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Abstract: SrTiO3 is an insulating material which, using chemical doping, pressure, strain or isotope

substitution, can be turned into a ferroelectric material or into a superconductor. The material itself,

and the two aforementioned phenomena, have been subjects of intensive research of Karl Alex Müller

and have been a source of inspiration, among other things, for his Nobel prize-winning research on

high temperature superconductivity. An intriguing outstanding question is whether the occurrence of

ferroelectricity and superconductivity in the same material is just a coincidence, or whether a deeper

connection exists. In addition there is the empirical question of how these two phenomena interact with

each other. Here we show that it is possible to induce superconductivity in a two-dimensional layer at

the interface of SrTiO3 and LaAlO3 when we make the SrTiO3 ferroelectric by means of 18O substitution.

Our experiments indicate that the ferroelectricity is perfectly compatible with having a superconducting

two-dimensional electron system at the interface. This provides a promising avenue for manipulating

superconductivity in a non centrosymmetric environment.

Keywords: ferroelectricity; superconductivity; SrTiO3; 18O; isotope substitution; SrTiO3/LaAlO3;

interface; heterostructure

1. Introduction

Karl Alex Müller has numerous interests and passions. Most likely quite high in the list are

ferroelectricity, superconductivity and SrTiO3—a material that, we believe, he called the drosophila

of solid state physics. Known worldwide for their discovery of superconductivity in the cuprates, J.G.

Bednorz and K.A. Müller explained in their Nobel lecture that their search for high Tc superconductivity

in complex oxides had been partly motivated by SrTiO3, which, once doped, has a maximum Tc of 0.5 K,

actually very high when compared to its Fermi energy [1].

Close to ferroelectricity and to superconductivity, SrTiO3 is indeed an amazing material. By itself

it is an insulating cubic perovskite at room temperature. Below 105 K, an antiferrodistortive transition

makes the system weakly tetragonal. Electronically, SrTiO3 is a quantum paraelectric—a compound often

seen as “failed ferroelectric” with its inverse static dielectric constant ǫ versus T revealing a Curie–Weiss

behavior. Unlike for ferroelectric materials, however, ǫ never diverges but saturates at low temperatures

as shown in 1979 by Müller and Burkard [2]. When doped, SrTiO3 can be turned into a ferroelectric or into
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a superconductor. To achieve the former, Ca can be partially substituted for Sr [3] or 16O can be replaced

by 18O [4]—in thin film form, strain also allows the ferroelectric state to be reached [5]. Superconductivity

can be obtained by partially substituting Sr with La, Ti with Nb or by reducing the oxygen content—in

all cases, the system is doped with electrons and the maximum Tc is around 500 mK [6,7]. SrTiO3 has,

over time, revealed other amazing properties including the emission of blue-light once irradiated with

Ar ions [8] or the electrolysis of water [9]. With the discovery in 2004 of conductivity [10] and in 2007 of

superconductivity [11] at the interface between LaAlO3 and SrTiO3, this "magic" perovskite was again at

the center of worldwide attention. More recently, it is the prediction and discovery of an increase of Tc in

electron-doped and Ca or 18O substituted SrTiO3 that triggered a lot of interest, discoveries marrying the

passions of K.A. Müller—ferroelectricity, superconductivity and SrTiO3.

In this paper, we aim to discuss how the proximity of a ferroelectric state to the superconducting phase

may explain the Cooper pair coupling mechanism. We first review the properties of SrTiO3, presenting

a short summary of its phase diagram with the different ground states obtained by the various dopings

and substitutions. We then recall the different models proposed since as far back as 1964 that may explain

superconductivity in SrTiO3 and we discuss in particular ideas allowing the recent observation of Tc

enhancement when SrTiO3 is pushed toward ferroelectricity to be understood. Finally, we briefly introduce

the LaAlO3/SrTiO3 system and show some experimental results obtained on these superconducting

interfaces for which 16O was partially substituted by 18O in the SrTiO3 single crystal substrate used for the

growth of the LaAlO3 layer. We end the paper with a brief conclusion.

