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Abstract
Introducing point defects in complex metal oxides is a very effective route to engineer 
crystal symmetry and thereby control physical properties. However, the inversion 
symmetry breaking, which is vital for many tantalizing properties, such as 
ferroelectricity and chiral spin structure, is usually hard to be induced in bulk crystal by 
point defects. By designing oxygen vacancies formation energy profile and migration 
path across oxide heterostructure, our first principles density functional theory (DFT) 
calculations demonstrate that the point defects can effectively break the inversion 
symmetry and hence to create novel ferroelectricity in superlattices comprised of 
otherwise non-ferroelectric materials SrTiO3 and SrRuO3. This induced ferroelectricity 
can be significantly enhanced by reducing SrTiO3 thickness. Inspired by theory 
calculation, SrTiO3/SrRuO3 superlattices were experimentally fabricated and are found 
to exhibit surprising strong ferroelectric properties. Our finding paves a simple and 
effective pathway to engineer the inversion symmetry and thus properties by point 
defect control in oxide heterostructures.

KEYWORDS: oxygen vacancies, inversion symmetry breaking, ferroelectric polarization, oxides 
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heterostructures, perovskite, first-principles

1. Introduction
Defects which are ubiquitous in crystal materials afford one of the most important twists 

to tip delicate interaction between the spin, charge, orbital, and lattice degrees-of-

freedom, thus to optimize desired properties and to create new matter of states.1-4 

Numerous properties and functionalities are found to be intimately correlated to the 

defects, producing a fertile playground for many advanced applications. In terms of 

microscale, defects are well-known to have a profound influence on electronic structure 

of a material. For instance, the extrinsic dopants in a covalently bonded semiconducting 

material can tune charge carrier concentration and band gap.5, 6 In ionically bonded 

complex transition metal oxides, which exhibit a variety of electronic phases and exotic 

properties, defects can go beyond the simple change of carrier concentration to create 

new electronic phase and to induce phase transition. Examples include dopant driven 

high-temperature superconductivity of copper oxides,7-9 colossal magneto-resistance of 

manganese oxides,10, 11 and metal to insulator transition in rare-earth perovskite 

RNiO3.12-14

Another significant consequence of introducing defects is the macroscopic impact on 

the crystal symmetry. In particular, the translational symmetry is broken and the 

residual point symmetry might be reduced as well. As a result, the symmetry of this 

defect is characterized instead by a subgroup of its original point group.15, 16 Given that 

the most prominent properties of any solid crystal lie in its symmetry, e.g., magnetism 

and superconductivity due to broken time-reversal symmetry,17-19 spontaneous electric 

polarization, Rashba spin splitting and Dzyaloshinskii–Moriya interaction resulting 

from breaking spatial inversion symmetry,20-23 it is highly expected to achieve novel 

phases by defect engineered symmetry. Regarding the point defects in complex metal 

oxides, they are not able to break the inversion symmetry in most situations.15 Taking 

bulk SrTiO3 (STO) as an example, introducing an isolated oxygen vacancy does not 

change the inversion symmetry of crystal (Figure 1a). Therefore, many broken 

inversion symmetry driven emergent properties are inhibited in bulk materials 

Page 2 of 23

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

according to Neumann's principle, said that the symmetry elements of any physical 

property of a crystal must include the symmetry elements of the point group of the 

crystal.24 Fortunately, such situation can be completely altered at interface between two 

iso-structured materials where inversion symmetry is naturally broken. As illustrated in 

Figure 1b, the inversion symmetry of an isolated oxygen vacancy can be 

compositionally broken, in strong contrast to the conservation of inversion symmetry 

in bulk crystal as shown in Figure 1a. The point defects-controlled inversion symmetry 

breaking and thereby emergent properties can be anticipated in oxide heterostructures. 

Thanks to the advanced modern thin-film epitaxy techniques,25, 26 atomic-level 

synthesis and control of complex oxide heterostructures become feasible.27 Therefore, 

it is worth to cultivate novel physical effects driven by point defects in oxide 

heterostructures.

