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Abstract 

Strontium titanate (SrTiO₃) is a quantum paraelectric perovskite with a wide bandgap that can be driven 

toward ferroelectricity and strong linear electro-optic (Pockels) response when symmetry is broken. The 

recent study by Anderson et al. demonstrates that SrTiO3’s electro-optic and piezoelectric nonlinearities 

can be dramatically enhanced by tuning the material close to its quantum critical point. Simultaneously, 

our team engineered thin-film SrTiO3 exhibiting record‐high effective Pockels coefficients at cryogenic 

temperatures. These findings highlight SrTiO₃ as a promising material for integrated electro-optic and 

quantum photonic devices. This review discusses its dielectric behavior, mechanisms enabling electro-optic 

activity, thin-film engineering, and emerging challenges and applications. 

 

1. Introduction - Fundamental origins of electro-optic response in STO 

 

Quantum technologies, such as microwave-to-optical photon transduction and single-photon detection, 

require optical systems that operate at cryogenic temperatures. In this regime, every photon counts, and 

electro-optic materials must deliver exceptional performance — particularly a high electro-optic coefficient 

and low optical losses — while remaining functional at 4 K and below. Most strong room-temperature 

Pockels materials (e.g., BaTiO₃) degrade at cryogenic temperatures; our recent experiments show strontium 

titanate (SrTiO₃) thin films can be engineered to oppose that trend. 

SrTiO₃ is a cubic paraelectric perovskite at room temperature with a nominally centrosymmetric structure 

in the perfect bulk crystal. Its polar lattice mode in SrTiO₃ softens upon cooling and sits close to a 

ferroelectric instability, leading to a dramatic increase in the dielectric permittivity (𝜀𝑟 > 20,000) [1], [2]. 

The underlying mechanism is attributed to SrTiO3’s quantum paraelectric phase, in which the temperature 

dependence of the soft phonon mode follows the Barrett formula [3], a quantum generalization of the 

classical Curie-Weiss law. In this regime, quantum fluctuations suppress the long-range ferroelectric 

transition down to the lowest temperatures, resulting in a large dielectric permittivity. This results in strong 

polarization tunability under modest external fields or perturbations. 

While the centrosymmetric nature of SrTiO₃ forbids a linear electro-optic (Pockels) effect, the quadratic 

electro-optic (Kerr) effect remains allowed and can induce a phase shift under strong electric fields. 

However, SrTiO3 can be tuned into a ferroelectric phase by engineered symmetry breaking. When inversion 

symmetry is broken (through strain [4], [5], [6], stoichiometry changes/defects [6], [7], isotopic substitution 

[1], [8], or electric field [9]), the Curie temperature TC increases, and a polar phase can stabilize below TC. 

Strain tuning often raises the soft-mode frequency and breaks the symmetry in thin films compared with 

bulk. Epitaxial mismatch imposes biaxial strain that can stabilize a tetragonal or orthorhombic polar phase 

in SrTiO₃ films. Ma et al. reported measurable room-temperature Pockels coefficients (reff < 10 pm/V) using 

25 nm tensile strained SrTiO₃ on DyScO3 [5].  

Additionally, deliberate off-stoichiometry, especially Sr-vacancies, has been shown to induce tetragonality 

and ferroelectric-like polarization in epitaxial SrTiO₃ films [7], [11]. Vacancy-induced lattice distortions 

both break inversion symmetry and shift TC, enabling a linear EO effect at lower temperatures. 



 

 

2. Recent experimental milestones 

2.1 “Quantum critical electro-optic and piezo-electric nonlinearities” [1] 

Anderson et al. report measurements in bulk and isotopically substituted SrTiO₃ that reveal extraordinary 

enhancements of both electro-optic and piezoelectric coefficients at cryogenic temperatures, arising from 

quantum critical tuning. By applying a DC electric field, they obtained huge electro-optic properties via the 

quadratic Kerr effect. Consequently, they measure an electro-optic coefficient r33  exceeding 500 pm/V at 

T = 5 K, a record among cryogenic electro-optic materials — far surpassing LiNbO₃ (r₃₃ ≈ 24 pm/V) or 

BaTiO₃ records (r₄₂ ≈ 170 pm/V). Simultaneously, they detect a piezoelectric coefficient d33 above 90 pC/N, 

indicating strong electromechanical coupling. Importantly, optical losses remained low across the 

temperature and bias range, from < 0.2 dB/cm at room temperature to ~ 0.7 dB/cm at cryogenic 

temperatures, with a maximum of 0.9 dB/cm under 75 V bias. 

Furthermore, by oxygen-isotope substitution (i.e., substituting 18O for 16O) they shifted SrTiO₃ closer to the 

ferroelectric instability. Thereby they more than double the nonlinear responses and achieve a record r33  

above 1100 pm/V in the tuned material. The full temperature and bias dependence of r33 is also mapped 

out, showing that the nonlinearity follows the dielectric susceptibility and diverges near the quantum critical 

regime. 

