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Abstract
Two-dimensional electron gases in semiconductors have found use in applications such as
optoelectronics, high-power radio-frequency and magnetoelectronic devices. The ability to
grow heterostructures of oxides exhibiting similar effects is a significant step towards the
fabrication of all-oxide devices. Here, we give an overview of recent studies of two-dimensional
electron gases formed at the interface between polar and non-polar perovskites. We discuss the
proposed explanations of the origin of the conductivity and properties of the ground state.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Strongly correlated electron systems (SCESs) are a wide
class of materials that show unusual electronic and magnetic
properties. Many, if not most, transition metal oxides are
SCESs, which, although chemically similar, exhibit the full
gamut of electronic properties from band insulator, through
Mott insulator, semiconductor, metal, to superconductor, and
also many unusual magnetic properties such as colossal
magnetoresistance, to name only a few examples [1–6].

The reason metal oxides, and in particular the family
of perovskites, exhibit such a broad spectrum of physical

properties is because of the profound effect subtle structural
changes, such as bond lengths and angles, have on the interplay
between the valence electrons. The electronic structure of
SCESs can neither be described by assuming nearly free
electrons, nor by a completely ionic model. Rather, the
situation is intermediate, involving a complex set of correlated
electronic and magnetic phenomena, hence the term ‘strongly
correlated electrons’. Such systems are difficult to model,
because the balance between competing phenomena is easily
shifted by small changes in the atomic structure, resulting
in large physical effects [7, 8]. Hence, the possibility of
engineering new and unexpected physical properties, and
understanding the complexity of the underlying mechanisms
represents a burgeoning field of research in modern condensed-
matter physics.

A fundamental understanding of correlated electron
effects in surfaces and interfaces is essential in the drive
to fabricate future devices exploiting these effects. Indeed,
this scientific endeavour is particularly important when one
considers the prosaic fact that any electronic device must be
coupled to the rest of the world via motion of electrons through
an interface. Hence, in addition to the question of how the
various unexpected and novel phases arise in bulk SCESs, one
should ask what changes occur at their surfaces and interfaces.

The perovskite transition metal oxides have a general
formula of ABO3, whereby the 12-fold coordinated A-site is
mostly occupied by an alkaline-earth, whereas the six-fold
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Figure 1. The figure shows a comparison of high-resolution transmission electron microscopy images of a semiconductor and an oxide
heterostructure. The left image shows a GaAs/AlAs multilayer [9], while on the right a PbTiO3/SrTiO3 multilayer [10] is shown. Both have
comparable thicknesses of the individual layers of 4 nm. Reprinted with permission from [10]. Copyright 1999, American Institute of
Physics.

coordinated B-site contains a transition metal, a rare-earth-ion,
or a group-III metal, surrounded by an octahedron of oxygen
atoms. This structure can also be thought of as consisting
of alternating AO and BO2 atomic sublayers (ALs). Taking
oxygen to have a formal valence of O2−, the A and B cations
can assume values of A2+B

4+
, A3+B

3+
, etc. Hence those

perovskites with the charge distribution A2+B4+O3 contain
formally neutral AO and BO2 ALs (analogous with the (001)

planes of the group IV semiconductors, such as Si or Ge),
while A3+B3+O3 structures (e.g. LaTiO3 and LaAlO3) have
alternating AO+ and BO−

2 planes, just as the III–V or II–VI
compound semiconductors, such as GaAs or CdTe, also have
charged planes.

The crystallographic quality of heterostructures of thin
oxide films, grown by pulsed laser deposition (PLD) [11],
magnetron sputtering [12], or molecular beam epitaxy
(MBE) [13] is nowadays comparable to that of semiconductor
heterostructures, as shown in figure 1. While semiconductors
are well understood and used in many technical applications,
oxide electronics is still in its infancy. An important challenge
of the next few years will be to discover which of the technical
possibilities used in semiconductor science can be transferred
to oxide structures.

In this review article, we will present the physical
relationships between the atomic and electronic structures at
the interface between two insulating materials, specifically
between polar and non-polar materials. In the following
section, we will discuss the so-called electronic reconstruction,
arising at the interface between LaTiO3 and SrTiO3, both from
a theoretical and an experimental point of view. In section 3
we concentrate on the interface between LaAlO3 and SrTiO3

and describe a quasi-two-dimensional electron gas (q2-DEG),
which emerges in this heterostructure. In section 4, we discuss
the different explanations advanced to explain the origin of the
q2-DEG, while a discussion about the properties of its ground

state is reviewed in section 5. In the final section conclusions
are drawn.