In ABO3 perovskite oxide heterostructures, point defects can occupy different atomic 

sites, which will impose different impacts on crystal symmetry, e.g., oxygen vacancy 

in BO2 layer vs. oxygen vacancy in AO layer at interfaces.28 To achieve desired 

properties usually requires a well control of oxygen vacancy occupying a desired 

atomic site.29, 30 Furthermore, the as-grown sample will experience a high temperature 

thermodynamics process during growth, which favors disordering defect structures.31 

To obtain significant point defect driven symmetry breaking and as a result to induce 

novel properties, a delicate interface where point defects can be well controlled at 

specific sites is highly desired. In this letter, we conceptually demonstrate a creation of 

pronounced ferroelectricity in an artificially designed SrTiO3/SrRuO3 (STO/SRO) 

superlattice by finely tuning the oxygen vacancy structure at interface using density 

functional theory (DFT) calculations together with kinetic Monte Carlo (KMC) 

simulations and Landau Ginzburg-Devonshire (LDG) phenomenological theory. 

Inspired by the theory analysis, surprised ferroelectric properties have been realized 

experimentally in STO/SRO superlattices grown by pulsed laser deposition. Our results 

provide a new twist toward novel functionalities in oxide heterostructures by defect-

engineered symmetry breaking.
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2. Methods
2.1. First-principles Density Functional Theory (DFT) calculations.

For bulk STO and (STO)9/(SRO)1 superlattices, 1×1×10 supercell containing 50 atoms 

(49 atoms for supercell with single oxygen vacancy) was used. The in-plane lattice 

constants of supercells were fixed at 3.907 Å, which correspond to the optimized 

calculated value of cubic STO. An isolated oxygen vacancy was added in the SrO, TiO 

and RuO layers for (STO)9/(SRO)1 superlattices. All internal atomic positions were 

allowed to fully relax. The DFT calculations were performed using a plane-wave basis 

set with a cutoff energy of 500 eV as implemented in the Vienna ab initio simulation 

package (VASP),32, 33 and electron exchange-correlation potential was described using 

generalized gradient approximation and Perdew-Burke-Ernzerhof solid scheme.34 The 

Brillouin zone was sampled with a 12 × 12 × 1 Monkhorst-Pack k-point grid. We chose 

formation energy of an oxygen vacancy in bulk STO as a reference state for our 

calculations of formation energy of a single oxygen vacancy (EVo) in (STO)9/(SRO)1 

superlattices, i.e. EVo = EVo
STO/SRO − EVo

STO. The formation energy of different 

arrangements of divacancies in the interface were taken into account using a √2 × √2

×10 (STO)9/(SRO)1 supercells with the in-plane lattice constant fixed to the calculated 

lattice constant of STO. After full atomic relaxation, considering all positive and 

negative charge sites, the local unit cells polarization could be calculated by atomic 

displacements with respect to the referenced cubic phase multiplied by the Born 

effective charges of cubic STO. The components of Born effective charge tensors along 

z axis (out-of-plane direction) were obtained by the DFT calculations: ZSr= 2.54, ZTi = 

7.12, ZO1 = −5.66, ZO2 = −2.00, O1 denotes the oxygen atom at the SrO layer (apical 

oxygen), and O2 denotes the oxygen atom at the TiO2 layer.  

2.2. Kinetic Monte Carlo (KMC) method. 

Kinetic Monte Carlo (KMC) method has been proven to be very effective in the 

investigation of oxygen atoms diffusion and interaction in complex oxides. A 

STO/SRO superlattice was considered in this model with two metal electrodes for 
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applying bias. The oxygen atoms form a pseudo-cubic lattice and are trapped in the 

SRO region as illustrated below. Every oxygen vacancy can diffuse through two major 

diffusion paths-(i) oxygen vacancy diffusion in the SRO and (ii) diffusion along the 

interfaces. The corresponding diffusion barriers without voltage bias are denoted as 

HSRO and Hint. Without bias, the vacancy diffusion coefficient (i.e. hopping rate) can be 

evaluated by DV = DV
0 exp (−H/kT), where H represents diffusion barrier, k is the 

Boltzmann constant and T is the temperature. DV
0 is the constant which is fixed to a 

typical value of 11012/s. In this simulation, ESRO and Eint were fixed to 0.9 eV and 0.6 

eV, respectively. When voltage bias was applied along z axis, the diffusion barriers will 

be modified along z axis: DV = DV
0 exp[−(H−Ebias)/kT]. Here, Ebias is the reduced energy 

barrier caused by the external bias.35, 36 The initial configuration was set as an 

(STO)9/(SRO)1 superlattice comprised of 303040 unit cells with 1800 oxygen 

vacancies randomly distributed at six symmetrical STO/SRO interfaces.