2. SrTiO3: Properties, Phase Diagram and Tuning Parameters

The centrosymmetric cubic perovskite structure (tolerance factor t = 1) that SrTiO3 adopts at room

temperature reflects the perfect balance between the ionic radii of its cations: deviations from t =1 would

lead to various types of distortions, the most common ones being the oxygen octahedral rotations occurring

for t < 1 [12]. As mentioned above, at 105 K SrTiO3 goes through an antiferrodistortive (AFD) transition

resulting in a tetragonal structure with oxygen octahedra rotated out of phase about the c-axis (a0a0c− in

Glazer notation) [13]. Lowering the temperature further produces a softening of the ferroelectric phonon

mode with a strong Curie–Weiss type increase of the static dielectric response, suggesting a transition

into a ferroelectric state at 20 K [14]. However, Müller and Burkard discovered that the dielectric constant

saturates, reaching a value of 2 × 104 at 4 K [2]: they interpreted this saturation as the signature of an

intrinsic quantum paraelectric state, i.e., an avoided ferroelectric state due to the quantum fluctuations of

the atoms about their centrosymmetric positions. Monte Carlo calculations have confirmed this scenario

and revealed the role of quantum fluctuations on the reduction of the AFD transition temperature [15].

Given such proximity to a ferroelectric state, several groups have explored different approaches to obtain a

polar state, applying mechanical [16,17] and epitaxial [5] strain or performing chemical—replacing Sr with

Ca [3]—or isotopic substitutions—16O with 18O [4]. These different avenues have induced a ferroelectric

ground state with Curie temperatures exceeding, in some cases, room temperature [5]. Figure 1 shows

schematically how the ferroelectric state develops beyond the quantum critical point (QCP) for the case of

Ca-doping and 18O-substitution.
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Figure 1. Schematic phase diagram of SrTiO3 showing the ferroelectric (FE) and superconducting (SC)

phases. Upon chemical substitution of Ca for Sr, i.e., Sr1−xCaxTiO3 with 0.002 < x < 0.02 [3], or by oxygen

isotope substitution, i.e., SrTi
(

18Oy
16O1−y

)

3
with y > 0.33 [4], the material develops a FE ground state

beyond a quantum critical point (QCP). This FE phase occurs well below the structural transition from cubic

to tetragonal [18]. Charge doping turns the material from an insulator (I) into a metal (M) at a critical carrier

density (nMI) of 1016 cm−3, while SC develops in a doping range n3D between 5 × 1017 and 1021 cm−3.

The large dielectric susceptibility is thought to be responsible for the fact that the electronic transition

from the insulating state to a metallic state occurs at an extremely low carrier density of 1016 cm−3 [19].

Such doping can be induced by chemical substitution of La for Sr [20], Nb for Ti or by oxygen reduction [21].

At these low dopings the mean free path of the conduction electrons is about 100 times greater than the

Fermi wavelength [22]. One of the consequences is that quantum oscillations in the magneto-resistance are

observed [23,24], a feature that allows the topology of the Fermi surface to be determined as a function of

carrier density. At low temperatures (below 0.4 K), the metallic electron doped system undergoes a phase

transition into a superconducting condensate for a carrier density in the range 1017–1021 cm−3 [24–26].

With 1017 cm−3, doped SrTiO3 is the lowest density superconductor and displays a unique broad range of

charge concentration over which the superconducting state is observed. The origin of the superconducting

state and the dependence of the superconducting temperature on carrier density have been subjects

of several studies [26,27]. An appealing proposition is that the two different order parameters may be

somehow coupled: according to certain models that apply to perovskite-type structures, the ferroelectric

instability is the condition necessary to pair electrons [28]. Such an idea has been explored recently,

leading to a clear prediction of the dependence of the superconducting critical temperature upon the

proximity to the ferroelectric state [29].

3. Superconductivity in Doped SrTiO3 from 1964 until 2020

Using the linear combination of atomic orbitals method, Kahn and Leyendecker predicted in 1964 that

the electronic energy bands in strontium titanate exhibit six conduction band ellipsoids lying along [100]

directions of momentum space with minima probably at the edges of the Brillouin zone [30]. In the same

year, Marvin Cohen predicted that the attractive electron–electron interaction arising from the exchange of

intravalley and intervalley phonons can cause these materials to exhibit superconducting properties [31].