2. An electronic reconstruction

An interesting heterostructure was discovered by Ohtomo et al
in 2002. They grew multilayers of SrTiO3 and LaTiO3, where
the former is a band insulator with electrically neutral atomic
planes and the latter is a Mott insulator with alternating charged
atomic planes [14]. In SrTiO3, titanium is tetravalent and
has therefore an empty d-band, whereas in LaTiO3, titanium
is trivalent, and therefore has one d electron. Scanning
transmission electron microscopy (STEM) images indicated
an abrupt interface between the two materials, although the
distribution of the titanium d-electrons, determined by electron
energy loss spectroscopy (EELS) spectra was not abrupt but
spread into the SrTiO3. The central titanium site exhibited
a bulk-like EELS spectrum only after five unit cells of
LaTiO3. These superlattices were metallic—the conductivity
depends on the thickness of the LaTiO3 interlayers and is
about two thirds of the corresponding bulk Lax Sr1−xTiO3

with the same stoichiometry [14]. Electrical conductivity
measurements performed in 2004 by Shibuya et al confirmed
metallic behaviour, with a lowest electrical resistivity of
200 μ� cm at 300 K [15]. The temperature dependence of the
resistivity could be described by the relation ρ = ρ0 + AT 2

up to about 150 K, which indicates strong electron–electron
interaction [16]. Photoemission studies observed a metallic
Fermi edge [17].

This study inspired Okamoto and Millis to investigate
these superlattices from a theoretical point of view [18–20].
The LaTiO3/SrTiO3 heterostructures are an ideal model
to study the consequences of electronic charge spreading,
i.e. electronic reconstructions alone. The two other key
factors in correlated electron behaviour, namely changes in
interaction strengths and bandwidths are minimized by the
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chemical similarity and the near lattice match of these two
materials. They calculated an electronic phase diagram as
a function of the number of LaTiO3 layers and the on-site
interaction parameter, i.e. the ratio between the Hubbard term
U and the hopping integral t . From this, they were able
to determine the spatial variation of charge, spin and orbital
densities for the relevant phases. They found that the near-
interface region is metallic and ferromagnetic over a wide
range of parameter space, whereas the bulk LaTiO3 phase
is insulating and antiferromagnetic. The transition region is
about three layers wide, i.e. one needs at least seven layers of
LaTiO3 to recover bulk-like behaviour in the central region.
Quasi-particle subbands exist near the Fermi edge, which
have a non-negligible fraction of the total charge density,
indicating a relatively robust metallic character. They found
even in the presence of strong bulk correlations a finite mass
renormalization. About the same width of the leakage of
charge carriers into the SrTiO3 was seen by Satpathy et al by
local spin density approximation (LSDA and LSDA+U ). The
potential of the LaTiO3 layer has a wedge-shape, forming an
Airy-function delocalized electron distribution [21, 22]. In
contrast to Okamoto and Millis, they found a paramagnetic
transition region.

The effect of possible atomic rearrangements, however,
was not considered. Because the titanium oxide octahedra
are negatively charged, they should be more strongly attracted
by the trivalent lanthanum than by the divalent strontium.
In two further publications, the influence of such lattice
relaxations was taken into account. Hamann et al performed
density functional theory (DFT) calculations in the generalized
gradient approximation (GGA), from which they could explain
the charge spread of the titanium d-electrons by large
polarization effects due to the different amounts of relaxations
of the anions and cations in a model at finite temperature [24].
A similar ferroelectric-like distortion of the TiO6 octahedra
was found by Okamoto et al using local density approximation
+ Hubbard U calculations (LDA + U ) [23]. The oxygen
and the titanium ions were displaced relative to each other
by about 0.15 Å normal to the interface, which produces a
local ionic moment that screens the Coulomb field created
by the substitution of Sr2+ by La3+ ions. This leads to
an increase of the Ti–Ti distance by about 0.08 Å, as can
be seen in figure 2(a). The screening caused by the lattice
relaxation reduces the charge density on the central titanium
atom and produces a charge spread into the SrTiO3, as shown
in figure 2(b). The relaxations also dramatically changed
the electronic phase diagram and formed a novel symmetry-
breaking-induced ordering of the xy orbitals, which occurs
neither in bulk LaTiO3, nor in the unrelaxed case for this
superstructure.

