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Abstract

Low dimensional superconducting systems have been the subject of numerous
studies for many years. In this article, we focus our attention on interfacial
superconductivity, a field that has been boosted by the discovery of supercon-
ductivity at the interface between the two band insulators LaAlO3 and SrTiOg.
We explore the properties of this amazing system that allows the electric field
control and on/off switching of superconductivity. We discuss the similarities
and differences between bulk doped SrTiO3 and the interface system and the
possible role of the interfacially induced Rashba type spin-orbit. We also, more
briefly, discuss interface superconductivity in cuprates, in electrical double layer
transistor field effect experiments, and the recent observation of a high T, in a

monolayer of FeSe deposited on SrTiOg.

1. Introduction

Low dimensional systems have had an enduring fascination for the condensed
matter community. This is understandable from the perspective of fundamental
research since disorder, fluctuations and correlation effects all play a particu-
larly important role in reduced dimensions and thus offer opportunities to tackle
tough theoretical and experimental challenges. It may seem more surprising in-

sofar as applied research is concerned. While engineering bulk material compo-
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nents, such as memristors, is being actively pursued, the ubiquity of nanowires
and two-dimensional (2D) electron gases in our current technology is evidence
for the merit of transport in confined geometries. Several considerations help
explain this apparent paradox. One is that the increasing versatility of function-
alities in portable electronic devices requires one to pack and connect more and
more transistors on centimeter square size chips. Two, charge control through
electric fields — i.e. gating — is more effective in lower dimensions as screening
effects become more relevant. Furthermore, fluctuations effects, correlations ef-
fects and nesting of potentially significant portions of the Fermi surface in lower
dimensions are factors that promote the appearance of novel quantum electronic
states, paving the way for promising future technologies; in this respect, copper
oxide superconductors could qualify as a Rosetta stone, owing to their quasi-2D,
layered, structure, to the large value of the on-site electron-electron Coulomb
repulsion, and to the strong antiferromagnetic correlations that are observed in
a broad region of their phase diagram. The latter are advocated in some models
to be the source of the pairing energy for superconductivity and the reason for
the observed high value of the transition temperature 7.

Historically, nesting of the Fermi surface was envisioned as an effective way
to boost T, [1]. It causes Van Hove singularities, implying high densities of states
when the Fermi energy is tuned to a singularity. There were hopes that this
scenario would help one attain high temperature superconductivity (HTSC),
despite the fact that, in accordance to the Peierls-Mermin-Wagner theorem,
thermal fluctuations preclude the establishment of long range order in one-
dimensional (1D) and in 2D systems. For 1D organic materials nesting effects
are particularly pronounced but fluctuations, unfortunately, promote competing
instabilities of the Fermi sea and the attained values of T, remain fairly small [2].
Thermal fluctuations in layered materials such as cuprates or in superconducting
films have a “milder” impact on T,.

More recently, the discovery of interfacial superconductivity in heterostruc-
tures whose building blocks consist of transition metal oxide compounds has

attracted a lot of attention. A frontrunner in that category is the interface



between the two band-insulators LaAlOs (LAO) and SrTiOs. It was found to
be conducting (in 2004 [3]), superconducting (in 2007 [4]), and host to a sizable
spin-orbit interaction (in 2010 [l [6]). Quite remarkably, all these properties,
conductivity, superconductivity and spin-orbit strength can be controlled by an
electric field. In copper-oxide based heterostructures, where none of the con-
stituents exhibit superconductivity, HTSC was demonstrated to develop in a
single atomic CuOsq plane [7]. Evidence for high T, superconductivity has also
been reported for FeSe atomically thin films prepared on SrTiOs []]. Using the
electrical double layer transistor (EDLT) technique, which allows one to achieve
very large changes in carrier density, it is possible to induce superconductivity
at the surface of insulating crystals [9] and to dramatically tune the value of the
superconducting T, at the surface of known superconductors [10].

