge transfer 

from the valence band states of AlO2 surface to the conduction band states of the LaO 

surface. The built-in electric field in the bulk region of the relaxed five u.c. thick LAO 

(001) film is calculated to be 0.22 V/Å . We find that surface vacancies readily 

compensate the built-in electric field. The creation of La and O surface vacancies induces 

holes and electrons, respectively. Vacancies cause large structural relaxation that creates 

gap states at the surface to accommodate these charges.  This screens the electric field. 

These local surface distortions are less costly energetically than the global polar-type 

distortion maintaining the compensating ionic dipoles. The defective film recovers the 

tilted perovskite structure in the bulk region. Comparing the surface Gibbs free energy of 

different surfaces, we show that several surface vacancy structures are 

thermodynamically stable in the certain range of the La and O chemical potentials. We 

also find that, there is a narrow chemical potential range in which the polar stoichiometric 

(001) surface is stable and therefore can sustain the built-in electric field. 
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