3. A high mobility electron gas

A similar behaviour was found between two band-insulating
materials by Ohtomo and Hwang, who reported on the
formation of a high mobility, quasi-two-dimensional electron
gas (q2-DEG) at the interface between LaAlO3 and
SrTiO3. They found an extremely high carrier mobility,

Figure 2. (a) The calculated optimized lattice structures of the
[LaTiO3]1/[SrTiO3]8 superstructure. (b) The charge density for the
same superstructure for both the relaxed and unrelaxed case.
Reprinted figure with permission from [23]. Copyright 2006 by the
American Physical Society.

up to 104 cm2 V−1 s−1 (which, they noted, seemed to be
unphysically high), with quantized magnetoresistance peaks,
whereby the peak order number was inversely proportional to
the magnetic field [25]. If we consider heteroepitaxial film
growth on a single-layer terminated perovskite substrate, two
different interfaces can arise, as illustrated in figure 3: if the
SrTiO3 is terminated by a TiO2 layer, LaAlO3 starts growing
with an LaO layer, whereas LaAlO3 begins with the AlO2 layer
if the top SrTiO3 layer is SrO. In the ionic limit, the SrO and
TiO2 layers are charge-neutral, whereas the LaO and AlO2

layers are positively and negatively charged, respectively, and
have a net charge of one layer of ±σ .

This alternating layer charge induces an electric dipole,
which must be compensated for an ideal and abrupt planar
interface. Otherwise, the electric potential across the film
layer increases linearly with thickness, which rapidly results
in an unphysical surface potential. In order to avoid such
a polar catastrophe, Noguera showed that the surface and
interface layers have to have a net charge of σ/2 [26]. Such a
compensation in AlO2/LaO2/TiO2 interfaces could be realized
by a mixed valence state of titanium (one half Ti3+, one half
Ti4+). So that on average, there is half an electron extra per
unit cell, which results in an ‘n-type’-like interface. In the
case of an AlO2/SrO/TiO2 interface, the only possible way
of compensating is by invoking oxygen vacancies (p-type),
since none of the cations can assume still higher valence states.
Interestingly, the n-type interface was shown to be conducting,
while the p-type is insulating.

Ohtomo and Hwang measured the Hall resistance of the
samples in a typical six-probe Hall bar geometry with contacts
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Figure 3. Schematics of two different possible interfaces of the LaAlO3/SrTiO3 heterostructure. The left and right images show the n-type
structure with a TiO2/LaO interface, and the p-type structure with SrO/AlO2 interface, respectively. Reprinted by permission from Macmillan
Publishers Ltd: Nature [25], copyright 2004.

Table 1. Summary of the PLD growth conditions, i.e. the oxygen partial pressure, the temperature, laser fluence, post-growth annealing and
the measured sheet carrier densities.

pO2 (mbar) T (◦C)

Laser fluence
(J cm−2)

O2

post-annealing ns (cm−2) Reference

10−4–10−6 800 1 — 3 × 1014–1017 [25]
10−5 750 3 4 h, 550 ◦C 5 × 1014 [31]
10−6 750 n.g.a — n.g. [32]
3 × 10−5 850 1.3 — 1.8 × 1014 [33]
2–6 × 10−5 770 n.g. 2.5 h, 600 ◦C 1013 [34–36]
10−6 800 2 —b 1016–1017 [37]
10−5–10−6 815 ∼ 1 — 2 × 1016 [29, 30]
10−3–10−6 750 n.g. — n.g. [38]
1.0–2.5 × 10−3 850 n.g. — n.g. [39]
5 × 10−6 770 1 — n.g. [40]

a Not given in reference.
b In some cases, the samples were simply allowed to cool in 500 mbar O2.

penetrating to the interface. Interpreting their experimental
result as being due to free charge carrier density would imply
n = 1017 cm−2. This should be compared to 3.3 × 1014 cm−2

for half an electron per unit cell, as would be expected by a
simple electronic reconstruction. Indeed, in this first report,
Ohtomo and Hwang noted that the measured conductivity was
unphysically high. Their work attracted a worldwide concerted
effort to explain the conductivity of the interface, but also to
determine the ground state of the electron gas. In the next
section, we will summarize the work performed to explain the
conductance from both a theoretical and an experimental point
of view.