The possibility of boosting T, at metallic surfaces embedded in otherwise
semiconducting or even insulating materials has been advocated by several au-
thors. The driving force for the increase is a spatial dichotomy between Cooper
pairs which reside in the conducting sheet, and the source of pairing which orig-
inates from the “non-metallic” bulk part. Accordingly, the adverse impact of
the Coulomb repulsion on superconductivity is somewhat lessened [I1]. Near
the interface, on the pairing side, the density of states can be much enhanced
[12] [13]. Besides, large attractive interactions between electrons of the surface
sheet can be mediated by excitations coming from the unscreened (or poorly
screened) bulk region; for instance, these can be excitonic [I4] or driven by po-
larization effects [15], 16l [I7]. This is shown in Fig. A similar scenario has
been proposed in the context of LAO/STO compounds in order to model the
evolution of T, with doping [18].

In this paper, we will focus our attention on the prototypical LAO/STO
interface, discussing the physics of this system, the relation between interfacial
and bulk superconductivity observed in doped STO, the nature of supercon-
ductivity and the role possibly played by spin-orbit interaction. We will also,

briefly, discuss other systems of interest that have been studied recently.
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Figure 1: (Left) Two electrons (blue) interact (yellow) with a site (red) in the pairing layer,
creating a virtual excitation. This excitation, for example polarization of an oxygen ion, causes
the pairing. (Right) Each electron excites a different site in the pairing layer, but both sites
are coupled (red), and by this close the pairing channel.

2. Some history and progress in oxide thin film technology

In the 80’s, there have been many important studies of metallic low-dimensional
superconducting systems (ultrathin films, and superlattices). Those include ex-
periments on Kosterlitz-Thouless physics, the role of disorder, superconductor-
insulator transitions, dimensional crossovers, and related effects. There is unfor-
tunately too little space here to describe these remarkable contributions. Some
of the achievements and references can be found in the article ”Superconduc-
tivity of Very Thin Films: The Superconductor-Insulator Transition” by Lin,
Nelson and Goldman in this special issue and in the book ”Synthetic Modulated
Structure” [19].

Following the discovery of high T, superconductors, a large effort has been
devoted to growing epitaxial films of complex oxides. 28 years later, these de-
velopments allow oxide heterostructures with atomically sharp interfaces to be
grown using several techniques including molecular beam epitaxy, pulsed laser

deposition and sputtering. A more recent advance in the area of oxide het-



erostructures concerns oxide interfaces. Thanks to the chemical and structural
compatibility of many oxides, these structures have allowed materials with very
different electronic properties to be combined. The further use of strain, confine-
ment or more generally interfacial effects has given rise to a variety of exciting
work; we refer here to the reviews of J. Mannhart, and D. G. Schlom [20], P.
Zubko et al. [2I] and H. Y. Hwang et al. [22]. This new research area has been
developing rapidly after the seminal work of Akira Othomo and Harold Hwang
who studied LaTiO3/SrTiOs3 - an interface between a Mott and a band insulator
[23] - and LaAlO3/SrTiO3, an interface between two band insulators[3]. The
discovery of conductivity and high electron mobility at the interface between
LAO and STO generated a large amount of work aiming at an understanding
of the origin of the conduction and at the exploration of the properties of these
mobile electrons hosted in a complex oxide. As we will see, this system indeed

displays amazing properties.

3. The LAO/STO system

In their bulk state, both LAO and STO are insulators with a sizable band gap
of 5.6eV and 3.2eV - respectively. It was found that the growth on an epitaxial
film of LAO on a (001)-oriented TiOs-terminated single crystal of STO leads to
a conducting interface if the LAO thickness is larger than three unit cells [24].
Early on, the origin of the metallic state has been linked to the existence of a po-
lar discontinuity across the LAO/STO interface [25]. While both SrO and TiO»
layers are charge neutral on the STO side of the (001) oriented structure, LaO
and AlO, sheets, by contrast, carry positive and negative charge, respectively,
in the LAO film. The ensuing charge discontinuity at the interface leads to a
potential difference between the interface and the LAO surface. This potential
difference grows with increasing LAO thickness. Several scenarios have then
been proposed in order to explain how the polar field is compensated within
the LAO film, beyond three unit cells. For instance a Zener breakdown could
occur, causing charge transfer from the LAO surface to the interface, thereby

screening the field [26] 27, 28]. Alternatively, oxygen vacancies located at the



Figure 2: The LAO/STO interface structure. TEM image of the interface (from Ref. [4]) and
schematics of the alternating atomic planes along the [001] direction: SrO and TiO2 planes in
SrTiO3 are neutral, whereas the LaO and AlO2 planes are charged +1 and -1, respectively.