2.3. Landau Ginzburg-Devonshire (LGD) phenomenological approach

The Landau Ginzburg-Devonshire (LGD) phenomenological theory approach 

calculation was used to model polarization upon external electric field in the 

(STO)9/(SRO)1 superlattices. The LGD phenomenological calculation is performed 

with assumption that oxygen vacancy induced elastic dipoles can be transformed into 

electric dipoles due to the bond breaking and lattice distortion in superlattices. The 

dynamics of the polarization upon a periodic external electric field E(t)=E0sin(ωt) 

follows the relaxation time-dependent equation that proposed by Ref. 37:

   (1)
∂𝑃
∂𝑡 =

𝛿𝐺
𝛿𝑃 ≈≪ 𝛼𝑅

33 ≫ 𝑃 + 𝛽𝑃3 +𝛾𝑃5 ―𝐸(𝑡)

where P is polarization, G is Gibbs free energy density of superlattices, αR
33, β and γ is 

LGD-expansion coefficients that related to the temperature, thickness of films and 

concentration of oxygen vacancies, respectively (for detail see Ref. 37). In this model, 

the elementary polarization from the elastic dipole was input from DFT calculation. 

The thickness of films was set to 10 unit cell and the concentration of oxygen vacancies 

range from 1 to 0.

2.4. Film Growth and Characterizations 
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(STO)9/(SRO)1 superlattice was grown on (001) 0.7wt% Nb doped SrTiO3 substrates 

by pulsed laser deposition (PLD) using a KrF excimer laser operating at λ = 248 nm. 

The laser energy density and repetition rate were 1.3 J/cm2 and 5 Hz, respectively. The 

temperature during growth is maintained at 650 oC and the oxygen partial pressure is 

20 Pa. Total thickness of the film is ~ 250 nm. The ferroelectric P-E hysteresis loops 

were measured at 1 kHz using a standard ferroelectric testing system (TF2000E; 

Aixacct, Aachen, Germany). Considering STO crystals undergo a cubic to tetragonal 

phase transition at ~105 K,38 all the measurements were performed at room temperature 

to ensure the STO has pure cubic phase under ideal conditions.

Figure 1. (a) Schematic plot of the local polarization patterns for oxygen vacancy configuration in 
bulk STO and (b) STO/SRO heterointerface. Red, blue and purple spheres represent O, Ti and Ru 
atoms, and the oxygen vacancy is marked by a red dotted circle. The Sr atoms are not presented. 
Blue arrows indicate the atomic displacement with respect to the referenced vacancy-free 
configurations.

3. Results and Discussion

3.1. Oxygen Vacancy induced Polarization

The STO was chose as a prototype to investigate polarization because of its quantum 

paraelectric state and that it is a golden substrate widely used in condensed matter 

physics.39, 40 At room temperature, STO crystallizes in a cubic perovskite structure with 
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Oh (m3m) symmetry (Pm3m space group). Oxygen vacancies are very common in STO 

and very crucial for many properties, such as transport properties and magnetization.31, 

41-43 In infinite boundary bulk STO, introducing an oxygen vacancy although can break 

the inversion symmetry within local unit cell by cutting off the Ti-O bond and 

introducing local lattice distortion, but it cannot break the long-range inversion 

symmetry, as illustrated in Figure 1a. As a consequence, local unit cell can only 

manifest a series of specific spatial inversion symmetry breaking driven local 

spontaneous polarization, whereas the whole crystal does not exhibit long range 

polarization. To prove this hypothesis, we built a periodic 10 layers of STO supercell 

comprised of isolated oxygen vacancy in SrO layer and examined the atomic 

displacements of Ti , O, and Sr atoms by performing the DFT calculation. The atomic 