4. Possible explanations

4.1. Oxygen deficiency

Ohtomo and Hwang could not exclude the possibility of
oxygen vacancies within their sample [25]. It is well
known that even for a small oxygen deficiency, SrTiO3−δ

becomes semiconducting and then metallic, and that the
mobility of the charge carriers is high even for high charge
carrier concentrations [27]. Siemons et al confirmed the
resistivity and mobility measurements. Their ultraviolet
photoelectron spectroscopy (UPS) data also indicated electron
states extending up to the Fermi energy [28–30]. Their growth
conditions were similar to those of Ohtomo and Hwang—
the oxygen background pressure was about 1.33 × 10−4 Pa.
Subsequent oxygen annealing lowered the density of states at
the surface. In addition, they found that the repetition rate of
the pulsed laser had an influence on the electronic properties.
Both these results underline the influence of subtle changes in
the growth conditions on the structure. All the different growth
conditions and sheet carrier densities of the various studies
mentioned in this paper are summarized in table 1.

Since the number of states was lowered when the sample
was oxidized, they concluded that the anomalously high
conductivity is due to the introduction of oxygen vacancies.
Since the initial SrTiO3 was not conducting at all and had no
oxygen vacancies, it was proposed that they were introduced
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Figure 4. (a) The polar catastrophe: the electric potential induced by the alternating charged layers increases with each layer of LaAlO3.
In (b), divergence is avoided by transfer of half an electron per unit cell in the top titanium layer.

by the PLD process, whereby the energetic particles from the
ablation plume impinging on the surface sputter off the oxygen.
They further assumed that the vacancies were confined to
a thin layer near the interface, whereas the electrons are
separated from the dopants and spread exponentially deep into
the substrate.

Kalabukhov et al compared photoluminescence and
cathodoluminescence measurements of three different systems,
i.e. of SrTiO3 with oxygen vacancies induced by Ar-
bombardment, of LaAlO3 films grown on SrTiO3 substrates
under typical growth conditions and of SrTiO3 substrates
subjected to the same typical growth conditions and times,
but without actual LaAlO3 film growth [37]. All three
sample types showed very similar behaviour in conductivity
and optical properties. Subsequent oxygen annealing of the
samples always increased the resistivity.

Herranz et al measured the resistivity as a function of
an applied magnetic field, both perpendicular and parallel to
the current, and found Shubnikov–de Haas (SdH) oscillations
at T < 4 K and magnetic fields B � 6 T [38]. The
SdH frequencies in the magnetoresistance were the same for
both orientations for the magnetic field, which suggests a
uniform 3D character of the electronic system—the calculated
thickness of the conducting layer in their results is strikingly
close to the substrate thickness. Indeed, they observed similar
mobilities and resistivities for homoepitaxially grown oxygen-
deficient SrTiO3−δ and Co-doped Lax Sr1−x TiO3 samples from
earlier studies [41].

These studies demonstrate that there is no doubt that
oxygen vacancies exist to a lesser or greater extent, depending,
above all, on the background pressure of oxygen during
film growth and that they affect the conductivity. Film
growth performed at low oxygen pressure, i.e. below 10−3 Pa,
results in high oxygen vacancy concentrations, which can well
describe the high mobility and conductivity of the samples.
But, if the growth is performed under higher oxygen pressure,
the films are still conducting, albeit with conductivities which
are two to three orders of magnitude lower. The number of
charge carriers lies in the region of the intrinsic charge carrier
limit of 3.2 × 10−14 cm−2. Brinkman et al have shown that,
if the density of charge carriers, induced by oxygen vacancies
nox falls below this region, the intrinsic charge carriers play a
major role [39]. Crucially, however, those interfaces involving
the SrO/AlO2 sublayers were always insulating. We discuss
this important result now.

4.2. A polar discontinuity

If the conductivity does not vanish when there are no or
very few oxygen vacancies, there must be another reason
for the conducting interface. Ohtomo and Hwang explained
their discovery by an electronic reconstruction due to a polar
discontinuity at the interface [25], i.e. the alternating positive
and negative atomic layers of LaAlO3 lead to a nonzero
dipole moment. As mentioned in section 3, this has to be
compensated at the surface [26, 42]. Such an interface is
shown in figure 4. Although an anomalously high mobility and
charge carrier density can be explained by oxygen vacancies,
this electronic reconstruction can be the underlying cause
of conductivity at the interface for samples grown at higher
oxygen pressures. Discontinuities between polar and non-
polar materials influence the interface, because there must be
a compensation of the electrical dipole here. Materials with
a considerable polar character, however, introduce a larger
energy cost for atomically abrupt interfaces (see figure 4(a)).
This can lead to atomic structural changes in the interface
region. For example, it is known for traditional semiconductors
that growing polar films on non-polar materials (GaAs on Ge
or Si) can cause significant interface roughening, unless the
composition transition is graded to ensure there is no net formal
interface charge. This grading results in a microscopically
rough interface and, in many cases, also a measurable electrical
band offset [43–45].

