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Résumé

Durant les dernières décennies, la possibilité de modifier les propriétés électroniques
d’un matériau de façon contrôlée a créé une véritable révolution dans les technologies
de l’information et de la communication. Le meilleur exemple en est le transistor à
effet de champ, un dispositif étant capable de conduire un courant électrique ou de le
bloquer à la simple application d’un champ électrique externe.

Cette fonctionnalité fut rendue possible par la création d’une interface entre deux
matériaux, d’une part un isolant et d’autre part un semi-conducteur. Cette simple con-
struction est en fait l’élément central de nos ordinateurs ou téléphones portables mod-
ernes, en effet rien que dans un seul de ces derniers plusieurs centaines de millions
de transistors y sont rangés. Le point le plus intéressant est que chaque constituant de
l’interface pris séparément n’exhibant pas de comportement électronique particulière-
ment remarquable, il s’agit bel et bien de l’interface qui crée la fonctionnalité. Dès
lors, il est extrêmement intéressant de se poser la question de ce qu’il adviendrait des
propriétés d’une structure composée de matériaux "de base" plus complexes (comme
par exemple les oxydes de métaux de transition qui peuvent présenter des propriétés
supraconductrices, magnétiques, ...); celles-ci pourraient bien être totalement inatten-
dues ! Une communauté scientifique très active explore actuellement les propriétés de
ces matériaux artificiels et l’intérêt pour les nouvelles propriétés électroniques trouvées
à leurs interfaces se développe rapidement. Le point clé vient de la structure cristalline
des oxydes qui pour une structure similaire offrent des propriétés physiques extrême-
ment variées, ce qui permet de les combiner dans un cristal artificiel, comme des bricks
de Lego de couleurs différentes peuvent être assemblés dans une seule structure.

Dans cette thèse nous avons étudié l’interface entre un isolant, LaAlO3, et un semi-
conducteur, SrTiO3, où un gaz électronique à été découvert. Cette combinaison de
matériaux est parmi les plus intensément étudiées car elle permet d’établir le lien entre
le monde des oxydes complexes et les hétérostructures de semi-conducteurs conven-
tionnels basé sur les composés III-V. La majeure partie des échantillons étudiés dans
cette thèse a été fabriquée dans notre laboratoire. Nous avons attentivement analysé le
rôle des conditions de fabrications dans la détermination des propriétés électroniques
de cette interface. Ces travaux ont permis d’optimiser les paramètres de croissance et
nous ont permis d’éviter des pièges, tels que la délocalisation des porteurs de charge
dans le substrat due à des lacunes d’oxygène.

Puisque le gaz électronique se trouve dans un matériau doté de riches propriétés
électroniques, de nouveaux phénomènes intéressants sont attendus. Dans cette thèse
nous avons montré que cette interface devient supraconductrice à des températures
inférieures à 300 mK. La dépendance en température du champ magnétique critique in-
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dique que le plan supraconducteur est bi-dimensionel (2D) avec une épaisseur d’environ
10 nm. Nous avons mis en évidence que la transition supraconductrice peut être inter-
prétée en terme d’activation thermique de vortex libres, comme attendu dans la limite
2D. Une autre évidence de supraconductivité 2D est la transition de phase quantique
vers un état isolant traditionnellement contrôlé soit par une augmentation du niveau
de désordre soit par l’application d’un champ magnétique. Nous avons étudié ce
phénomène sous l’effet de champs magnétiques et électriques. En effet l’application
du principe du transistor à effet de champ à de nouveaux systèmes électroniques offre
l’opportunité de contrôler leurs propriétés et en définitive leurs états fondamentaux.
En utilisant cette approche, nous avons mis à jour un diagramme de phase caractérisé
par un point critique quantique séparant une poche supraconductrice d’une phase lo-
calisée. La transition de phase quantique a lieu à une valeur de résistance proche de
la résistance quantique des paires de Cooper. La tension de grille a été utilisée afin de
contrôler la température critique et de mettre en évidence un régime sous-dopé et un
régime sur-dopé.

La compréhension de la nature de la région isolante dans le diagramme de phase de
ce système électronique est particulièrement importante. Nous avons mis en évidence
une correction quantique à la conductivité, connue sous le nom de localisation faible
qui résulte des effets d’interférences entre les électrons et produit un état fondamental
isolant à partir d’un système 2D sans interaction ayant une concentration d’impuretés
arbitrairement faible. Nous avons observé la dépendance de la conductivité en tem-
pérature et en champ magnétique caractéristique de ce mécanisme de localisation.

