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Chapter 3
Transport Properties of TMO Interfaces

A. M. R. V. L. Monteiro, A. D. Caviglia and N. Reyren

Abstract Phenomena that are absent of bulk TMO compounds can emerge at their
interfaces when they are grown on top of each-other. A prototypical example of such
emerging states is found at the LaAlO3/SrTiO3 interface, which also attractedmost of
the initial interest for this new field of research (in the TMO context). Here we review
some properties of this peculiar interface as investigated by transport measurements
allowing the studies of different effects such as magnetism, superconductivity or
Rashba effect; hence indirectly accessing the band structures studied by the methods
presented in the rest of the book.

3.1 Introduction

Electronic dc transport is a fundamental tool for the study of TMO interfaces, provid-
ing complementary information to spectroscopic techniques. We will illustrate this
fact in the case of the LaAlO3 films grown on top of (001)-oriented TiO2-terminated
SrTiO3 substrate. A two-dimensional system (2DES) is found at this particular inter-
face. Electrostatic field effect experiments have proven to be particularly valuable
as they allowed tuning of the carrier density in a very sensitive region of the phase
diagram in which TMO interfaces undergo quantum phase transitions (insulator
to metal/superconductor) accompanied by various changes in electronic properties.
Here we will discuss changes in (1) mobility and carrier localization, (2) spin-orbit
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coupling, (3) capacitance, (4) polar order and domain wall conductivity and (5) ther-
mopower. Field effect on superconductivity is discussed in a dedicated section. The
purpose of this discussion is to highlight some of the insight on oxide interfaces
acquired during the past 10years through transport and field effect experiments.

In 2006, 2 years after the discovery of the conducting LaAlO3/SrTiO3 (LAO/STO)
interfaces, Thiel et al. reported the first results on the effects of electrostatic gating in
this system [1]. It was shown that (a) a critical thickness of 4 u.c. of LAO exists for
conductivity and (b) a 3 u.c. sample can be made conducting (and reversibly turned
insulating) at room temperature by means of the electrostatic field effect, using a
back gate geometry (the STO substrate acts as a gate dielectric). The same approach
was used to determine the influence of gating on the superconducting properties.
In 2008, it was demonstrated that the electrostatic field effect can lead to an on/off
switching of superconductivity, uncovering a complex phase diagram with a non-
superconducting phase, a quantum critical point, underdoped and overdoped 2D
superconducting regions [2].

Mobility and carrier localization. C. Bell et al. showed that gating in LAO/STO
leads to a large change in carrier mobility [3], measured through Hall effect
experiments. In the underdoped region of the phase diagram a mobility of the
order 102 cm2/Vs is observed. Its magnitude continuously increases up to several
103 cm2/Vs as the system is brought into the overdoped region by means of electro-
static gating. Itwas argued that this effect is related to a variation in the spatial confine-
ment of the electronic wave functions in the out-of-plane direction. Around the same
time, carrier localization mechanisms were considered. In the non-superconducting
state it was shown that carriers undergo weak localization, evidenced by a negative
quantum correction to the conductivity, correction which is suppressed by magnetic
fields, meaning that a negative magnetoresistance is observed.

Spin-orbit coupling. In 2010 it was shown by means of magnetotransport exper-
iments, that spin-orbit coupling undergoes large changes throughout the phase dia-
gram of the system [4]. As the system enters a gate voltage range corresponding
to the underdoped superconducting regime, a steep rise in spin-orbit coupling is
observed, leading to a spin-splitting of the Fermi surface up to ∼10meV. A simi-
lar correlation between spin-orbit coupling and superconductivity is observed also
in the overdoped regime [5]. The magnitude of the spin splitting is comparable to
the Fermi energy, indicating that spin-orbit coupling is a dominant energy scale of
the system. This leads to various interesting magnetotransport effect, including con-
ductance oscillations with respect to the angle between the magnetic field and the
current vector [6] and a complex evolution of the Shubnikov-de Haas oscillations
with gating [7, 8]. More recently, Boltzmann transport calculations have shown that
spin-orbit-induced modifications of the Fermi surface can also account for the large
in-plane magnetoresistance observed in LAO/STO [9].

Capacitance enhancement. The electrostatic field-effect can be used in order to
bring the electron system on the verge of strong carrier localization. In this regime, it
was shown that top-gatedLAO/STOexhibits a very large enhancement of capacitance
[10], attributed to a negative electron compressibility, arising from correlation or



3 Transport Properties of TMO Interfaces 39

disorder effects. It was argued that these effects offer a route for reducing operating
voltages in field effect transistors.