relaxation of the supercell is shown in Figure 2a. It is observed that Ti atoms shift off 

the center of pseudo-cubic unit cell, leading to tail-to-tail displacement pattern in the 

supercell. The Ti atom displacement is as large as 0.3 Å (Figure S1) and hence gives 

rise to a very pronounced local polarization of 45.6 μC/cm2 in unit cells near the oxygen 

vacancy as shown in Figure 2c. However, such local polarization cannot produce a net 

polarization in long range due to formation of periodic tail-to-tail antipolar pattern as 

shown by blue arrows in Figure 2a. Such tail-to-tail polarization arises from the 

inversion symmetry of D4h point group in STO supercell with isolated oxygen vacancy.
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8

Figure 2. (a) The unit cell of bulk STO with an oxygen vacancy at SrO layer and (b) (STO)9/(SRO)1 
superlattice with an oxygen vacancy (VO) at the SrO interface. Blue arrows indicate the direction of 
off-centering of Ti atoms, and the direction of local polarization as well. (c) The profile of local 
spontaneous polarization. The black squares and red circles are polarization profiles for bulk STO 
with an VO and superlattice an VO, respectively. The polarization of defect-free bulk BaTiO3 and 
superlattice is shown as a gray horizontal line and blue solid squares, respectively. The polarization 
was calculated using the computed Born effective charges.

In order to gain net macroscopic polarization in STO supercell, it is necessary to break 

the periodic tail-to-tail antipolar displacement pattern of Ti atoms (i.e. break the 

inversion symmetry). Aiming for this goal, another iso-structural material is chosen to 

interface the STO to form heterostructures. The SrRuO3 (SRO), which is a well-known 

bad ferromagnetic metal and widely used for oxide electrode, is found to be an idea 

candidate to be stacked with STO to form SRO/STO interface.44 The unique oxygen 

vacancies formation energy and diffusion barrier relative to STO can create synergetic 

effects of breaking inversion symmetry and favoring the preferred formation of oxygen 

vacancies at interface as illustrated below. Furthermore, SRO has a specific lattice 

distortion induced by oxygen vacancy: the oxygen vacancy cuts off the Ru-O bond in 

SRO, leading to the Ru atoms move forward to the site of oxygen vacancy rather than 

moving away from the oxygen vacancy in conventional perovskites. For SRO/STO 

superlattice, introducing oxygen vacancy defects at interface is found to change the 

point group from nonpolar D4h group to polar C4v group. In other words, the inversion 

symmetry is broken (see group theory analysis in Supporting Information and Table 

S1). We first investigated the atomic displacements of Ti, O, and Sr atoms in a periodic 

(STO)9/(SRO)1 supercell. In the case of oxygen-vacancy free supercell, our calculations 

show a negligible symmetrical polarization at interface as shown in Figure 2c. When 

an oxygen vacancy is introduced in the interfacial SrO layer, a head-to-tail polar 

displacement pattern is formed, in strong contrast to aforementioned tail-to-tail polar 

displacement pattern in defective STO supercell as shown in Figure 2a and Figure 2b. 

Such a periodic head-to-tail polarization leads to a net polarization of 33.3 μC/cm2, 

which is larger than that of BaTiO3 (=25.5 μC/cm2).45 It should be noted that 

polarization in nonpolar perovskite oxide heterostructures can be also induced by 
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lattice-mismatch-strain which has been reported from first-principles calculations and 

experiments46-49. For example, biaxial tensile strain can lead to an in-plane polarization 

of STO;46 and biaxial compressive strain can lead to an out-of-plane polarization in 

nonpolar CaZrO3/SrTiO3 heterostructure.47 In STO/SRO superlattice, SRO has a 

pseudocubic cell with a lattice parameter of 3.923Å.44 This parameter is very close to 

the STO lattice parameter of 3.905Å, hence the STO may suffers only a small tensile 

strain of 0.41% at most. We examined the effect of epitaxial tensile strain by fixed the 

values of the lattice parameters to 3.923Å in superlattice models and found that 0.41% 

tensile strain has very minor effect on polarization in both superlattice models (Figure 

S2). This behavior can be easy to understood through coupling term –(S1 P1
2 + S2 P2