Nous avons également mis en évidence le rôle clé dans ce contexte de l’interaction
spin-orbite, une manifestation remarquable de la relativité restreinte en mécanique
quantique. À une interface, une rupture de symétrie d’inversion a lieu naturellement,
entraînant la présence de forts champs électriques. En effet la grande distorsion po-
laire locale du SrTiO3 à l’interface atteste de l’importance de ce phénomène. Nous
avons montré que la correction quantique à la conductivité provenant de l’interférence
des électrons peut promouvoir la délocalisation des charges dans le cas d’une interac-
tion spin-orbite suffisamment forte. Cet effet est décisif dans les systèmes 2D, où une
transition métal-isolant peut être induite. Nous avons évalué l’influence de cette inter-
action spin-orbite sur les propriétés électroniques du système en mesurant la magnéto-
conductance dans le régime à faible mobilité. Nous avons démontré que l’interaction
spin-orbite peut être contrôlée par l’application d’une tension de grille. Nous avons
également discuté la corrélation remarquable entre l’apparition d’une forte interaction
spin-orbite et l’émergence de la supraconductivité. Le temps de relaxation de spin
présente un comportement caractéristique associé à la brisure de symétrie d’inversion.

Nous avons aussi étudié des échantillons caractérisés par des mobilités suffisam-
ment grande pour observer des niveaux de Landau bien définis dans des champs mag-
nétiques de quelques Tesla. Nous avons observé des oscillations quantiques dans la
résistance en fonction du champ magnétique. Ces oscillations dépendent uniquement
de la composante perpendiculaire au plan de l’interface du champ magnétique. Ces
résultats démontrent la présence d’états électroniques 2D provenant du confinement
quantique. Une augmentation de la tension de grille entraine une augmentation de la
mobilité, de la densité de charges et de la fréquence des oscillations. La fréquence
de ces oscillations révèle une occupation multiple des sous-bandes du puits quan-
tique ou une configuration à plusieurs vallées. Puisque la masse effective des porteurs
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de charge obtenue de la dépendance en température de l’amplitude des oscillations
est plus grande que la masse effective de l’électron libre, la séparation des niveaux
d’énergie par effet Zeeman est plus grande que la séparation des niveaux de Landau.
Ceci est un régime non-conventionnel, qui n’avait pas encore été exploré dans les
hétérostructures de semi-conducteurs basé sur les composés III-V.

Finalement nous avons présenté une approche innovante, basée sur la lithographie
à faisceau d’électrons, pour fabriquer des dispositifs dont les dimensions latérales sont
de l’ordre du libre parcours moyen de l’électron et de la longueur de cohérence supra-
conductrice, typiquement 100 nm. Dans cette étude nous avons observé une grande
modulation par effet de champ de l’état supraconducteur.
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Introduction

Figure 1: Henri Matisse - La Leçon de piano, huile sur toile, 245x212, 1916, MoMA.

Je ne peins pas les choses, je ne peins que le rapport entre les choses.

Henri Matisse mastered the use of colour and form to convey emotions according
to the principle outlined in this quote attributed to the great French artist. Rather than
focusing on the minute details of his representations he believed that a powerful ar-
rangement of different forms and colours is of paramount importance to communicate
effectively through painting. His ideas are a source of inspiration for modern scien-
tists, who have begun a quest for novel electronic properties in condensed matter by
boldly associating materials of very different "colour".

A powerful driving force behind the information and communication technology
revolution we have witnessed in the last decades is the ability to control on-demand
the electronic properties of a material. The best example is the field effect transistor,
a device whose ability to conduct an electrical current can be extensively controlled
by applying an electric field. Several hundred million of these devices operate in one
pocket, closely packed inside a smartphone. This functionality is made possible by the
creation of an interface between two materials, a semiconductor and an insulator, that
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Figure 2: Models of heterostructures of lanthanum aluminate between strontium titanate
layers. The atoms are represented by colored spheres (oxygen, white; lanthanum, orange;
aluminum, yellow; strontium, large blue; and titanium, small dark blue). From Ref. [1]
Credit: J. Huijben

in their bulk form do not offer useful properties. It is the interface which generates the
functionality. An exciting opportunity, opened by recent advances in material science,
is to study interfaces and surfaces of quantum materials that even in their bulk exhibit
functional properties such as magnetism or superconductivity. Indeed, there is great
potential for new electronic properties at their interfaces.