However, Nakagawa et al proposed in 2006: ‘If the
electrons can move, the atoms do not have to’ [31].
Importantly, titanium can be either trivalent or tetravalent. In
other words, in the trivalent state, it contains one 3d electron.
If there is an electronic reconstruction, the titanium in the
TiO2 atomic layer between (LaO)+ and SrO is in a mixed
valence state. If we assume a nominal average charge of +3.5
(i.e. transfer of half a layer charge into the TiO2 AL) for this
interfacial titanium, the polar catastrophe is avoided, as can be
seen in figure 4(b).

Thiel et al proposed that a minimal electrical potential
must build up in order to induce electron transfer [34, 35]:
The electrical potential Vstack, resulting from stacking the polar
(LaO)+ and (AlO2)− on top of the SrTiO3 substrate, diverges
with the layer thickness—or, in other words, with the number
of deposited layers of LaAlO3n. A reconfiguration of ‘mobile’
electrons occurs only if the energy difference between the state
of mobile electrons Emobile and the initial configuration E0 is
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Figure 5. (a) Cumulative out-of-plane lattice deviation from a bulk SrTiO3 reference frame of a five-monolayer LaAlO3 on SrTiO3

heterostructure. (b) Interfacial occupation of the different ions in the heterostructure [40].

smaller than the electrical potential, i.e. Emobile − E0 = �E <

Vstack = nVu.c., where Vu.c. is the potential build up per unit cell
thickness. A lower limit of the number of unit cells required to
induce the electronic reconstruction would then be of the order
nc = �E/Vu.c.. It was found experimentally that the lower
limit was nc = four unit cells of LaAlO3 [34].

Although most research has been performed on single
interfaces, Huijben et al investigated the influence of the p-type
(AlO2/SrO) interface on the n-type (LaO/TiO2) interface in an
early study [33]. They varied the number of LaAlO3 layers
buried within SrTiO3 and vice versa. For separation distances
of less than six monolayers they determined an increase in
sheet resistivity, independent of the heterostructure type. This
thickness matches well with the minimal size needed to recover
bulk-like behaviour in the LaTiO3/SrTiO3 system described
above. The sheet carrier density for a large separation between
the interfaces was approximately 1.8 × 1014 cm−2, which
corresponds to about a quarter of an electron per unit cell.

According to a theoretical study by Park et al, both
electron- and hole-doped interfaces should be metallic [46].
However, the influence of oxygen vacancies in the case of an
n-type interface only introduces further electrons, i.e. n-type
charge carriers, and conductivity is increased. In the case of a
p-type interface, the charge carriers are holes. The introduction
of oxygen vacancies, and therefore electrons, compensate the
holes present at the interface.

4.3. Lattice distortion

Since the unit cell of SrTiO3 is slightly larger than that
of LaAlO3, one might expect a decrease of the out-of-
plane lattice constant for LaAlO3 films heteroepitaxially
(i.e. pseudomorphically) grown on SrTiO3. In fact, a dilation
at the interface was observed by Maurice et al, using high-
resolution transmission electron microscopy (HRTEM) [32].
They argued that a Jahn–Teller like distortion is the reason for
the elongation, which minimizes the electron energy: the two
atomic sublayers LaO and TiO2 across the interface form a unit
cell of LaTiO3, which has a larger lattice constant (by 0.065 Å
for pseudocubic bulk unit cells). The dxz and dyz orbitals of the

t2g states are therefore lowered in energy compared to that for
the dxy state. Implicit in this explanation is the trivalent nature
of the titanium ion in this single LaTiO3 monolayer.

Vonk et al measured the initial structure of LaAlO3 on
SrTiO3 films for a deposition of less than one monolayer, using
surface x-ray diffraction (SXRD) [47]. For a half occupied
first monolayer of LaAlO3, the displacements are qualitatively
similar to those in the HRTEM results. A comprehensive
SXRD study was performed by Willmott et al [40], who
studied a five-monolayer thick film. This study also confirmed
the interfacial dilation, which can be seen in figure 5(a). They
explained the lattice deviations by simple ionic considerations
of intermixed cations at the interface, discussed in more detail
below.