Lattice effects: polar order and domain wall conductivity. Further insight into
gating and electron localization in LAO/STO was acquired in 2013 by Rössle et al.
[11]. Using ellipsometry and x-ray diffraction experiments, they showed that a 1 µm
thick region of the STO substrate, undergoes a polar structural phase transition at
temperatures below 50K under the application of a negative gate voltage. This was
evidenced by the electric-field induced splitting of an infrared active phonon mode
observed only in the tetragonal phase of STO, representing antiphase rotations of
oxygen octahedra. A second evidence presented was the electric-field induced satel-
lite peaks observed around a specific Bragg x-ray reflection, representing spatial
modulations of the polar order. It was argued that the electron localization observed
at LAO/STO in field effect experiments is either influenced or even induced by the
polar order: this phase transition strongly reduces the lattice polarizability of STO at
the interfaces. This in turns reduces the dielectric screening and enhances the effect
of disorder leading to a tighter confinement and a decrease in mobility. Additional
indications for polar order in LAO/STO, in the absence of gating, are provided by
electron microscopy experiments [12, 13]. The data points at polar order developing
even at room temperature at much sharper (atomic) length scales, involving a com-
bination of octahedral rotation and polar displacements in both LAO and STO. The
effect of electrostatic gating on these short-scale atomic displacements remains to
be investigated.

A second class of lattice effects relevant to transport and gating experiments in
LAO/STO pertains to the tetragonal ferroelastic domains formed below 105K. By
means of a scanning single electron transistor technique, Honig et al. [14] demon-
strated that the electrostatic landscape of LAO/STO is a direct map of the tetragonal
domains of STO, with the local potential exhibiting ∼1mV steps at the domain
boundaries between in-plane and out-of-plane oriented domains. As the LAO/STO
interface is gated, these domainsmove by∼1µm/Vdriven by either anisotropic elec-
trostriction or direct coupling to polar walls. Importantly for transport experiments,
Kalisky et al. [15] have shown, using a scanning magnetometry technique, that these
domain boundaries constitute enhanced conduction paths. This can be understood
as a combined effect of enhanced carrier density and mobility at the domain walls.
Motivated by these findings, the investigation of nanoscale properties of LAO/STO
remains to this date a frontier area of research that is discussed below in a separate
section.

Thermopower. In 2010 Pallecchi et al. [16] considered the Seebeck effect of
LAO/STO under the application of gating down to 77 K. The data is consistent
with a tightly confined layer with a 2D density of states. Electrostatic gating was
found to change the carrier density as well as the width of the confinement. More
recently, the same authors have considered thermopower at low temperature and at
gating fields on the verge of carrier depletion [17]. They observe a remarkably high
thermopower (105 µV/K) oscillating as a function of the gate voltage, attributed to
a periodic density of states arising from localized states.
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3.2 Evidence for Multi-band Conduction
from Magnetotransport

At high carrier densities (several 1013 cm−2), magnetotransport at the LAO/STO
interface displays a complex evolution in magnetic field, which has been attributed
to the presence and occupation of several electronic bands [3, 7, 18–20]. Evidence
of the existence of several bands has also been provided by Nernst effect measure-
ments [21]. A growing body of theoretical models have been proposed to explain
the multiband transport, making room to accommodate for its peculiar gate voltage
dependence [3, 21–25]. The electron spatial distribution in the confinement poten-
tial has been a key ingredient, providing an explanation for the existence of bands
with different mobilities, accessible at different electrostatic doping levels set by the
application of a gate-voltage.

3.2.1 Anisotropic Magnetotransport

From an extensive list of exotic properties, one of the most surprising experimental
observations is the peculiar anisotropy of magnetotransport under externally applied
magnetic fields of large magnitude. When the field is applied in the plane of the
2DES, a large negative magnetoresistance is observed, showing a dramatic bell-
shaped drop in resistance with respect to its zero-field value [9, 25, 26]. This negative
magnetoresistance is extremely sensitive to the angle of the applied magnetic field,
vanishing when the field is slightly tilted out of the plane. Furthermore, a strong,
approximately six-fold, anisotropy in transport is observed with respect to the angle
of the applied field within the plane of the 2DES [25].