LAO surface have been advocated as the providers of electrons required to heal
the discontinuity [29] [30]. Oxygen vacancies on the STO side of the interface
and / or cation intermixing across the interface [31], 32] have also been invoked
as a possible source for the conduction observed - note that those do not imply
a charge transfer from the LAO surface to the LAO/STO interface and thus do
not solve the polar catastrophe problem [33].

To fully cancel the polar field, the transferred surface charge density should
be 0.5 e/planar unit cell or 3 10'* e cm™2. The transferred electrons are located
on the STO side, close to the interface; they populate the Ti 3d band (initially
Ti is in the Ti** state) filling the to, orbitals and they change the Ti valence
from 4+ to 3+ for a fraction of the sites. Figure2] shows the atomic structure
of the interface as seen by TEM [4] and the stacking of the atomic layers with
the polar discontinuity at the interface.

As mentioned above, electrons are in the Ti 3d bands and are confined at
the interface. Several experiments have been probing the extension of the con-
ducting layer. Using conducting AFM in a cross-section geometry [34], optical
spectroscopy [35] or the anisotropy of the superconducting properties [36], it is
found that the conducting layer has a characteristic width at low temperatures
of about 10 nm. This confinement and breaking of inversion symmetry has two
important consequences. One is to lift the 54 orbital degeneracy and to produce

a sub-band structure; two is to induce a Rashba type spin-orbit. We will come
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Figure 3: (Left) Electronic sub-band structure in the Brillouin zone calculated for the
LAO/STO interface by Delugas et al.[37]. (Right) Spatial dependence of the square of the
associated sub-band eigenfunctions in the direction perpendicular to the interface; d) refers
to dgzy orbitals while d refers to dz./dy. orbitals (from Ref. [38]). The orbital character of
the states is shown in both panels; for each orbital a superscript labels the energy of the band
at the Gamma point. One notices that, for the first three ds, sub-bands, it also identifies the
location of the TiO2 layer counted from the interface where the probability of presence of the
carriers in that band is dominant.

back to this second point later.

Salluzzo and co-workers were the first authors to experimentally show that
the degeneracy of the to, orbitals is indeed lifted [39]. Confinement is pushing
the heavy d,. and d,. orbitals to higher energies. Electronic states pertain-
ing to the lowest energy sub-bands describe carriers essentially localized in the
vicinity of the interface and the first three sub-bands have d,, character (Fig-
ure|3). The right panel in Figure shows the spatial dependence of the square of
low energy sub-band eigenfunctions in the direction perpendicular to the inter-
face; the array is generated by setting the energy equal to the increasing order
sequence of eigenenergies. Note that these functions exhibit narrow peaks cen-
tered on consecutive TiOs layers, consistently with the dominant d character
of the conduction bands. The orbital character of each band is indicated on
both panels of Figure[3] along with a superscript which identifies the energy of
the band at the Gamma point. The physics of the confined d shell states is far
richer and more complex than that encountered in the case of p-orbital states

of electron gases in semiconductors. Tunneling experiments in the normal state



indeed reveal a complex conductance versus energy pattern that could only be
fitted using a LDA+U approach suggesting that correlations are at play at the
LAO/STO interface [40]. Thus, instead of using the terminology 2D electron
gas one should refer to this as 2D electron liquid (2DEL).

Comparing Fig.[3] with the calculations of the electronic structure of bulk
STO[I], one notices that the confinement of the 2DEL is leading to an ”inver-
sion” of the band structure with the lowest (sub-)bands at the interface having
an xy character - in the bulk, the lowest band is an hybridized band with heavy
character for moderate fillings. The interfacial electronic structure is thus very
different from that in the bulk. This is of importance and we will come back to
this point when discussing superconductivity.

The confinement of the electron liquid and breaking of inversion symmetry
also lead to a Rashba type spin-orbit whose strength is related to the carrier
density. In this system, the carrier density can be tuned using an electric field.
Indeed, since the conducting layer is in-between two insulators, the field effect
can be used with a top, side or back gate geometry, and allows the carrier den-
sity to be continuously controlled. As we will see below, changing the doping
also allows a control of superconductivity. Regarding spin-orbit, magnetoresis-
tance measurements were performed with the field applied perpendicular to the
conducting plane [5]. As the carrier density was increased, the magnetoresis-
tance curves showed a crossover from a weak localization regime at low doping
to a weak anti-localization regime at higher doping. Data analysis allowed the
spin-orbit strength to be extracted along with the relation between the spin-
orbit scattering time (75,) and the elastic scattering time (7.) revealing that
Tso goes as 7, 1. This dependence points to the Dyakonov-Perel mechanism, as
one might expect when a spin-orbit interaction of the Rashba type is at play.
This spin-orbit is thus a signature of the breaking of inversion symmetry at the
interface. The maximum spin-orbit strength is on the order of 10 meV, which
is much larger than the superconducting gap (of the order of 40 ueV [42]).