2+ 

S3 P3
2) in Landau-like free-energy expansion, where Pi (i=1, 2, 3) denote the 

polarization along x, y and z axis, and Si denote the Voigt notation of strain 

components.50 For in-plane biaxial tensile strain, S1 and S2 > 0, but S3 < 0, resulting the 

system lowers its energy by adopting the P3 = 0 configuration.49 Therefore, the strain 

induced polarization can be excluded in the model. Concentration of oxygen vacancy 

can affect the polarization property in superlattice. The concentration of oxygen 

vacancy in the superlattice in above calculation is 1. Here and after, the oxygen vacancy 

concentration is defined as the number of oxygen vacancy divided by original total 

oxygen atoms at interface. Given that oxygen vacancy concentration is relatively lower 

in real experimental samples,51 several more different oxygen vacancy concentrations 

in the supercell are investigated theoretically to better simulate the real samples. The 

oxygen vacancy concentration of 0.5 and 0.25 in the supercells were adopted, 

respectively. It is observed that decreasing oxygen vacancy concentration leads to 

smaller net average polarization (Figure S3). However, the net polarization is still as 

large as 11.3 μC/cm2 when the oxygen vacancy concentration is decreased from 1 to 

0.25. 

For conventional perovskite ferroelectric materials such as BaTiO3, first principles 

calculation predicts a critical thickness of six unit cells owing to incomplete screening 

of depolarization field.52 Indeed, many ferroelectric perovskite materials are 
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experimentally found to have a ferroelectric dead layer with thickness of about 1-5 

nm.53-57 With respect to this defect-driven ferroelectricity, our calculation surprisingly 

shows that decreasing the thickness of STO instead greatly enhances the polarization 

and at the same time stabilizes the polarization (Figure S4). This phenomenon is similar 

to that reported recently in doped HfO2 where not only the ferroelectric critical 

thickness is absent but also polarization is enhanced as film thickness is reduced, unlike 

in conventional ferroelectrics.58, 59 Interestingly, oxygen vacancies in ultrathin HfO2 

was also proposed as key mechanism to induce ferroelectric polarization by several 

studies.37, 60, 61 This fact implies a possible enhancement of ferroelectricity at reduced 

dimensionality in ultrathin films. Furthermore, oxygen vacancy induced polarization 

could be widely applied in other non-polar dielectric materials in principle. For example, 

our calculation shows a net polarization of 11.43 μC/cm2 in (LaAlO3)9/(LaNiO3)1 

superlattice with oxygen vacancy at interface (Figure S5). 

Figure 3. The structure of (STO)9/(SRO)1 superlattices and corresponding layer-resolved partial 
density of states (PDOS) projected on Ti 3d and Ru 3d orbitals with (a) and without oxygen vacancy 

(b).

When oxygen vacancies of high concentration are induced in perovskite oxide films, 

Page 10 of 23

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

the insulating oxides may undergo an insulator-metal transition and become conductive, 

which is in conflict with ferroelectricity.62, 63 To identify the insulating of oxygen-

deficient STO/SRO superlattice, we calculated the layer-resolved partial density of 

states (PDOS) projected on Ti 3d and Ru 3d orbitals. As shown in Figure 3a, we can 

observe no electron reconstruction at the interface region in the oxygen vacancy-free 

superlattice and the conduction bands are hovering above Fermi level at the TiO2 layers, 

suggesting that the STO layers are insulating, similar to that of bulk STO. For the 

STO/SRO superlattices with high oxygen vacancy concentration at the interface, the 

PDOS plot in Figure 3b clearly reflects the presence of oxygen vacancy at the interface 

can induce interfacial electronic reconstruction. The Ti ions gain charges in the 

localized 3d states at the four sequential TiO2 layers close to interface, and forming a 

slightly interfacial conductive state. However, the electron reconstruction subsides 

when at region away from the interfacial oxygen vacancy and the bulk insulating state 

is gradually recovered in subsequent STO layers.

