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Abstract: 

The atomic and electronic properties of the Cs/SrTiO3 heterostructure are investigated using 

density-functional theory (DFT). Our results suggest that an antiferrodistortive (AFD) or a 

ferroelectric (FE)-like distortions could be induced in SrTiO3 (STO) by a Cs layer, 

depending on the interface bonding geometry between the metal and the oxide. 

Furthermore, while the AFD distortion extends throughout the STO region, the FE-like 

distortion decays within two layers of STO. Independent of the interface geometry, we find 

a large eg orbital splitting (orbital order) around the interface, leading to an eg-based two-

dimensional electron gas (2DEG) confined within the two layers of STO, which is 

fundamentally different from the conventional t2g-based 2DEG in this material. This unique 

feature can be understood in terms of the local orbital mixing at the interface. We discuss 

the relation between the orbital order and structural distortion. 

1. Introduction 

SrTiO3 (STO) is a prototypical perovskite that does not possess many of the 

functional properties of the other members of this group of materials. The Ti 3d ∗
gt 2 band is 
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empty, rendering STO nonmagnetic. Instead of the FE transition observed in BaTiO3, STO 

is known to undergo an AFD transition, corresponding to out-of-phase rotations in 

neighboring planes of TiO6 octahedra, but only when the temperature drops below 110 K 

[1-5]. Despite these “shortcomings”, STO is a very interesting material in its own right. In 

particular, a recent discovery by Hwang and co-workers of the two dimensional electron 

gas (2DEG) at the interface of STO and LaAlO3 (LAO) [6] has sparked a revival in STO 

research [6-13]. The origin of the 2DEG is still controversial [7,8]. We have recently 

suggested that at the STO/LAO interface, the initial crystal field-induced splitting of the Ti-

∗
gt 2  band is increased dramatically to 0.4 eV once the charge is transferred into STO 

through the electrostatic doping [13]. We have argued that this charge transfer results in the 

Jahn-Teller (JT) distortion and charge localization that is ultimately responsible for the 

formation of the 2DEG at the interface. It is worth noting that the state responsible for this 

2DEG is a xyd  orbital of the ∗
gt 2  band. 

To further explore the effects of charging the STO ∗
gt 2 band, we consider 

theoretically heterostructures comprised of STO and Cs, a metal with a very low work 

function (~2.2 eV) [14-16]. Because of its small work function, the adsorption of Cs on 

various materials, such as Si, GaAs and GaN has been widely studied [17-23]. The electron 

affinity of STO is approximately 4.0 eV, so the Fermi level of Cs falls well into the 

conduction band of STO, at least within the Schottky picture. Therefore, we can expect 

charge transfer into the conduction band of STO to be rather significant and sufficient to 

trigger interesting and unusual effects.  

Using density functional theory, we find that both the FE-like and AFD distortions 

can be induced in STO by Cs, depending on the details of the interfacial bonding geometry 

between the two materials. Moreover, we find that the AFD distortion extends throughout 
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the entire STO region (nine layers of STO symmetrically terminated with TiO2), whereas 

the FE-like distortion survives only up to the second layer of STO. We also find that, 

independent of the interface geometry, a large ge orbital splitting, or orbital order, occurs 

near the interface, with the 23 zd  level shifting 2.0 eV below 2 23
x y

d
−

. This ultimately leads 

to an ge -based 2DEG confined within two layers of STO near the interface. This feature is 

quite unique since typically the 2DEG at the interface is derived from the gt2 orbitals 

[12,13] because in bulk STO they have lower energy than the ge  bands due to a large 

crystal field effect.  

The rest of the paper is organized as follows. After briefly describing the 

computational details we analyze the band alignment and charge transfer at the Cs/STO 

interface. We then describe two structural distortions induced by the metal, and discuss the 

orbital character of the 2DEG forming at the interface. 