Beyond the spin-orbit interaction, several signatures of magnetism have been

reported in the LAO/STO system. The Twente group first reported that, for



Figure 4: A photograph of the field effect device with a drawing of the Hall bar. The size of
the STO crystal is 5mm by 5mm and the conducting channel is 500 pm wide.

samples grown at high oxygen pressures, resistance versus temperature curves
showed a dependence reminiscent of a Kondo system [43]. The simultaneous
occurrence of magnetism and superconductivity was found in torque measure-
ments, which indicated some type of magnetic ordering [44], but also in scanning
SQUID experiments which detected a patchwork of magnetic domains [45] and
in magnetoresistance measurements [46]. The link between these different ex-
perimental results is at the moment not very clear. Models on the origin of the
magnetism and on the possible relation between magnetism and superconduc-

tivity will be discussed below.

3.1. Superconductivity

Fig.[d] shows the field effect device configuration that has been used in most
of the experiments. The STO substrate is used as a gate dielectric, the back
gate voltage is controlling the doping of the system. Fig.[p|shows that a change
in the doping causes a continuous tuning of the superconducting transition and
the observation of a superconductor to insulator transition. A reversible on/off
electric field switching of superconductivity at low temperatures is thus possible
in this system.

We notice the dome-shaped aspect of the boundary between the supercon-
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Figure 5: Phase diagram revealing the superconducting dome. (Top) Sheet resistance as a
function of temperature for three different dopings - notice the different sheet resistance scales.
(Bottom) Evolution of the sheet resistance (in log scale) in temperature for different dopings,
represented by the conductance at 700 mK.
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Figure 6: H. and H.  as a function of temperature for an optimally doped sample.

ducting and normal regions with an “underdoped” and an “overdoped” regime.
The maximum 7, is around 300 mK. As one crosses the phase diagram, the
sheet resistance changes dramatically, in fact much faster than the carrier den-
sity, pointing to a mobility that increases way more than the doping does. As
mentioned above, the spin-orbit strength is also increasing rapidly as one is
moving across the phase diagram [5].

Critical field measurements performed in the perpendicular and parallel ge-
ometries reveal a large anisotropy and a behavior characteristic of 2D super-
conductors [36]. Fig.@ shows H. and H., as a function of temperature for
an optimally doped sample. From H.,, one obtains the superconducting co-
herence length £(T) = \/m which is found to be about 60 nm at
T = 0K. From the analysis of H, one extracts the superconducting thickness
d: d= \/§¢0/7T§/1,0HCH, here about 10nm. Since this value is much smaller
than the coherence length, the system is a 2D superconductor. H. and H.
measurements across the phase diagram reveal that the system is always in the
2D regime: the superconducting thickness is however found to increase as one is

moving to the “overdoped” regime. The coherence length follows a roughly 1/7,
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dependence. The largest values of the critical parallel fields, attained around
optimal doping, are found to be about three times larger than the paramagnetic
limit (that is 1.83 T; (T)). This increase is most probably linked to the spin-orbit
as discussed below.

Since the system is 2D, one naturally expects fluctuations to play an im-
portant role and a Kosterlitz-Thouless (KT) transition to possibly control the
establishment of phase coherence. I —V characteristics were suggestive of such
a transition but no clear jump in the a exponent (V = I%) could be observed,
raising questions about the occurrence of such transition. Also, the behavior of
T. versus gate voltage, T, going as (V, — Vgc)z/ 3 was taken as some evidence for
an XY (fluctuations) scenario. More recently, tunneling experiments performed
in Stuttgart revealed a pseudogap behavior in the underdoped regime [42]. The
phase diagram observed looks very much like that of HTSC though rescaled.
This “pseudogap” behavior could be a signature of a region of the phase dia-
gram with paired electrons or superconducting fluctuations but without phase
coherence, a scenario in-line with a KT transition. Another interpretation of
these data is proposed by Benfatto and Giamarchi [47], and by Grilli and co-
workers [48] [49, [50] who suggest that inhomogeneities may allow some of the
observed behaviors to be understood (see also Ref. [51]). In these models, small
inhomogeneities in the T, or density inhomogeneities may lead to percolative
transitions. More experiments will be necessary to determine the exact nature of
the transitions and, in case of a “phase separation” scenario, to experimentally

establish the presence of inhomogeneities and to understand their origin.