Figure 4. (a) Average net polarization of the (STO)9/(SRO)1 superlattice as a function of oxygen 
vacancy position in superlattice calculated from first principles with full-relaxation. Solid and 
hollow squares indicate oxygen vacancy in AO and BO2 layers, respectively. Inset, down/up 
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12

polarization corresponding to oxygen vacancy located in SrO layer at bottom interface/top interface. 
Point group symbols of supercell with different oxygen vacancy sites are marked in corresponding 
positions. (b) Position dependence of the formation energy of an oxygen vacancy in a 
(STO)9/(SRO)1 superlattice relative to that of a vacancy in bulk STO. 

3.2. The Effect of Oxygen Vacancy Sites on Symmetry

The atomic site of oxygen vacancy plays a vital role in affecting the crystal symmetry 

and polarization of supercells. When the oxygen vacancy migrates across 

heterostructure, the point group symmetry of the superlattice should be changed. 

Regarding the isolated oxygen vacancy in (STO)9/(SRO)1 supercell, the all possible 

oxygen vacancy sites can be divided into four groups based on its point group. As 

shown by crystal structure in Figure 4a, the oxygen vacancy in the leftmost TiO2 layer 

(layer 1) and RuO2 layer result in the point group of supercell is D2h, which is a non-

polar point group (note with a higher symmetry of 4/mmm in (STO)9/(SRO)1 supercell, 

the oxygen vacancies in layer 1 and layer 21 are equivalent, and the same for layer 2 

and layer 20, 3 and 19, etc.). In contrast, the point group of supercells with oxygen 

vacancy in other TiO2 layers (except the leftmost TiO2 layer) and in SrO layers becomes 

polar point group of C2v and C4v, respectively, according to symmetry theory analysis 

(for detail, see Supporting Information). Therefore, it can be concluded that the 

polarization disappears as oxygen vacancy is located in the leftmost TiO2 layer and 

RuO2 layer, and is created as oxygen vacancy migrates to other TiO2 layers and SrO 

layers. The polarization of the supercell as a function of oxygen vacancy sites is 

calculated by DFT and is shown in Figure 4a. In good agreement with symmetry theory 

analysis, polarization is formed in supercells with oxygen vacancy in the TiO2 layers 

(except the leftmost TiO2 layer) and RuO2 layer, and disappears for oxygen vacancy in 

the leftmost TiO2 layer and RuO2 layer. Specifically, the superlattice with oxygen 

vacancy in the two interfacial SrO layers exhibits a maximum polarization and the 

polarization decreases as oxygen vacancy moves away from the interfacial SrO layer. 

What is more, it is found that the polarization is reversed when oxygen vacancy 

migrates from one SrO interface across the RuO2 layer to a symmetrical neighboring 

SrO one. This fact suggests that polarization switching can be achieved if oxygen 
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vacancy site can be switched between these bi-stable configurations.

3.3. Formation Energy 

Due to the crucial role of oxygen vacancy site for polarization, it is essential to 

investigate the site dependent formation energy of oxygen vacancy. Figure 4b shows 

the formation energies of single oxygen vacancy (EVO) in (STO)9/(SRO)1 supercell. 

With a higher symmetry of D4h (4/mmm) in (STO)9/(SRO)1 supercell, the EVO is the 

same in symmetrically equivalent layers. The calculated EVO profile indicates that the 

lowest EVO for AO (SrO) occurs at the interfacial layers, whereas in BO2 (RuO2 and 

TiO2) layers, the lowest EVO occurs at the interfacial RuO2 layer. We can conclude that 

the formation energy of interfacial SrO layer is obviously smaller than that in bulk STO 

region but larger than that in SRO region. Moreover, the interaction of divacancies 

should be considered.64 The formation energy of possible arrangements of divacancies 

in supercell of  lattice in xy-plane is calculated. As shown in Figure S6, an √2 × √2

oxygen-vacancy pair with one oxygen vacancy in interfacial SrO layer and the other 

one in interfacial RuO2 layer, said interfacial SrO-RuO2 oxygen vacancy pair, has the 

lowest EVO than pairs with other configurations. This fact indicates that interfacial SrO-

RuO2 oxygen vacancy pair is more favorable. Such arrangement can generate nearly 

the same polarization of ~33 μC/cm2 as single oxygen vacancy does as shown in Figure 

2b. 