In less than a year, Schooley et al. [6,25] reported superconductivity in electron-doped SrTiO3 with carrier

concentrations in the range from 1018 to 1021 cm−3, and Tc ranging from 50 mK at the lowest doping to

about 0.5 K for nc = 1020 cm−3. While these results confirmed Cohen’s prediction of superconductivity

in electron-doped SrTiO3, it has been demonstrated by later band structure calculations [32] that there is

only a single valley, which is located at the Brillouin zone center for each of the three conduction bands.
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The three bands at the zone center are non-degenerate due to spin-orbit splitting and (below 105 K) a

weak tetragonal crystal field [22], causing the sudden onset of quantum oscillations [23] at the critical

dopings where the second and third band become occupied [24]. This also agrees well with the doping

dependence of the two superconducting gaps observed by Binnig et al. [33]. While the Fermi surface

properties agree well with the ab initio band structure predictions, the experimental values of the effective

mass are a factor of two higher than the ab initio predictions [34,35]. From the analysis of the mid-infrared

absorption in doped SrTiO3 it has become clear that the factor of two for the mass enhancement observed

in the experiments is a consequence of the coupling of the conduction electrons to the longitudinal optical

phonons, and that the mid-infrared peaks originate from large polaron formation [36].

In the course of the more than five decades of research on SrTiO3 a variety of models have

been proposed for the pairing mechanism: intervalley scattering [27,31], bipolarons [37], two-phonon

exchange [38], longitudinal optical phonons [39], full dielectric function for longitudinal phonons and

screened Coulomb [40,41], acoustic phonons [42]. A possible role of ferroelectricity was proposed by

Bussmann-Holder [28], an idea that has gained momentum in recent years [43]. A detailed theoretical

prediction of a giant isotope effect on the superconducting Tc [29] with an opposite sign from the BCS

prediction has spurred on a number of isotope-substitution experiments [44,45] and Ca-substitution

experiments, which are expected to have a similar effect on Tc [46]. These experiments have confirmed the

theoretical predictions. The theory was based on the coupling of electrons to the soft transverse optical

phonon (the “TO1” mode). A problem has meanwhile been pointed out, that the coupling to this phonon

is far too small to account for Tc on the order of several hundred mK [47]. A possible remedy is to couple

the electrons to pairs of transverse optical phonons of opposite momentum [38,48]. A recent analysis of

the optical oscillator strength of the TO1 mode has brought to light that this type of bi-phonon exchange

is indeed unusually strong in SrTiO3 [49], strong enough in fact to account for superconductivity in this

material. In this scenario quantum ferroelectric fluctuations induce the pairing interaction that leads to

superconductivity [29,43]; however, the main channel of interaction is mediated by pairs of phonons rather

than single phonons as was originally proposed. In this context it is not an accident that superconductivity

occurs in proximity to a ferroelectric quantum critical point.

4. Superconductivity in Two Dimensions

Recent research on SrTiO3 has focused on the two-dimensional electron systems that emerge at the

crystal surface or in thin films. Mobile electrons can be localized at the surface of undoped SrTiO3 crystals

by cleaving in vacuum [50,51], in δ-doped SrTiO3 thin films [52] or in SrTiO3-based heterostructures.

The well-known conducting interface between an insulating SrTiO3 substrate and a thin film of LaAlO3

belongs to the last class [10]. This heterostructure hosts a two-dimensional conducting system confined

in SrTiO3 within a few nanometers from its interface with LaAlO3. The electrons are transferred to

SrTiO3 to compensate for the polar discontinuity occurring between the two materials along the [001]

direction [53–55]. Similar to the bulk case, this system undergoes a superconducting transition when

cooled down below 300 mK. As-grown samples have a critical temperature of ∼200 mK, and a 1D critical

current density of 100 µA/cm [11]. The superconductivity in this system has a two-dimensional character.

Indeed, the analysis of the critical magnetic field parallel, H∗
‖, and perpendicular, H∗

⊥, to the interface yields

a Ginzburg–Landau coherence length, ξ, of 60 nm at T = 0 K, and a thickness of the superconducting slab

of 11 nm. As expected for a superconducting thin film (thickness ≪ ξ) [56], H∗
‖ is much higher than H∗

⊥ as

a 2D superconducting layer cannot accommodate a vortex parallel to the plane. Interestingly, the value of

H∗
‖ exceeds the paramagnetic limit set by BCS theory, µ0 · H∗

‖ = 1.84 · Tc (with µ0 · H∗
‖ in T and Tc in K),

by a factor of 4–5 [57], and this effect might be linked to the presence of strong spin-orbit coupling in the

system [58,59].
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In 2008, Caviglia et al. showed that the superconductivity is tunable by the electric field effect [60].