3.2. Bulk and interface superconductivity

Bulk STO has been known to host superconductivity since the sixties [52].
STO can be doped either through atomic substitutions (La for Sr, Nb for Ti
), or through a reduction of the oxygen content. As a function of the carrier
density, T, displays a dome-like structure with a maximum critical temperature
of about 300mK [53, 54]. While the maximum T, is about the same for both
LAO/STO and bulk STO, the doping range over which superconductivity is

12
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Figure 7: T, versus doping for bulk doped SrTiOs. Filled blue square symbols (W) show T¢
zero for oxygen-reduced and Nb-doped crystals from Ref. [54]; filled green triangles (A) and
filled green diamonds (#) correspond to the estimated value of T. at 50% of the resistive
transition for oxygen reduced crystals and for Nb-doped crystals respectively, from Ref. [55];
red circles (o) represent T, estimated at 50% of the resistive transition for Nb-doped SrTiO3
single crystals measured in Geneva. The arrow indicates the position of the beginning of the
superconducting dome for LAO/STO interfaces. Lines are a guide to the eye.

found in crystals is broad. Figure[7] shows the bulk 7, versus the 3D carrier
density reported in various studies [54, [55] along with our own data on Nb-doped
STO crystals. Also shown is the 3D carrier density at which superconductivity
develops for the LAO/STO interface. To translate a 2D sheet carrier density
into a 3D, we chose a thickness of 10 nm which is the value that is derived from
the H. - H.y analyses in the underdoped regime.

As can be seen, the bulk T, develops at very low doping and superconduc-
tivity extends over a very wide range. The shape of the T, versus doping curves
obtained by Lin et al. are possibly linked to the filling of different bands [55]. In-

3

terfacial superconductivity develops only around a density of about 110'° cm=3.

The observed behaviors are thus quite different and one should now identify the

13



differences between the two systems and pinpoint those which affect supercon-
ductivity.

Comparing the two systems, one notices that the level of disorder is dif-
ferent, the LAO/STO interface being clearly more disordered as the value kgl

3. Also, in the interfacial system, 2D fluctua-

is about one around 5108 cm™
tions might play a role. However, the most important difference is linked to
the electronic structure. In the bulk, the lowest band is a "heavy” band. At
the interface, because of the electron confinement, the lowest sub-bands have a
light d,, character (Fig. Heavy bands have a high density of states that is
very favorable for superconductivity. In the LAO/STO system, magnetotrans-
port analyses suggest that the heavier xz, yz sub-bands start to be filled close
to the doping level at which superconductivity develops [56]. One tempting
scenario, supported by recent calculations, is that the main difference between
the two systems is the band structure and the band ”inversion” occurring at
the interface. If correct, this would highlight key differences between bulk and
interfacial superconductivity. The onset of superconductivity would also be a
way to detect the filling of these subbands.

One further interesting question is linked to the superfluid density at the
LAO/STO interface. Scanning SQUID experiments yield a very low value of
the superfluid density in this system [57, [58]. Although no comparison has been
made with bulk doped STO, a tempting explanation for these low values is that
only dg./d,. heavy electrons (that appear at the underdoped end-point of the
dome) pair thus naturally explaining that the superfluid density is low, most
of the interfacial carriers being xy in character and not participating to the
superfluid density.

In the previous sections we highlighted several genuinely unconventional fea-
tures that are hallmarks of electronic states and charge transport in the 2DEL
formed at the LaAlO3/SrTiOs interface and that are not usually encountered
in ITI-V semiconductors. But there is more to it, as will become clear when we
discuss spin related effects.