2. Computational details 

We use density functional theory within the local spin density approximation 

(LSDA) as implemented in the Vienna Ab initio Simulation Package (VASP) code [24, 25] 

and projector augmented wave (PAW) pseudopotentials. We use a kinetic energy cut off of 

600 eV, and 8x8x8 (bulk) and 8x8x1 (slab) k-point meshes for the Brillouin zone 

integration. The calculations are converged in energy to 10−6 eV/ cell, and the structures are 

relaxed until the forces are less than 2x10−2 eV/Å. To model the epitaxial Cs/STO structure, 

we use a mirror symmetric cell that includes two (STO)9(Cs)7 slabs separated by 16 Å of 

vacuum, with two identical interfaces as shown in Fig. 1. Here the subscript refers to the 

number of total SrO and TiO2 layers and to that of Cs layers. The STO region is 
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symmetrically terminated with the TiO2 layer. Since our geometry has complete mirror 

symmetry with respect to vacuum in the middle region, the local potential profile satisfies 

the periodic condition at the boundary, even if there is a field across each slab. Thus, we 

can correctly analyze the profile of the local potential across the STO layer without a dipole 

correction. For bcc Cs, we find the lattice constant to be 5.65 Å using the LSDA, compared 

to the experimental value of 6.05 Å [26-28]. In order to match the experimental band gap of 

STO, we apply a Hubbard U correction using a rotational invariant scheme [29]. Using U3d 

= 8.5 eV we obtain Eg=3.2 eV and lattice constant of 3.94 Å. Both are in good agreement 

with the experimental values of Eg=3.2 eV and 3.91 Å, respectively. Even though the U is 

rather large, this value correctly reproduces the *
2gt orbital ordering at the STO conduction 

band bottom and the crystal field splitting. Both are in agreement with the photoemission 

data and have been checked with the hybrid functional calculation [30,31]. In order to 

consider an epitaxial film of Cs on the STO substrate, the in-plane lattice constant of the 

slab is fixed to aSTO=5.576 Å (rotated by 45o with respect to the cubic unit cell) as 

shown Fig. 1. Cs metal is therefore under biaxial compressive strain of -1.3 % due to the 

lattice mismatch. To accommodate strain induced in the Cs layer, we optimize the out of 

plane lattice constant of Cs. We obtain 6.1 Å through the total energy minimization. The 

lattice constant of Cs within GGA is 6.13 Å, which is only 1.3% off compared to the 

experimental value. Here we use the LDA value for Cs for overall consistency. We are 

considering an epitaxial film of Cs on the STO substrate, and the lattice constant of STO 

within the LDA+U (3.94 Å) is in much better agreement with experimental value of 3.905 

Å than that within the GGA+U (4.03 Å). 

We investigate two different arrangements of Cs on the TiO2 terminated surface of 

STO.  First, Cs atoms are positioned atop the “hollow sites” surrounded by four in-plane 

oxygen atoms as shown in Fig. 1 (a). This structure will be referred to as a “hollow site 

interface”. Second, Cs atoms are positioned directly above the “oxygen sites” as shown in 
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Fig. 1 (b). In what follows, we will call this an “oxygen site interface”. In both 

arrangements there is one Cs atom per surface unit cell, which corresponds to half mono 

layer coverage of the STO substrate. These two different arrangements contain the same 

number of atoms (the total number of atom is 106). As will be discussed later, the 

relaxation has a similar effect on the electronic structure of STO for two interface 

geometries but a totally different effect on the atomic distortion of STO. 

3. Results 

3.1 Schottky Barrier at the Cs/STO Interface. 

In order to explore the charge transfer from Cs to the conduction band of STO, we 

first need to determine the work function (WF) of Cs ( Mφ ), and the ionization potential ( sI ) 

and electron affinity ( sχ ) of STO. Using the averaged potential method with the isolated, 

symmetrically terminated Cs slab at the local spin density approximation level (LSDA), the 

WF is calculated as the difference between the Fermi energy of the slab and the value of the 

electrostatic potential in the vacuum region. We find 2.2 eV in good agreement with the 

experimental value of 2.14 eV. The ionization potential (Is) of STO is defined as the energy 

difference between the valence-band maximum and the vacuum level. Using a symmetric, 

TiO2-terminated STO slab we find the value of 5.65 eV at the LSDA+U level. Since the 

band gap of STO is 3.2 eV at the LSDA+U level, the electron affinity can be also estimated 

as 2.45 eV. Thus, the Fermi level of Cs is expected to be 0.25 eV higher than the STO 

conduction band bottom as shown in Fig. 2(a). And we expect that electrons would transfer 

from Cs to the conduction band of STO.  