The phase diagram of LaAlO3/SrTiO3 resembles that of bulk SrTiO3, but it extends over a much smaller

carrier density range, between 1×1019 cm−3 and 4×1019 cm−3 [61]. In the underdoped region of the

phase diagram, a quantum critical point separates the superconducting regime from an insulating phase,

related to the weak-localization effect [60].

5. 18O Isotope Effect

Following the ferroelectric quantum critical scenario proposed by Rowley et al. [43], Edge et al.

considered a specific scenario in which the ferroelectric soft mode is tuned by isotopic 18O-substitution [29].

By tuning the 18O substitution level beyond the QCP, they predicted both an increase of the maximum

Tc and a shift of the maximum of the dome to lower carrier densities. Experimentally, the increase of

Tc was first observed by Stucky et al. on 35%-isotope substituted samples that were electron-doped by

oxygen removal [44]. In the BCS weak-coupling limit, Tc is inversely proportional to the isotope mass M:

Tc ∝ M−α with an isotope coefficient α = +0.5. The experimentally determined increase of Tc of 50% [44]

leads, however, to a negative and much larger value of α ≈ −10, matching the theoretical prediction made

by Edge and coworkers, both in sign and order of magnitude [29]. In a later work an enhancement of Tc

upon isotope substitution was further confirmed in isotope-substituted samples that were electron-doped

by substituting Sr with La [45].

In this context, we measured the electronic properties of LaAlO3/SrTi(18O16
y O1−y)3 heterostructures:

a system where a superconducting two-dimensional electron system is confined at the interface between

an insulating thin film and a ferroelectric substrate.

We optimized the isotopic substitution on commercial TiO2 terminated SrTiO3 substrates provided by

CrysTec GmbH. Several crystals, 5 × 2.5 × 0.5 mm3 and 5 × 2.5 × 0.25 mm3 in size, are put in a standard

quartz tube, which is then sealed to fix the internal pressure of 18O2 at 0.4–0.7 bar. The sealed tubes are

placed in a tube furnace and heated up at temperatures between 700 and 1100 ◦C for 20–40 days. Before the

LaAlO3 thin film growth, we evaluated the effect of the substitution procedure on the substrate topography

using an atomic force microscope (AFM).

As-received TiO2 terminated substrates have an atomically flat surface with a clear step-and-terrace

topography (see Figure 2a). AFM imaging revealed that after the thermal treatment the crystal surface

is completely reconstructed. Instead of the usual step-and-terrace structure, we found a “block-terrace”

structure (see Figure 2b). In order to restore a controlled TiO2 termination, the crystals have been

re-polished and then treated in an HF (hydrofluoric acid) bath for 30 s, followed by a rinsing with

demineralized water. After this procedure, the substrates recovered the initial step-terrace structure

(see Figure 2c), with atomically flat terraces and unit cell-high steps, and were ready for the LaAlO3

deposition. The thin films of LaAlO3 were grown by pulsed laser deposition, following the recipe used for

standard LaAlO3/SrTiO3 heterostructures [62]. Their thickness, typically 6–7 unit cells, was monitored

during the growth using reflection high energy electron diffraction (see Figure 2d). After the growth,

a 20 nm gold layer was sputtered on the back side of the substrate to be used as an electrode for

dielectric measurements.

We prepared and analyzed three LaAlO3/SrTi(18O16
y O1−y)3 heterostructures with nominal 18O

contents in the SrTiO3 substrate of 35%, 45%, and 67%, respectively. Compared to pure SrTiO3,

the low-temperature dielectric constant, ǫr, is strongly enhanced by the presence of 18O (see Figure 2e).