At low temperatures, Shubnikov-deHaas oscillations in the longitudinal resistivity
have been observed [7, 20], from which the extracted carrier density is one order
of magnitude smaller than that extracted from the Hall effect. To date, the origin
of this discrepancy is missing a clear explanation. At small magnetic fields applied
perpendicularly to the plane of the 2DES, the magnetoresistance gradually changes
sign as a function of gate-voltage from negative (WL) to positive (WAL) [4, 6],
originating from spin-orbit coupling with a rather large energy scale. Interestingly
enough, superconductivity was shown to emerge at the same gate-voltage that strong
spin-orbit coupling sets in [4, 5].

3.2.2 Universal Lifshitz Transition

For samples displaying high-mobility, a simple yet effective model was put forward
to explain the observed transport. Experiments have shown [24] that, for this type of
samples, there is a critical carrier density below which the Hall voltages are linear
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in magnetic field, indicating that transport follows a single-band behavior. Above
this critical density, Hall curves become non-linear, which is consistent with a two-
band transport. This transition is observed to occur at a critical carrier density of
∼1.6 × 1013 cm−2 for several samples with different thicknesses and mobilities.
This apparent universality hints that the observed transition is not disorder-driven
[27], but instead has its origin in intrinsic properties of the 2DES.

This scenario predicts that the critical density corresponds to a Lifshitz transi-
tion between the population of a single, light along the conduction plane, dXY band
and the additional population of two heavy bands: the dXZ and the dY Z . The reason
for the difference in their mobilities can be understood from a simple geometrical
argument: both the dXZ and dY Z bands have one pair of lobes pointing out-of-plane,
while both lobes of the dXY are in plane, shifting this band to a lower energy. Gate-
dependent angle-resolved photoemission spectroscopy measurements recently cor-
roborated this scenario [28]. This band picture provides an elegant explanation for
the sudden appearance of spin-orbit interactions as a function of gate-voltage. Spin-
orbit interactions should be most prominent where the bands are degenerate, which
corresponds exactly to the energy where the heavy bands start being populated, i.e.,
the Lifshitz transition. In turn, the influence of Rashba spin-orbit coupling is also
peaked at the Lifshitz point, because it is directly proportional to the atomic spin-
orbit coupling. The resulting band structure, introduced by Ruhman et al. [29], has
been pivotal to explain various magnetotransport phenomena [6, 9, 30, 31].

3.3 Ground State of the LaAlO3/SrTiO3:
Superconductivity and Magnetism

In 2007, shortly after the discovery of the 2DES at the LAO/STO interface, magnetic
effects were reported in this system, based on the observation of hysteretic magneto-
resistances at 0.3 K [32]. This was especially exciting, as magnetism is not present
in any of the bulk components, revealing new states emerging from “boring band
insulators” by their combination. At the same time, it was discovered that the 2DES
is also superconducting below about 0.2K [33]. Moreover, these measurements were
compatible with a two-dimensional (2D) superconducting system, with a peculiar
type of transition, as it was later confirmed by other experiments [2, 5, 34]. Both
phenomena being thought to be antagonist, and indeed not being observed in the
same samples in these first years, it triggered a debate about the “true nature” of
the ground state. Possible explanations rely on the presence of oxygen vacancies:
On one hand, it was suggested that the superconductivity state is obtained when the
carrier concentration is increased due to their presences; on the other hand it was
also suggested that the same vacancies were responsible for titanium polarization.
Several years later, coexistence of superconductivity and magnetism was reported
[35, 36], but some techniques indicate that superconductivity and magnetism might
be spatially separated [37], or occurring in different electronic bands [38]. Due to the
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difficulties inherent to the pulsed laser deposition (note however that superconducting
samples have also been fabricated using growth by molecular beam epitaxy [39]),
the extreme sensitivity of the SrTiO3 to oxygen defects, and the variation of SrTiO3

substrate qualities (number of defects, chemical content, etc.), different groupsmight
conclude differently simply because they have different samples.

This section will focus on three topics, first on magnetism, then on superconduc-
tivity and its two-dimensional nature, and finally on the modulation of the LAO/STO
properties by electrostatic field effect.