The spin and momentum of the charge carriers in the 2DEL are entangled,

14



due to the so called interfacial (Rashba) spin-orbit interaction, a signature of the
breaking of inversion symmetry at the LaAlO5/SrTiO3 interface Bl [6]. The size
of the Rashba energy rises by one order of magnitude upon gate-tuning a small
increase of the charge concentration. This steep variation appears to correlate
with the point when d,, and d,. states start contributing to transport at the
Fermi level; around the voltage giving the highest superconducting T, (optimal
doping), the characteristic Rashba energy that is measured corresponds to a
value on the order of 10 meV, comparable to the kinetic energy of the d,, and
dy. carriers[b6]. This impacts the normal phase, as it entails a reconstruction
of the Fermi surface, possibly causing the appearance of a regime of protected
transport (evidenced by a surge in the mobility) but this also affects the su-
perconducting state, in two respects. The symmetry of the order parameter is
not as simple as in a standard s-wave BCS case, in particular since there are
intra- but also inter- Rashba bands pairings. In addition, applying an in-plane
magnetic field may lead to helical FFLO ground states [59} 60, [61), [62] giving rise
to a significant enhancement of the value of the critical field H.y//, far beyond
the Pauli limit.

Further manifestations of spin effects in LAO/STO heterostructures come
from several independent experimental reports of ferromagnetism [44) [45] 46| 63,
64]. This came as a big surprise, considering that, in their bulk state, neither
LAO nor STO show any sign of magnetism. While magnetic patches were
detected using scanning SQUID microscopy with a very small average moment
per interface unit cell area of 0.02 Bohr magneton, torque measurements revealed
a large response with an average moment per interface unit cell area of 0.3 Bohr
magneton. Furthermore, experiments performed at Stanford [65] did not seem to
reveal any particular sensitivity of the magnetic response to the external electric
field. These results raise a number of issues that are currently under intense
scrutiny. Is magnetism intrinsic or extrinsic? In other words is it a property
constitutive of the electronic states of the 2DEL or is it caused by defects, such as
oxygen vacancies? In the former case, one needs to explain how magnetism may

coexist with superconductivity, given that estimates of its characteristic energy
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scale lead to values one order of magnitude larger than the Rashba spin-splitting
and four order of magnitudes larger than the superconducting gap [60, 66]. In
the latter case, the concentration of defects that is required to account for the
number of moments would be extremely large [67]. At this stage it is not even
agreed that all samples consistently exhibits magnetic signatures [68],[69] and, for
those who do, one needs to clarify the role played by the fabrication technique,
and in particular the issue of annealing [70]. Review papers by Salluzzo [71] and
by Sulpizio et al.[72] discuss various experimental aspects related to this point.
Note that there are also proposals advocating the existence of two regimes with
distinct intrinsic magnetic groundstates separated by a Kondo (spin screened)
phase : for low doping (gate voltage) ferromagnetism (see also Ref. [43]) is tied
to dy orbitals while, for optimal doping and beyond, magnetism also involves
d.. and d,, states [64] [73].

From a theory perspective, various scenarios designed to explain the occur-
rence of magnetism have been constructed, some based on intrinsic properties of
the 2DEL electronic states and others invoking the role of oxygen vacancies. In
the former category a magnetic polarization is mediated at the interface through
the coupling with mobile, subsurface electrons. As mentioned above, carriers
spatially localized at the interface have d, symmetry and disorder and/or cor-
relations tend to localize their wavefunctions. Deeper in, on the STO side, one
finds states with d;y, d,. and d,. symmetry. RKKY interactions trigger ferro-
magnetism at the interface if the mobile carriers that are coupled to the interface
states are of dg, type [60]. Alternatively, Hund’s rule promotes the magnetic
instability either through the Zener, P.W Anderson and P.G. de Gennes ex-
change mechanism (leading to a spiral spin state) [74] or through the enhanced
spin polarization of quasi-1D electrons [75] if d,. and d,. orbitals are at play.
In the latter category, electrons donated by oxygen vacancies near the interface
partly contribute to the conduction band and partly to forming localized states
orbiting neighboring Ti sites. Correlations are required to produce a magnetic
instability [76] B0, [77] (see also Ref. [70]).