4.4. Cationic intermixing

So far, we have considered the interface as abrupt and
atomically perfect. However, Nakagawa et al found that the
roughness of the conducting n-type interface is approximately
1.9 unit cells. The insulating p-type interface roughness,
however, is only 0.77 unit cells [31]. This roughening, or
the exchange of strontium by lanthanum, reduces the dipole at
the interface. In the p-type interface, there is no delocalized
screening electron, and any dipole can be compensated by
oxygen vacancies, so there is no need for cationic intermixing.

In their SXRD study, Willmott et al could confirm this
interfacial roughening [40]. In fact the changeover from
strontium to lanthanum occurs not 0.5 unit cells deep, but
in fact 1.5 unit cells deeper in the structure than the one
from titanium to aluminium (see the two crossover points in
figure 5(b)). They argue that the thus formed (La, Sr)TiO3,
which is known to be metallic for a broad compositional range,
is the origin of the conductivity of the interface.

In a very recent work, Fitting Kourkoutis et al
studied the heterostructures of LaVO3—a Mott-insulator—and
SrTiO3 [48]. LaVO3 also consists of alternately charged atomic
layers. The interface has a roughness of about 1.77 unit cells,
which is very similar to that found in interfaces with LaAlO3.
They explained it by segregation of strontium into LaVO3.

6
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Figure 6. (a) Logarithmic dependence of the increase of resistivity towards lower temperatures, forming a ferromagnetic ground state. Inset:
four-point differential resistance as a function of applied voltage, at a constant temperature of 2, 10, 50 and 180 K (curves 1–4, respectively).
Reprinted by permission from Macmillan Publishers Ltd: Nature Materials [39], copyright 2007. (b) Transport measurements of the
superconducting ground state: sheet resistance versus temperature. From [36]. Reprinted with permission from AAAS.

In another recent publication, Hotta et al investigated
the transport properties of these heterostructures [49].
Interestingly, in the (001)-direction the n-type interface is
conducting, whereas the p-type is insulating, i.e. the same
as for LaAlO3/SrTiO3 interfaces. Furthermore, they also
inspected the interface in the (110)-direction, where both
SrTiO3 and LaVO3 consists of alternately charged atomic
layers, formally of ±4 elementary charges per surface net cell.
This structure has no polar discontinuity and is also insulating.

5. Ground state

Pentcheva and Pickett predicted a ferromagnetic behaviour of
the interfacial d-electrons at the LaAlO3/SrTiO3 interface [50].
Okamoto and Millis also predicted a highly polarized
ferromagnetic ground state at the interfaces in similar
LaTiO3/SrTiO3 superlattices. In both papers, the conduction
electrons are localized at the Ti-lattice site. Okamoto predicts
that the screening due to the lattice relaxation produces a long
‘tail’ in the charge distribution into the SrTiO3 [23].

The growth conditions (i.e. temperature and ambient
oxygen pressure) not only govern the origin of the charge
carriers, but also influence the ground state of the material.
There is an ongoing debate regarding the ground state of the
electron. Brinkman et al found a minimum in resistivity at
a finite temperature (see figure 6(a)). The sheet resistance
could be described by RS = a ln(T/Teff) + bT 2 + cT 5, where
the potential terms come from electron–electron and electron–
phonon scattering and Teff can be interpreted as the Kondo
temperature [39]. They further observed a large negative
magnetoresistance effect, which is independent of the direction
of the magnetic field. This indicates that the magnetoresistance
is caused by the spins of localized electrons and not by orbital
effects.

Brinkman et al grew their films at higher temperatures
and oxygen pressures (p � 10−4 mbar, T = 850 ◦C) than
Reyren et al, who found a superconducting ground state, with
a critical temperature as high as Tc = 200 mK [36]. The phase
transition of the electron gas to its superconducting state can be

described by a two-dimensional electron system, undergoing
a Berezinskii–Kosterlitz–Thouless transition [51, 52]. They
set an upper limit of the superconducting sheet thickness of
10 nm, whereas the coherence length of the Cooper pairs is
about 70 nm.

6. Conclusion

In conclusion, the meteoric progress in the fundamental
understanding of thin film growth and atomic engineering of
polar interfaces in oxide heterostructures over the last four
to five years has laid the bedrock for the future fabrication
of integrated electronic devices using these exceptionally
adaptable materials. It is expected that the effect of metallicity
at the interface between insulators, a wonderfully illustrative
example of how subtle changes in the structure of these systems
can lead to fundamental changes in physical properties,
will play an important role in the future success of this
technology.
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