The first indications of “magnetic effects” [32] were relying on hysteresis in the
magnetoresistance curves (see Fig. 3.1a). The interpretation of the curves (which
were also depending on the sweep rate of the magnetization) could not give a clear
picture of the mechanisms at play. Magnetoresistance and Hall effect remained a
technique of investigation of the magnetic effect, and qualitative behavior could be
reproduced considering two conducting bands in parallel, one of them containing
magnetic impurities [38]. Other effects related to the Rashba effect at the interface
might be responsible for magnetic-like effects [40]. Macroscopic magnetic measure-
ments were also performed, but the magnetic volume and the associated moments
being so weak or diluted, totalizing a few nAm2 at most, their interpretation must
be extremely cautious [35, 41]. Alternatively, x-ray magnetic circular dichroism at
the Ti L2,3-edge (the magnetism being potentially found in the 3d band of Ti [42],
even though it was also predicted to occur at the LaAlO3 surface [43]) gives more
direct evidence of “intrinsic” (not related to impurities) magnetism situated at the
interface, or at least close to it. Some groups reported [44] the observation of such
dichroism, other did not find any (see e.g. [45] or supplementary of [46]). It was
also reported that oxygen vacancies seem to play a major role in the observation
of the Ti dichroic signal in LAO/STO [47]. Local probe, precisely a micro-SQUID,
allowed to observe localized and disconnected dipole patches (<3µm and∼107μB)
[37] (Fig. 3.1b) situated probably near the interface and sensitive to the tip pressure
[48]. This last observation suggested a role of strain related to defects and to step
edges. Magnetic force microscopy may have also revealed some magnetic patches
[49]. Finally, LAO/STO has been used as an electrode in a magnetic tunnel junction
with Co as second electrode [50]. The tunnel magnetoresistance signal changes with
gate voltage, suggesting a connection with the 2DES, but results are varying with
thermal cycling, pointing again to a phenomenon related to defects or domain walls
appearing at the SrTiO3 cubic-tetragonal structural phase transition at about 105K
[51]. It has also been suggested that the ground state could be a long-wavelength
spiral [52]. The magnetic effects at the LAO/STO interface are hence still matter of
research to understand the phenomenon in more details.

TheSrTiO3 is known to be superconducting in bulk systemswhen it is oxygen defi-
cient [53, 54] or if it is doped by substitution of Ti byNb or Sr by La [55]. It was hence
natural to think that chemical doping could explain this observation. Interestingly, the
growth of superconducting very thin films (<10nm) of cation-doped SrTiO3, either
by La or Nb, was failing until a new strategy was adopted: Growing a “delta-doped”
SrTiO3 avoids band-bending effects at the surface and hence allowed the fabrica-
tion of extremely thin (5.5nm) layers of doped SrTiO3 which exhibit very similar



3 Transport Properties of TMO Interfaces 43

Fig. 3.1 Magnetic effects at the LAO/STO interface. a First hints of magnetic properties were
revealed by hysteretic magneto-resistance curves at low temperature [32]. b Later, local SQUID
measurements exposed the presence of local dipoles totalizing typically 107 Bohr magnetons [37]

superconducting properties than the LAO/STO system [56]. When LaAlO3 is grown
on top of SrTiO3, similar band-bending might occur, but probably not strong enough
to insure conductivity due to the differences in workfunctions only [57]. For bulk Nb-
doped SrTiO3, the superconductivity shows two gaps [58], but this was not observed
in theLAO/STOsystem [59]. The couplingmechanismcould be a rather conventional
BCSelectron-phonon, despite the lowcarrier density. Interestingly, on the other hand,
a pseudogap temperature has also been found, indicating that the 2D superconduc-
tivity at the LAO/STO interface might share some ingredients with high-temperature
superconductors [59, 60].

The two-dimensional character of the superconductivity in LAO/STO manifests
itself in several aspects. We detail two of them: the resistive transition in temper-
ature and the anisotropies of the critical magnetic fields. For 2D materials where
a Berezinskii-Kosterlitz-Thouless (BKT) transition is expected, a finite resistance
appears at temperature at which the thermally activated vortex-antivortex pairs
unbind. In the LAO/STO case, a more complex case of the melting of a vortex-
antivortex lattice could replace the conventional BKT mechanism, and is indeed
quantitatively agreeing with observations [33]. The resistance as a function of tem-
perature follows a characteristic law close to the BKT transition temperature TBKT
and the current-voltage curves exhibit a power-law V = I a , the a coefficient taking
the value 3 at TBKT, as it was observed now is several groups [2, 33, 61]. Devia-
tions from these laws are associated with finite size effects [62]. A somewhat more
direct evidence for the 2D nature of the superconducting state is the anisotropy of
the critical magnetic fields [34]: Applying the field in-plane or out-of-plane leads
to markedly different effect. Considering a superconductor with a magnetic field
applied in-plane, if its thickness is lower than its coherence length, the wave func-
tion amplitude cannot vary over it, and hence the superconductivity is not destroyed
before the field-associated energy goes beyond the pairing energy. This happens in
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Fig. 3.2 Superconductivity and its modulation in the LAO/STO system: a Resistive transition as a
function of the gate voltage, displaying a remarkable tunability and a superconductivity-insulator
transition near the lowest doping; b, c zoom on the high concentration curves; d resulting phase
diagram with the superconducting Tc dome as a function of the normal state sheet conductance,
which reflects the carrier concentration. Figure from [66]