An important class of these novel materials is represented by the transition metal
oxides where outstanding electronic properties such as ferroelectricity, superconduc-
tivity and colossal magnetoresistance are observed. This remarkable diversity is found
in materials possessing a similar crystalline structure. This creates the opportunity
to combine them in artificial crystals characterised by sharp interfaces, just like Lego
bricks of different colours can be assembled in a single structure. A lively scientific
community is currently exploring the properties of these artificial materials and the in-
terest for the novel electronic properties found at their interfaces is increasing rapidly.
These studies are fueling the growth of the semiconductors industry, as demonstrated
by the recent integration of high-permittivity oxides in commercial transistors.

In this thesis we have studied the interface between an insulator, LaAlO3, and a
semiconductor, SrTiO3, where a two-dimensional electron gas is found. This combi-
nation of materials is among the most intensely studied, as it establishes a connection
between the world of complex oxides and conventional semiconducting heterostruc-
tures based on III-V compounds. As we will see in Chapter 1, SrTiO3 is an out-
standing semiconductor, that offers exciting functionalities such as superconductivity
and a strong coupling between the electronic properties and the lattice. In this thesis
we will consider how these phenomena emerge in the context of a two-dimensional
electron gas. In Chapter 2 we will consider the superconducting properties of the
LaAlO3/SrTiO3 interface and how these can be controlled using the field effect transis-
tor approach. Since the electrostatic field effect is essentially an interface phenomenon,
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we can anticipate particularly interesting results. Chapter 3 will be dedicated to the
study of the carrier localisation and spin-orbit interaction in this system. In Chapter 4
we will demonstrate the presence of two-dimensional electronic states originating from
quantum confinement. Finally, in Chapter 5 we will discuss an innovative approach,
based on electron-beam lithography, to fabricate nanoscale devices.
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Chapter 1

Functional interfaces

Interfaces between semiconductors have been extensively studied in the past. A new
research direction that has emerged in recent years, thanks to extraordinary advances
in fabrication techniques, is the study of the behaviour of interfaces between complex
oxides. These materials, in contrast to semiconductors, exhibit a variety of physical
phenomena originating from interactions among electrons. More importantly, there is
potential for exciting new discoveries on their interfaces and surfaces. In this work
we restrict our discussion to a narrow selection of materials characterised by a simple
perovskite structure. We will begin by presenting the fascinating physics of these
materials.

1.1 Functional oxides

A wide range of oxides of chemical formula AB O3 (A and B are two cations) crys-
tallizes at high temperatures in the cubic structure represented in Figure 1.1. This
structure belongs to the space group Pm3̄m and, as highlighted in the same Figure, can
be visualised along the 001 direction, as a stacking of AO and BO2 planes. In these
representations we can also appreciate that the B atom is surrounded by an oxygen oc-
tahedron. This atomic arrangement is found in the mineral perovskite (CaTiO3), and
for historical reasons this name was extended to the broad class of materials that share
the same structure. However, this simple cubic arrangement is rarely their ground
state. As the temperature is lowered these materials often undergo different structural
transitions towards a lower-symmetry phase. These structural distortions can be clas-
sified in two groups, polar or non-polar, depending on whether or not the appearance
of an electric dipole is associated with the transition. A typical non-polar instability,
called antiferrodistortion (AFD), is an alternating rotation of the oxygen octahedra in
opposite directions. On the other hand, these compounds can also develop a sponta-
neous polarization related to the displacement of the cations with respect to the oxygen,
which is responsible for ferroelectricity (FE). The tolerance factor, defined as

f =
rA + rO√
2(rB + rO)

(1.1)

5



1. FUNCTIONAL INTERFACES

Figure 1.1: Left: perovskite structure AB O3. The A atom is represented in red, the B
atom in blue and the oxygen in green. Right: representation of the perovskite structure
that highlights the stacking of AO and BO2 planes.

where rX is the ionic radius of the element X , helps us to predict which kind of dis-
tortion will occur. If f > 1 the material has a tendency towards polar FE distortions
(in insulating compounds), while if f < 1 AFD instabilities dominate. Therefore,
depending on the choice of cations, these oxides can display diverse physical proper-
ties. A cation with partially filled 3d shells, (among the most studied Ti, Mn, Ni and
Cu) has proven to be a particularly interesting choice. Indeed, these orbitals give rise
to narrow electronic bands, where the interactions between the electrons play an im-
portant role. Moreover the electrons delocalisation, being determined by the overlap
between 3d orbitals and O 2p states, strongly depends on the nature of the structural
distortion. Therefore a strong coupling between the lattice and charge, spin and orbital
degrees of freedom is often observed. In these special conditions, the macroscopic be-
haviour of the solid is determined by a delicate balance between these different ingre-
dients. A man-made perturbation of one of these elements can lead to large responses,
that are potentially very interesting for applications. For example, in the manganese-
based compounds, a magnetic field of a few teslas can induce a change of resistivity
of several orders of magnitude, a phenomenon known as colossal magnetoresistance.
Copper-based compounds, with a slightly more complex crystal structure, display su-
perconductivity with the highest critical temperatures ever observed. These are exam-
ples of emergent phenomena, exotic new properties that cannot be anticipated using
only a reductionist approach.