An understanding of the interplay between superconductivity and mag-

16



netism probably requires one to involve all three ta, orbitals. The magnetic
energy scale appears to be so large that it would preclude Cooper pairing if
only d;, states were at play. By contrast, estimates of the characteristic mag-
netic energies pertaining to the d,, and d,, orbitals, giving 1 meV, might not be
as adverse to the establishment of superconductivity albeit with a finite momen-
tum for the condensate [60]. Note that orbital selectiveness has been invoked to
explain magnetic and superconducting properties of selected oxide families such
as the Ruthenates. To conclude this discussion, it is clear that one needs to
design specific experimental tests of these theories and in particular of scenarios

linking magnetism and superconductivity.

4. The LaTiO3/SrTiO3 system (LTO/STO)

The interface between the Mott insulator LaTiO3 and SrTiO3 was also found
to be superconducting with a value of T, very close to that of the LAO/STO
system. This interesting system presents many similarities with the LAO/STO
compound. A detailed account of experiments performed on this heterostruc-
ture, mostly in Jérome Lesueur’s group in Paris, can be found in references

[78, [79].
5. High T. heterostructures

Extensive studies of bilayer structures made of underdoped (insulating-I) and
overdoped (metallic-M and non-superconducting) (Laj_,Sr,)CuO4 have been
performed by the group of Ivan Bozovic in Brookhaven and also in Bremen
[80, [&T].

It is found that that these bilayers are superconducting with a T, of 15K
(I-M sequence) or 30 K (M-I sequence). Charge transfer between the different
unit cells allows superconductivity to be explained [82]. Exposed to an ozone
atmosphere, T, is boosted to 50K, a value that is not reached in single-phase
films. Possible explanations for this enhancement of 7T, include a reduced dis-

order or the absence of a competing phase in these low-dimensional bilayers. In
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another set of experiments, Zn delta-doping was used to selectively suppress T,
in a specific unit cell of the heterostructure. For the M-I structures it was found
that T, is insensitive to the Zn doping in any unit cell of the M-I structures
used but in the second one away from the interface, on the I-side. These results

suggest that high T, superconductivity develops in a single CuOs plane [7].

6. Surface-induced superconductivity

In recent years, the electrical double layer transistor (EDLT) concept has
been applied to oxide compounds (see for instance [83],[9]). This technique
allows huge carrier densities of up to a few 10'® cm~2 to be induced even at
the surface of insulating compounds. Using insulating STO crystals and the
EDLT technique, the groups of Iwasa and Kawasaki successfully demonstrated
that superconductivity can be achieved in an insulator through application of
an electric field [9]. Soon after this discovery, the same approach was used with
ZrNCl [84] allowing large changes in the superconducting transition tempera-
tures to be achieved. Further work allowed superconductivity in the incipient
ferroelectric KTaO3 to be induced [I0]. This amazing technique allowing very
large changes in sheet carrier densities at surfaces creates a pathway for field-
gating developments in many other insulating compounds. Also the possibility
to use the EDLT technique to chemically modify the materials by applying large

gate voltages offers a promising road to tune interface superconductivity.

7. Superconductivity in atomically thin FeSe layers

Evidences for interface superconductivity have also been recently reported
in monolayers of FeSe deposited on SrTiO3 substrates [§]. Wang and coworkers
observed that when a monolayer of FeSe is deposited on an SrTiOj3 substrate
by molecular beam epitaxy unexpected superconducting properties are found.
While T, ~9K][85] for bulk FeSe, tunneling spectra at 4.2K reveal a super-
conducting gap A ~20meV in the case of the FeSe/STO heterostructure, one
order of magnitude larger than that of the bulk (A ~ 2.2meV [86]). When the
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Figure 8: (Left) Atomic structure of a FeSe monolayer deposited on a TiOz-terminated (001)-
oriented SrTiO3 substrate. (From Ref. [89]) (Center) Momentum dependence of the super-
conducting gap of a single-layer FeSe measured by ARPES at 16 K. (From Ref. [90]) (Right)
Energy distribution curves at the M point: the electron-like band (A), crossing the Fermi
level, is replicated 100 meV lower in energy (A’). Similarly, the hole-like band (B), located
80meV below Ef, is also replicated (B’). (From Ref. [90])

thickness of the FeSe film is increased, the value of T, decreases [87]; similarly,
it appears that the effect of a capping layer, added to protect these air sensi-
tive films, is to lower T,, hampering ex-situ characterization. Measurements of
the diamagnetic response of one unit cell thick FeSe films by a two-coil mutual
inductance technique have recently confirmed the establishment of a supercon-
ducting state at ~21 K, well above the bulk critical temperature [8§].