BCS systems at the Clogston-Chandrasekhar paramagnetic limit [63, 64] given by
μ0HCC = Δ(0)/(

√
2μB), whereμ0HCC is the applied field,Δ(0) is the gap energy at

T = 0,μB is the Bohrmagnetron and a gyomagnetic ratio of 2 is assumed. It has been
observed that this limit is overcome by a factor 5 [5, 34]. This is an extremely strong
indication of the 2D nature of the superconductivity in LAO/STO and it also reveals
that spin-orbit effects or other corrections such Fulde-Ferrell-Larkin-Ovchinikov
type of condensate [65] must be taken into account for a precise quantitative descrip-
tion of the observed critical fields.

Owing to the very low carrier concentration (of the order of 1013 cm−2) of the
2DES, the extremely large dielectric constant (∼104 ε0) of the SrTiO3 substrate at low
temperature, and its twodimensional nature, electrostatic field effect using theSrTiO3

substrate as a gate dielectric is very efficient to modulate the properties of LAO/STO.
In particular, it has been possible to tune the superconducting state and reveal a dome-
like shape of the critical temperature as a function of the gate voltage, or the carrier
concentration [2, 60, 67]. “Top gates” (without SrTiO3) lead to similar properties,
even though themechanism is cleaner, it is harder to realize [67–69]. Side gates taking
again advantage of the huge dielectric constant of SrTiO3 have also been used [70,
71]. Finally, it is noteworthy that the adsorbates at the surface of LaAlO3 influence
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the properties of the 2DES [72]. Whatever the doping technique, a superconducting
dome is found: the critical temperature first increases with the carrier number, it
culminates at about 0.3K and then reduces as the carrier number is further increased,
as visible in Fig. 3.2. At the low concentration edge of the dome, a quantum critical
point (QCP) is found, corresponding to a superconductor to insulator transition [2,
66]. Explaining this dome shape is rather complicated asmany parameters are at play.
First the volume carrier density does not scale linearly with the areal carrier density,
which is the quantity that is modulated with gate voltages (without mentioning extra
difficulties stemming from trapped states in SrTiO3 [73]): Indeed due to the strong
field-dependence of the SrTiO3 dielectric constant, and the electrical potential well
shape, the 2DES can actually expand as carrier concentration is reduced! Second, as
the areal carrier concentration is increased, different conduction bands get populated,
and associated to the different bands is a more or less strong Rashba spin-orbit
coupling. As mentioned above, as the Rashba coefficient strongly increases (several
folds), the superconducting transition appears and culminates [4]. The correlation
between Rashba and superconductivity might be more than coincidental…

The ground state properties of LAO/STOare hence still amatter of active research!
But whatever the nature of the “true” ground state, the superconductivity that can be
modulated by gate voltage or by geometrical constriction establishes a very unique
test system to understand two dimensional, or even one-dimensional superconduc-
tivity, and, who knows, even help to uncover the mysteries of high temperature
superconductivity.

3.4 Nanopatterning

Patterning of the interfacial 2DES is crucial to the realization of functional electrical
devices.When compared to their semiconductor counterparts, where the 2DES is typ-
ically buried hundreds of nanometers below the surface, the 2DES at the LAO/STO
interface offers the exciting possibility of extremely reduced dimensions, since it
lives only a few nanometers below the surface. However, producing high quality
nanoscale structures at the LAO/STO interface has proven challenging due to inher-
ent stoichiometric and structural intricacies associated with complex oxides [74].
Here, we make a brief overview of the main approaches to patterning LAO/STO and
the progress in creating functional devices in this system.