The TiO2-terminated STO surface exhibits a surface oxygen state at the top of the 

valence band. This state is composed of the lone-pair oxygen 2p orbitals oriented normal to 

the Ti-O-Ti bonds in the surface plane. These surface states place the highest occupied STO 
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level 0.9 eV (Δs) higher than the bulk valence band top as indicated in Fig. 2(a), and can be 

thought of as the charge neutrality level (CNL) [32, 33].  

After bringing the Cs metal and TiO2 terminated STO slab in contact, the value of 

Δs is still 0.9 eV (see Fig. 4 (a)), suggesting that Δs is not affected by the presence of the 

metal. The Fermi level of Cs is approximately 1.3 eV lower than the STO conduction band 

bottom (see Fig. 4 (a)). This value directly corresponds to the n-type Schottky Barrier (SB) 

indicated in Fig 2. (b) as nφ . According to the metal induced gap states theory [34, 35], the 

n-type SB is expressed as 

( ) (1 )n M S CNLS Sφ φ χ φ= − + −   (1) 

where S is a dimensionless pinning parameter that depends on the density and extent of the 

interfacial states in the insulator [36, 37], and 2.3CNL eVφ =  is the CNL determined with 

respect to the bottom of the conduction band of STO as indicated in Fig. 2(b). Demkov et al. 

[38] have previously reported the CNL of 2.0 eV in fair agreement with our calculated 

value of 2.3 eV.  

Using 1.3 eV for the n-type SB height in Eq. 1, we obtain S=0.4. Reported 

experimental values of S vary between 0.1 and 0.6 [39-41]. The pinning factor S can be 

also estimated using an empirical formula [42]: 

( )2
1

1 0.1 1
S

ε∞

=
+ −

 

 

(2)



7 

 

where,ε∞ is the electronic dielectric constant of STO. Using the experimentally measured 

value of 2.5=∞ε for STO [43], we obtain S = 0.36 in good agreement with our result. The 

values of SB and S are the same for both interface structures (hollow and oxygen site 

interfaces), suggesting that the relaxation has a similar effect on the electronic structure of 

STO for both geometries. 

3.2 Dependence of atomic reconstruction on interface geometry. 

We now explore atomic distortions of STO for two Cs/STO interfaces with the hollow 

site geometry. The FE-like lattice distortion occurs as depicted in Fig. 3 (a). To quantify the 

FE-like distortion, the relative displacement of Ti with respect to the oxygen atom (the so-

called rumpling) is calculated. The rumpling is about 0.1 Å at the 1st TiO2 layer (interfacial 

layer with Cs) and then abruptly drops to zero at the 3rd layer. Negative rumpling occurs at 

the surface TiO2 layer, indicating that Ti moves away from vacuum. Such an atomic 

distortion is consistent with what happens at the TiO2-terminated STO surface. Thus, 

negative rumpling is closely related to the surface reconstruction of STO. In contrast, 

positive rumpling (FE-like lattice distortion) is expected to be attributed to charge transfer 

from the Cs metal into STO. We will discuss this effect in more detail in the next section. 

In the oxygen site interface geometry, instead of the FE-like lattice distortion, 

opposite rotations of TiO6 octahedra in adjacent cells (corresponding to bulk AFD 

distortion) happen as shown in Fig. 3 (b). The ratio of the lattice parameters c/a is 1.002 due 

to the tetragonal phase transformation, which is in good agreement with the experimental 

value of 1.0006 [44]. However, the oxygen octahedron rotation angle is 7 degrees for the 

interfacial Ti and 10 degrees for Ti in the middle region. These values are larger than those 

obtained for bulk STO in experiment (2.1 degree) and theory (5.5 degree [45]). We suggest 

that such a large octahedral rotation is induced by Cs-O bonding at the Cs/STO interface. 

For the hollow site interface, four oxygen atoms are equivalent, and their positions are 
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invariant under the C4 operation [46]. In comparison, at the oxygen site interface three 

oxygen (OC, OF, OM) atoms are not equivalent. The OC atom right below Cs shifts towards 

Cs as indicated in Fig. 3 (b). However, atomic positions of OF and OM are almost 

unchanged. As a result, an AFD distortion develops. In other words, the inequivalent atomic 

positions of oxygen with respect to Cs lead to the different atomic displacements, resulting 

in AFD distortion. At the LSDA+U level, two structures are almost degenerate (FE is 

Δ=0.03 eV per simulation cell lower in energy) and at the LSDA level they are very close in 

energy with FE structure still being a ground state (Δ=1.43 eV per simulation cell). 