A wealth of information on the electronic properties of the system has come
from ARPES measurements. Here the role of possible photo-carriers created by
the synchrotron radiation that diffuse to the interface is a topic of consideration.
It has been shown that the electronic structure is made of a single band cross-
ing the Fermi level: the Fermi surface consists of electron-like circular pockets
centered at the zone edge [91]. Superconductivity appears after an annealing
process of the interface at relatively low temperature in vacuum. During this
step, the FeSe carrier concentration, as measured by the size of the Fermi sur-
face, is modified. The observed changes could be due to Se evaporation, that
would electron dope FeSe;_,, or to the creation of oxygen vacancies in SrTiO3,

that would also n-dope the system via a transfer to the interface FeSe layer
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[92]. Changing the doping by successive annealing steps results in a modulation
of the amplitude of the superconducting gap as well as in the value of T; low
temperature ARPES spectra show a maximum A ~20meV for a T, of 65K.
The symmetry of the gap in momentum space is circular, pointing to a s-wave
superconducting state [91].

Scanning tunneling experiments and ARPES data indicate that only the
first atomic layer is superconducting, i.e that the subsequent layers display a
semiconducting behavior [§] [93]. Similarly, the Fermi surface topology of the
second and third layer changes dramatically [87]. These findings point to a very
important role played by the FeSe/STO interface on the observed superconduc-
tivity.

A possible mechanism for the increase of T, could be related to the epitaxial
strain [94] experienced by the FeSe layer. For bulk FeSe, raising the external
pressure causes a dramatic increase in T, with a maximum value observed of
~37K, four times the bulk critical temperature [95]. To investigate this idea,
FeSe monolayers have been grown on different oxide substrates; T. (as esti-
mated from the closing of the gap by ARPES) goes up from 65K on STO
(strain 3.6%)[92] [87] to 70K on KTaOg (strain 4.5%) to 75 K on BaTiO3 (strain
5.8%)[96]. The observed dependence on strain is however larger than that one
can estimate from the bulk dependence of T, on pressure.

An appealing scenario to explain this interface superconductivity has been
proposed by Lee et al. [90]. Measuring high-resolution ARPES spectra, they
observed that the electronic bands of the FeSe monolayer are replicated with
an energy shift of 100meV. They attribute this effect to a strong electron-
phonon coupling between the layer and the substrate [89]: a phonon mode, most
probably an oxygen optical phonon, in SrTiO3 couples to the FeSe electrons.
Calculations show that such an interfacial coupling can lead to the increase of
the critical temperature observed in the system. This study also confirms that
the behavior of a single unit cell thick layer is completely different from a 2 unit
cell (or more) thick sample. For thicker films, both electron-like and hole-like

bands cross the Fermi level and no superconductivity gap (as well as no replica)
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is observed.

Finally, there have been several proposals suggesting that high-T, super-
conductivity could be achieved in bilayers of metallic 2D electron systems and
highly polarizable materials such as STO, as a result of interface induced pairing.
The intensity of the attractive interaction is claimed to be enhanced thanks to
a spatial dichotomy between the (super-)conducting layer and the neighboring

part of the material where virtual excitations mediate strong pairing [16) [I7].

8. Conclusions

In this article, we have discussed several interfacial superconducting systems,
placing a particular emphasis on the LaAlO3/SrTiO35 case. We have highlighted
several properties of the LaAlO3/SrTiO3 heterostructure that appear to be spe-
cific consequences of the interface geometry. This is seen when we compare this
system with bulk doped SrTiOj3. The interfacial nature of the system and the
confinement of the electron liquid are key factors that determine the electronic
structure of the interface. The breaking of inversion symmetry also leads to a
Rashba spin-orbit effect that is tunable with an electric field and that pushes
the value of the parallel critical field for the destruction of superconductivity far
beyond the Pauli limit. Our brief account of interface superconductivity in tran-
sition metal oxides has underscored the broad range of approaches that promote
electron pairing. These were discussed in the case of cuprate heterostructures, at
crystal surfaces where conductivity and superconductivity can be induced using
the electrical double layer transistor field effect technique, or in one monolayer
of FeSe deposited on SrTiO3. This field of research will definitely expand at a

fast pace in the coming years and promises to hold more great surprises for us.
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