At y = 35% the substrate is on the verge of the ferroelectric transition and ǫr saturates at roughly 4.7 × 104

(compared to 2 × 104 for SrTiO3). For y= 45% and 67%, the dielectric constant has a double peak structure,

with the maxima indicating the position of the ferroelectric transition. The first peak occurs approximately

at the Curie temperature of 12 K (17 K), which agrees well with the nominal 18O content 45% (67%),
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as indicated by the black arrow in Figure 2e. The second peak, which occurs at lower temperature

(gray arrows), may be due to inhomogeneities in the 18O content. It is worth noting that the substrates are

heated up to 800 ◦C in an 16O atmosphere during the growth of the LaAlO3 film [62] and some 16O may

re-substitute part of the 18O present at the SrTiO3 surface. The second peak is visible at 6.9 K (8.1 K) and

corresponds to an 18O content of roughly 35% (40%) for a nominal content of 45% (67%).

Figure 2. Growth and physical properties of LaAlO3/SrTi(18O16
y O1−y)3 interfaces. AFM images of the

SrTiO3 substrate (a) as-received, (b) after the 18Oy substitution process, and (c) after re-polishing and HF

treatment (the size of all AFM images is 4 µm × 4 µm). (d) RHEED signal during the growth of the LaAlO3

layer. One oscillation corresponds to the deposition of one unit cell of LaAlO3. (e) Dielectric constant versus

temperature of a SrTiO3 substrate (y = 0) and of LaAlO3/SrTi(18O16
y O1−y)3 samples for different values

of substitution. The dielectric properties have been measured in a homemade Helium cryostat using the

Agilent E4980A Precision LCR Meter. The electric field was applied between the back electrode and the

2DES used as a top-electrode. (f,g) Sheet resistance versus temperature of the 2D electron system for 18O

substituted samples. The resistance jump visible in the curve for y = 35% at ∼0.45 K is due to an electric

spike, which occurred in the measurement system during our study.

Figure 2f,g shows the sheet resistance (Rs) as a function of temperature. Between 300 and 1.5 K,

the behavior of these samples is similar to that of standard LaAlO3/SrTiO3 heterostructures [63].

The resistance has a slight dip at ∼95 K, which is presumably due to the antiferrodistortive transition

at 105 K [64–66]. For all investigated samples, the resistance shows a small upturn below ∼15 K,

the origin of which is still under investigation. It should be noted that an anomaly/upturn has been
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observed in the low-temperature resistivity of bulk Ca-substituted SrTiO3−δ samples and was associated

to a ferroelectric-like state still existing in metallic samples [46,67]. Similarly, a study performed on

heterostructures of LaAlO3 grown on top of Ca-substituted SrTiO3 substrates showed the presence of a

resistance upturn occurring just below the Curie temperature, possibly linked to the ferroelectricity of the

substrate [68]. If the temperature is further decreased, the samples undergo a superconducting transition

at Tc = 340, 255, and 300 mK for y = 35, 45, and 67%, respectively. Tc is defined as the temperature at which

the resistance is 50% of its value in the normal state (here at 800 mK). The transition temperature observed

for the three samples is similar to that reported in the 2D electron system confined in standard SrTiO3

substrates [11,60]. We note that a comparison between the phase diagram shown in Figure 1 and our data

for the LaAlO3/ST(18O16
y O1−y)3 interfaces is difficult due to the uncertainty on the equivalent 3D carrier

density of the 2DES, which has an exponential charge profile inside the substrate. This pilot study shows

that the presence of a ferroelectric SrTiO3 substrate is compatible with the formation of a conducting—and

even superconducting—system at the interface with LaAlO3, and opens the path to the exploration of its

effect on the electronic properties.

6. Conclusions

SrTiO3 plays host to a large variety of interesting physical phenomena. In particular, superconductivity

can be obtained in the bulk and at a two-dimensional interface. Following the idea that superconductivity

can be enhanced by 18O substitution in SrTiO3 we studied the properties of LaAlO3/SrTi(18O16
y O1−y)3

heterostructures with different 18O concentrations (35%, 45%, and 67%) in the SrTiO3 substrate.

The observation of superconductivity at the interface of LaAlO3 and isotope substituted SrTiO3 with

Tc on the order of 300 mK demonstrates that it is experimentally possible to induce two-dimensional

superconductivity in a ferroelectric-like environment. Further investigations with different levels of doping

may reveal higher superconducting critical temperatures in this system that combines ferroelectricity,

superconductivity and SrTiO3—the passions of K.A. Müller.
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