Conventional photo- and e-beam lithographic techniques have been extensively
used to laterally define structures by locally controlling the thickness of the crys-
talline LAO layer [75]. The STO substrate is patterned prior to the LAO thin film
deposition and, after development, an amorphous LAO layer is deposited. After lift-
off, the STO substrate is cleared in the areas protected by the resist, thus yielding
conducting regions upon epitaxial LAO growth. The areas covered by the amor-
phous layer remain insulating. Figure3.3b shows a microbridge realized by means of
this technique. In certain cases, to ensure that resist residue does not disrupt the
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Fig. 3.3 Nanopatterning techniques. a AFM tip moving left to right above a 3 u.c. LAO/STO
interface, locally changing the charge state of the surface creating a conducting wire. From [77]. b
Atomic force microscope image of an 800 nm wide bridge. Polycrystalline/amorphous LAO, grown
on the amorphous STO, has a lighter color, while the epitaxial LAO has a darker one. The 2DES is
created only below the epitaxial LAO. From [76]

conducting interface in the device region, 2 unit cells of LAO are first deposited
epitaxially over the entire substrate, after which the process described above is per-
formed. By using this patterning method, conducting features as small as 500 nm
have been achieved with e-beam lithography [76].

Conducting features down to just 2 nm have been realized through the direct
atomic force microscope (AFM) writing technique [78]. A sub-critical-thickness
(3 u.c.) LAO thin film is deposited on the entire substrate, which can be locally
and reversibly switched between a conducting and insulating state by applying a
positive or negative voltage to the AFM tip, respectively (see Fig. 3.3a). The most
widely recognized mechanism of formation for this metastable conductive state is
the local modification of the surface charge [79] through voltage-mediated addition
and removal of water in the form of OH and H+ [80].

3.5 Other Paths of Exploration

3.5.1 Spintronics

Spintronics is an alternative information scheme which uses the spin of the carriers,
rather than their charge. Devices will require the injection, transport, modulation and
detection of spin currents. The LAO/STO could be an interesting platform to test
spintronics ideas, particularly owing to the possibility to modulate the Rashba effect
(acting on the spin current) in this system of relatively large mobility. A first step
towards such possibilities has been indirectly demonstrated with the spin injection
at the LAO/STO interface from a conventional ferromagnetic metal electrode [81,
82]. Again, the behavior of the 2DES at the LAO/STO interface seems to be slightly
different fromwhat is observed inNb-doped SrTiO3 [83, 84], but the field of research
is still at its infancy for SrTiO3-based systems and further studies will be needed to
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get rid of the measurement problems and artifacts related to the tunnel barriers. In
particular, so-called “non-local” measurements still need to be realized in order to
directly measure the spin diffusion length.

Another interesting use of the LAO/STO system in spintronics is related to the
spin to charge current conversions. Due to the Rashba interaction, spin and momen-
tum are coupled, meaning that a charge current can imply a spin accumulation, and
reciprocally. This spin accumulation can relax in a nearby material and hence pro-
duces a spin current. If a ferromagnet is placed in contact, the LAO/STO 2DES will
produce a spin-torque on its magnetization, as it was first observed in 2014 [40].
The reciprocal effect (spin pumping from a ferromagnet into the 2DES, creating a
charge current) has been observed recently, and very interestingly, a gate voltage can
strongly modulate the amplitude (reaching values larger than what can be found in
metal multilayers) and even the sign of the effect can be changed [85].

The LAO/STO system is hence showing very interesting properties in the frame-
work of the spintronics, and its study will surely lead to other remarkable observa-
tions.

3.5.2 Diode Effects, Circuits and Sensors

Since the first decade of the 2000s, people speak about oxitronics, that is electronic
circuits made of oxide systems, taking advantage of the very diverse behaviors of
oxide systems.

A radically new approach has been proposed at the very beginning: the conducting
circuit could be written by atomic force microscopy on an insulating three-unit-cells-
thick LAO/STO interface as described in Sect. 3.4 [86]. Of course this lithography
technique is not viable for consumer products, but could be useful for very peculiar
applications [70, 77]. It also permits to study clean circuits of variable geometries to
investigate size or quantum effects [87], which are interesting from a fundamental
point of view.

Amore traditional approach has been used to design circuits, starting from diodes
[88] to complete oscillator circuits [89] using field effect transistors [90]. Diodes
with extremely large blocking voltage can be realized, as well as very large capaci-
tances [35] thanks to the particularities of the LAO/STO system: The 2DES can be
completely expelled from below a gate electrode, changing dramatically the effective
geometry of the system. These electronic components and circuits are operating at
room temperature and above. They might find application in peculiar niche.

Finally, this interface also displays interesting properties as sensor, either of light
[91] or of adsorbates, and hence indirectly gas [72].
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