According to DFT LDA + U calculations41 and previous experiments,65-68 oxygen 

diffusion in SRO is more difficult than that in STO, since the diffusion barrier of oxygen 

vacancy in bulk SRO is much higher (~0.9 eV) than that in STO (~0.6 eV). As a result, 

the oxygen vacancy tends to segregate at SRO due to its lower formation energy and 

then stop at two symmetrically interfacial SrO layers due to the high diffusion barrier 

in SRO. If the oxygen vacancy is distributed at two symmetrical interfaces, the opposite 

polarization at two interfaces will cancel each other and then cause a net zero 

polarization (Figure S7). This usually occurs for as-fabricated sample where 

thermodynamic process will cause random distribution of oxygen vacancy.31 Since 

oxygen vacancy is positive charged species, in order to obtain long range polarization, 
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an electroforming process that moves oxygen vacancy to one interface as shown in 

Figure 2b is required. Electric field control of oxygen ions migration is the common 

strategy in tuning physical properties in complex oxide to produce extended 

functionalities.69-72 To investigate the oxygen vacancy dynamics in SRO/STO 

superlattice, we use kinetic Monte Carlo (KMC) method to simulate the migration and 

interaction of oxygen vacancies in the STO/SRO superlattice under an external electric 

field (for detail see Methods). In this simulation, the initial configuration was set as an 

(STO)9/(SRO)1 superlattice of 303040 unit cells with 1800 oxygen vacancies 

randomly distributed at six symmetrical STO/SRO interfaces, as depicted in Figure 5a. 

Figs. 5b and c show the final oxygen vacancy configurations under upward and 

downward out-of-plane electric field obtained from KMC simulations, respectively. It 

is found that no oxygen vacancy migration occurs when bias voltage is small than 0.1 

V. When the voltage is increased to 0.2 V, a small number of vacancies hop along (001) 

direction across RuO2 layer to neighboring interface. After the voltage is further 

increased to 0.8 V, all oxygen vacancies migrate to neighboring interface as shown in 

Figure 5b, leading to long-range polarization in superlattices according to 

aforementioned DFT calculation. When voltage is reversed to −0.8 V, all vacancies 

migrate back to previous neighboring interface as shown in Figure 5c, leading to 

reversion of long-range polarization. This fact implies that external electric-field 

controlled polarization switching is realistic. Furthermore, the field driven oxygen 

vacancies redistribution is stable due to higher diffusion barrier in SRO and lower 

formation energy at the interface than other regions. Therefore, the field induced 

polarization switching is non-volatile. 
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Figure 5. (a) Initial configuration of STO/SRO superlattice film of 30  30 40 unit cells with 1800 
oxygen vacancies located at six interfaces between STO and SRO. The gray and blue spheres 
represent STO and SRO layers, respectively. Red spheres represent oxygen vacancies. Here, the 
electrodes are not presented. (b) The redistribution of oxygen vacancies at interface under upward 
out-of-plane electric field and (c) downward out-of-plane electric field obtained from KMC 
simulation. 

3.4. Ferroelectric Simulation and Experiment

The Landau Ginzburg-Devonshire phenomenological theory were used to simulate the 

electric field dependent polarization in the (STO)9/(SRO)1 superlattices (for detail see 

Methods).37 The concentration of the interfacial oxygen vacancy was varied from 0 to 

1 in order to be consistent with DFT calculation. The dependence of polarization on 

electric field cycling is shown in Figure 6a. It is found that increasing oxygen vacancy 

concentration not only widens the loop but also greatly enhances the remnant 

polarization, indicating the possibility to improve ferroelectricity by tuning oxygen 

vacancy concentration. Inspired by theoretical prediction, the (001) (STO)9/(SRO)1 

superlattice were experimentally fabricated by pulsed laser deposition on a (001)-

oriented Nb-doped STO substrate (for detail see Methods). The polarization vs. 

hysteresis (P–E) loops were measured by standard ferroelectric testing system 

(TF2000E; Aixacct, Aachen, Germany). As shown in Figure 6b, a stable and switchable 

polarization is indeed observed in (STO)9/(SRO)1 superlattices. The films exhibited an 

evident polarization hysteresis with a remnant polarization of 8 μC/cm2. In contrast, 

pure STO film showed linear polarization response, indicating a paraelectric behavior. 