3.3 Charge transfer at the Cs/STO interface 

In order to compare the extent of the atomic distortion and that of the transferred 

charge, we plot the density of states projected on the interfacial layer of Cs and 9 layers of 

STO (PDOS) for two interfacial geometries in Fig. 4 (a). We assume that bulk TiO2 layer is 

the 3rd one below the 1st layer of Cs as the bulk electronic structure is recovered (thick red 

arrow). The surface oxygen state is 0.9 eV (Δs) higher than the bulk valence band top. From 

the PDOS, we can clearly see significant charge transfer up to the second TiO2 layer for 

both interface geometries. This spatial extension is similar to that of FE-like distortion 

induced at the hollow site interface. Thus, we suggest the FE-like distortion of STO is 

directly driven by charge transfer from Cs metal. In contrast, the AFD distortion extends 

throughout the entire STO film (Fig. 3(b)) but charge is transferred only through the second 

TiO2 layer. Thus, we point out that the AFD distortion is not directly caused by the charge 

transfer. Instead of the charging, the inequivalent atomic positions of oxygen with respect 

to Cs lead to the different atomic displacements, resulting in the AFD distortion. We 

integrate the PDOS within an energy window of 0.5 eV below the Fermi energy (EF) up to 

EF to show how charge is distributed through the STO layer along the stacking direction. In 

Fig. 4 (a), the partially occupied Ti-d states are evidently created by the charge transfer 

from the Cs metal, as STO is an insulator with no states in the middle of the gap. The 
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amount of charge transfer can be directly computed by integrating the partially occupied Ti-

d states. The result in the units of e/Å is plotted in Fig. 4 (b). The vertical line corresponds 

to the position of the interfacial TiO2 layer after full atomic relaxation. The transferred 

charge distribution is fitted with the exponential function. The evanescent state decay 

lengths β, corresponding to the slope in the log plot, are 1.7 and 1.8 Å for the FE-like and 

AFD distorted structures, respectively. The numbers are similar because β is known to be 

intrinsic to the insulator. Our values are in agreement with that obtained from the complex 

band structure calculation for the STO [38]. The total transferred charge is 0.3e for the FE-

like and 0.25e for the AFD distorted structures, respectively. These values are 

approximately ten times larger than that reported for the STO/LAO heterostructure. In the 

STO/LAO heterostructure, the charge transfer happens through electrostatic doping. Thus, 

direct charge transfer from a metal reservoir is a more effective way to generate a 2DEG.  

3.4 Orbital order and transferred charge distribution.  

In contrast to the STO/LAO interface [13], a strong ge  orbital order, with 2zd  

orbital 2.0 eV lower than 2 2x y
d

−
, occurs near the Cs/STO interface. This can be understood 

as follows. Locally, the Ti atom at the Cs/STO interface is under the square pyramidal 

symmetry that splits gt2 into xyd , and yzxz dd +  and ge  into 2 2x y
d

−
 and 2zd , respectively. 

Recently, Lin et. al. have pointed out that for a transition metal perovskite under a 

symmetry-reduced environment (cubic to C4v), such as in the presence of a vacancy or an 

interface, a complete picture of the level splitting should include the 4s and 4p components 

[31]. In particular, the hybridization between 23 zd  and zp4 orbitals can be strong, which 

pushes the 23 zd  level down significantly, as illustrated in Fig. 5 (a). Indeed, by plotting 

the orbital decomposed DOS of Ti next to the interface in Fig 5 (b), we see that the Ti zp4  
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strongly hybridizes with 23 zd  orbital since their peak positions coincide. To visualize the 

orbital order, we show the isosurface plot of transferred charge for the Cs/STO slab with the 

AFD and FE-like distortions in Figs. 6 (a) and (b), respectively. We can clearly see the 2zd  

orbital order from the dumbbell-like charge distribution along the STO stacking direction.  