2.2 “Engineering high Pockels coefficients in thin-film strontium titanate for cryogenic quantum 

electro-optic applications” [6] 

While Anderson et al. illustrate the ultimate potential of SrTiO3’s nonlinearity under ideal tuning, practical 

photonic applications require thin-film architectures. Our team demonstrates one such realization: 

engineering a high effective Pockels coefficient (reff ≈ 345 pm/V) in epitaxial SrTiO₃ films, a value that 

surpasses prior thin-film records (see Figure 1) and even competes with bulk ferroelectrics when operated 

at low temperature. The key elements of our approach to shift TC into a regime where the film is ferroelectric 

at cryogenic temperatures were careful stoichiometry control (Sr/Ti = 0.96 ± 0.03) and (thermal) strain, 

while preserving high permittivity 𝜀𝑟 and sufficiently low optical losses to be useful for photonic devices. 

Because our work focused on > 100 nm SrTiO₃ films — first epitaxially grown on Si (001) [11], then 

bonded onto a SiO2 box — the lattice mismatch-induced strain relaxed. However, due to a mismatch in 

thermal contraction, a slight tensile strain may be induced when cooling down to cryogenic temperatures, 

elevating TC to ~ 100 K [4], [6]. The high permittivity 𝜀𝑟, proportional to the Pockels coefficient reff, can 

be sustained up to the GHz regime, essential for modulator applications. This combination — large reff at 

cryogenic temperatures with limited loss of a few dB/cm and a high bandwidth— is the central advance 

that repositions SrTiO₃ as a prime candidate for quantum electro-optic components. 

 

 
Figure 1: Reported effective electro-optic strength of known thin-film Pockels materials on SiO2. SrTiO3 features the 

largest cryogenic coefficient, highlighting its potential for quantum applications. Figure taken from [6]. 

3. Integration challenges and application prospects 

If the combination of high reff, modest optical losses, and CMOS-compatible film growth can be reliably 

achieved, SrTiO₃ thin films could enable: 1) fast on-chip phase modulators for cryogenic photonics, linking 

superconducting qubits to optical networks, 2) electro-optic transducers for Stokes and anti-Stokes sideband 

generation, and 3) hybrid nonlinear devices where SrTiO₃’s tunable polar order enhances second-order 

nonlinearities (χ(2)), enabling second harmonic generation at low temperature. 

Despite recent breakthroughs, several challenges remain before the material can be used in integrated 

photonic platforms. One of the primary obstacles is reproducibility. The electro-optic response in SrTiO₃ 

is highly sensitive to subtle variations in stoichiometry, strain, and defect concentration. While defect 

engineering can induce ferroelectricity and break inversion symmetry, it may also introduce midgap states 



 

 

that increase optical absorption. This necessitates a careful balance between enhancing the Pockels 

coefficient and minimizing optical losses. Additionally, the frequency dependence of reff in the GHz regime 

and versus optical modulation frequencies is critical for evaluating SrTiO₃’s suitability for high-speed 

applications. 

The growth process itself presents further complexity. SrTiO₃ thin films require precise deposition control, 

whether via molecular beam epitaxy (MBE), which we used, pulsed laser deposition (PLD), or chemical 

vapor deposition (CVD). Post-growth treatments, such as annealing or deposition of capping layers, are 

often essential to stabilize the polar phase and reduce defect-related losses (e.g., oxygen vacancies). 

Moreover, oxygen isotope substitution in thin-film SrTiO3 is expected to elevate electro-optic properties 

like bulk. This approach may lead to boosting nonlinear coefficients without compromising film quality or 

integration compatibility. 

Furthermore, the full characterization and disentanglement of the Pockels tensor remains open, particularly 

in thin films this is challenging, as anisotropy and domains play important roles. Domain structure and 

pinning effects, which influence hysteresis, RF performance, and optical losses, must therefore be 

controlled to enable reliable applications. 

At the device level, engineering electrodes that can measure large reff values without introducing optical or 

electrical losses (e.g., oxygen vacancy generation) is essential. Similarly, developing and integrating low-

loss waveguide platforms such as SiN will be crucial. Lastly, thermal contraction mismatch between SrTiO3 

and other photonic materials during cryogenic cycling can lead to mechanical stress and degradation of 

device performance. 

 

In summary, SrTiO₃ has transitioned from a quantum paraelectric curiosity to an electro-optic material that 

promises unique advantages at cryogenic temperatures. Unlike classical EO crystals, which typically lose 

efficiency at low temperatures, SrTiO₃ importantly gains strength. Continued efforts to map the interplay 

between stoichiometry, strain, and processing conditions will be essential to translate SrTiO₃’s exceptional 

material properties into scalable, low-loss, high-bandwidth photonic devices. 
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