We note that the observed polarization value in the experimentally grown films is 
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smaller than the theoretically predicted value. This could result from the lower oxygen 

vacancy concentration in the experimentally grown films due to high oxygen partial 

pressure during growth (see Methods). The polarization can be enhanced by increasing 

the oxygen vacancy concentration by post annealing or electroforming. It should be 

noted that the pronounced ferroelectric response of (STO)9/(SRO)1 superlattices 

requires a forming process by electric field cycling in experiment. The electroforming 

process may originate from the redistribution of oxygen vacancies at interface after a 

multiple electric cycling as illustrated by our KMC simulation in Figure 5. According 

to the relation of DV = DV
0 exp(−H/kT), where DV is oxygen vacancy diffusion 

coefficient and H is diffusion barrier, the oxygen vacancy can move more easily at 

higher temperature due to thermal activation in STO.65 Therefore, the P−E loop will be 

strongly impacted by temperature. The effect of temperature on P−E hysteresis loops 

of (STO)9/(SRO)1 superlattices is shown in Figure S8. The shape of hysteresis loops did 

not change as temperature was changed from 30 to 60 oC. However, the hysteresis loop 

subsided and became linear as temperature was raised to 80 oC. The linear P-E loop at 

high temperature likely arises from release of oxygen vacancy at high temperature and 

is consistent with predicted non-ferroelectricity behavior in oxygen-vacancy free 

supercell as shown in Figure 2c. It suggests that once the oxygen vacancies diminish, 

the superlattice cannot maintain the non-volatility. What is more, the ferroelectricity 

did not recover when sample was cooled back to room temperature, further implying 

the oxygen vacancy release mechanism. Our measurements of P−E hysteresis confirm 

the ferroelectricity in (STO)9/(SRO)1 heterostructures. 
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Figure 6. (a) Simulated P−E hysteresis loop for different concentration of the interfacial oxygen 
vacancy by Landau Ginzburg-Devonshire phenomenological theory calculation. (b) P−E hysteresis 
loop of the experimentally grown pure STO film and the (STO)9/(SRO)1 superlattices. 

4. Conclusions
In conclusion, our study demonstrates a realization of strong ferroelectricity in oxide 

heterostructure comprised of otherwise non-ferroelectric SrTiO3 and SrRuO3 through 

interface oxygen vacancies-controlled inversion symmetry breaking. A desired oxygen 

vacancies favorite sites and migration behaviors across interfaces are obtained by 

designing profile of oxygen vacancies formation energy and diffusion barrier. This well 

controlled oxygen vacancies at interface leads to surprisingly significant ferroelectricity, 

which can be enhanced by increasing oxygen vacancies concentration. Besides, it can 

be significantly enhanced by reducing STO thickness, in strong contrast to other 

conventional ferroelectric oxides where ferroelectricity subsides with reducing 

thickness. 

Usually, the vacancies can occupy different atomic sites in oxide heterostructures and 

thus their disordering structure is detrimental to inversion symmetry breaking, slowing 

down the discovery of new materials by defect engineered symmetry breaking. Our 

proposed route to achieve desired oxygen vacancies profile and migration channel can 

be extended to many other perovskite heterostructures. What is more, this defect-

engineered symmetry breaking paves a path toward electronic devices in which 

ferroelectricity is coupled to other symmetry-related functional properties, such as 

superconductivity, magnetism, and Rashba spin splitting.
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Supporting Information
Group theory analysis; point group of superlattice when oxygen vacancy in different 

position(Table S1); DFT calculations of Ti atoms shift off the center of pseudo-cubic 

unit cell displacement (Figure S1); The effect of strain on polarization in the 

superlattices (Figure S2); oxygen vacancy concentration and STO thickness dependent 

polarization (Figure S3 and S4); polarization of (LaAlO3)9/(LaNiO3)1 superlattice with 

oxygen vacancy (Figure S5); formation energy of different arrangements of divacancies 

(Figure S6); the polarization of superlattice with oxygen vacancies are distributed at 

two symmetrical interfaces (Figure S7); P−E hysteresis loops of the STO/SRO 

superlattice measured at different temperatures (Figure S8).
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