As can be seen from our calculations, both charge transfer and ge  orbital order 

happen only within the first two layers of STO, suggesting these two phenomena are 

related. At the LAO/STO interface, the local symmetry at the Ti site is still very close to 

cubic; therefore the lowest conduction band state is gt2 -based. The charge transfer causes 

local distortion, splitting the xyd orbital and localizing the charge [13]. In the present case, 

however, the symmetry is strongly reduced from cubic, causing the local mixing of 3d and 

4p orbitals. This enables a 23 zd -based interfacial state rapidly decaying into the bulk to 

develop. It is worth noting that such a state has a large overlap with the metal layer, 

facilitating the charge transfer. Deeper into STO the conduction band bottom recovers its 

gt2  character (not shown). Charging these states might have induced a JT-like distortion 

similar to LAO/STO case. However, as charge is captured by ge -based interfacial states, this 

does not happen, and rumpling caused by charging one of the ge states rapidly decays. The 

system’s response thus appears to be localizing charge in ge  states that can be easily 

pushed down owing to strong hybridization with pz orbitals. 
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4 CONCLUSIONS 

Using density functional theory, we study the STO/Cs interface and find that, depending on 

the details of the interfacial bonding geometry between STO and Cs, both FE-like and AFD 

distortions can be induced in STO by the metallic overlayer. The AFD distortion extends 

through the entire STO region, whereas the FE-like distortion survives only through the 

second layer of STO. We find a large charge transfer of 0.2e from Cs into STO. This is 

approximately ten times larger than that reported for the STO/LAO heterostructure, 

suggesting that direct charge transfer from a low work function metal is more effective than 

that through electrostatic doping. Interestingly, we find that regardless of the induced 

structural distortion, charge transfer is largely complete within two layers of STO. The 

spatial extension of the FE-like distortion is identical to that of charge transfer, indicating 

the FE-like distortion is directly induced by the charge transfer. A strong ge  splitting 

(orbital order) happens near the interface, which is justified and visualized through the 

isosurface plot of transferred charge distribution. We show that the energy lowering of the 

23 zd orbital ( ge orbital order) is accompanied by a strong hybridization with the zp4 orbital, 

making the state more extended and easier to hybridize with orbitals of nearby atoms. The 

resulting 23 zd - zp4  evanescent states are occupied by the transferred electrons, leading to 

a unique ge -based 2DEG at the STO side of the interface. 
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FIGURE CAPTIONS 

Figure 1 (color online): The (Cs)7/(STO)9/(vacuum)/(STO)9(Cs)7 double slab separated by 

vacuum with two identical interfaces. (a) The slab with the “hollow site” interface geometry. 

Cs atoms are positioned on top of a hollow site surrounded by four in plane oxygen atoms 

(b) The slab with the “oxygen site” interface geometry. The Cs atom is placed on top of 

oxygen.  

Figure 2 (color online): (a) Schematic of the energy band diagram of Cs and TiO2-

terminated STO before contact, (b) Schematic of the energy diagram of Cs and TiO2-

terminated STO in contact. 

Figure 3 (color online): (a) FE-like atomic configuration of STO for the “hollow site” 

interface after the full lattice relaxation of hte Cs/STO slab. Rumpling for each TiO2 layer 

along the stacking direction. (b) AFD distortions of STO for the “oxygen site” interface 

after lattice relaxation of Cs/STO. Rotation of the octahedra for each TiO2 layer along the 

stacking direction. 

Figure 4 (color online): (a) The projected density of states of two Cs/STO slabs with 

different interface geometries along the stacking direction. Zero is set at the Fermi level. In 

both cases, charge transfer is complete within two layers of STO. The electronic structure is 

recovered to that of bulk STO (thick red arrow) by the 3rd TiO2 layer. The surface oxygen 

state is 0.9 eV (Δs) higher than the bulk valence band top. (b) The number of electrons 

penetrating into gap states for CS/STO slabs with two different interface geometries (note 

the log scale) 

Figure 5 (color online): (a) Octahedral and square pyramidal crystal field diagram for Ti 

atom including the 4p contribution. Under the square pyramidal crystal field, the 

hybridization between Ti 4pz and 3dz
2 pushes 3dz

2 level down in energy, leading to an 



16 

 

orbital order [44]. (b) Orbital decomposed DOS of an interfacial Ti atom for the Cs/STO 

slab with the AFD distortion. The Ti 3dz
2 is 1.5 eV below 3dx

2-y2 due mainly to a strong 

hybridization with Ti 4pz components. 

Figure 6 (color online): The isosurface plot of transferred charge distribution for the 

Cs/STO slab with the AFD distortion (a) and FE-like distortion (b). In both cases, the 

interfacial charge distributions inside STO are dumbbell-like, indicating the 3dz
2 orbital 

order. 
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