1.1.1 SrTiO3

Let us consider a complex oxide that displays a particularly rich spectrum of physical
properties: SrTiO3. The lattice parameter of its cubic phase is 3.905 Å. This material is
generally classified as a semiconductor, with a band gap of 3.2 eV that separates filled
O 2p bands from Ti 3d bands [2]. Because the Ti atom is surrounded by an oxygen
octahedron, the 3d levels are split by the crystal field into eg and t2g states (see Figure
1.9). SrTiO3 can be electron doped by La substitutions on the Sr site, Nb substitutions

6



1.1 Functional oxides

Figure 1.2: Antiferrodistortive displacement of the oxygen atoms (in green) of bulk
SrTiO3 in its low-temperature tetragonal phase.

on the Ti site or by creating oxygen vacancies. A transition towards a metallic state
is observed at exceptionally low carrier concentrations (∼ 1016 cm−3) [3]. In the
cubic phase three degenerate t2g bands are partially occupied. At temperatures <
1 K, a superconducting ground state is observed for electron concentrations between
8.5·1018 cm−3 and 3·1020 cm−3 [4]. The critical temperature goes through a maximum
as a function of carrier density. The carrier mobility also depends on the carrier density
and can be as high as 20000 cm2/Vs.

The ionic radii of the elements present in the structure are Sr2+∼132 pm, Ti4+

∼60.5 pm and O2−∼140 pm. Since the tolerance factor is f ' 0.96, AFD instabilities
dominate over FE distortions and drive a structural second order transition from a
cubic to a tetragonal phase at ∼105 K which doubles the unit cell. The oxygen atom
displacement related to this AFD distortion is shown in Figure 1.2. The displacement
occurs gradually as the temperature is lowered beneath the transition temperature. The
maximum rotation of the oxygen octahedron is of the order of 2◦. This phase transition
not only brings about a domain structure in the crystal, but also significantly affects
the electronic bands of the material, the most important effect being the lifting of
the degeneracy of the t2g levels [5]. Because this distorsion rotates the O atoms in
the TiO2 plane, the overlap of the Ti 3d orbitals with the O 2p orbitals decreases for
the in-plane direction while it remains constant in the out-of-plane direction. Band
structure calculations predict a pair of low-energy t2g bands (dyz and dzx) and a third
high-energy dxy band [5]. The same analysis predicts that the spin-orbit interaction
of the Ti ions causes a separation of the low-energy levels. Recent angle-resolved
photoemission spectroscopy (ARPES) measurements provided a direct measurement
of the Fermi surface in the tetragonal phase, shown in Figure 1.3 [6]. When the t2g

7



1. FUNCTIONAL INTERFACES
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Figure 2. Fermi surface topography of STO. (a)–(d) Band dispersion in the
(010) plane for photon energies of 19, 24, 27 and 29 eV, respectively. Doped
STO has a cubic unit cell and a three-dimensional Fermi surface, consisting of
three ellipsoid-like surfaces along each axis (see more details in [14]); when
including the spin orbit coupling term in the calculation [11], a shift in the
Fermi surface occurs, as shown in figure 3(e). (e) Fermi surface map near the
Brillouin zone mid-plane (hν = 27 eV). The solid green lines are guides to
the eye. Estimated kz positions for (a)–(d) are indicated by the orange lines
in the schematic Fermi surface (f), where half of the whole Fermi surface is
plotted; green (blue) indicates the bulk (surface) band. Note that in x = 0.01
samples a second bulk band is expected with a Fermi crossing near the surface
band. However, this band appears to be overshadowed by the more intense
surface-related band and further suppressed by the matrix element near the
� point.

Figures 3(a) and (b) show the occupied bands, along the �X direction in the vicinity of the
� point of the x = 0.01 and 0.05 samples. By aligning the kFs of the ARPES data with those of
the LDA dispersions [11], we estimate that the dopings of the x = 0.01 and 0.05 samples are
slightly higher than the nominal dopings (1.5 ± 0.2 and 5.6 ± 0.5%, respectively: figure 3(e)),
likely due to a small oxygen deficiency at the surface.

New Journal of Physics 12 (2010) 023004 (http://www.njp.org/)

Figure 1.3: Fermi surface of SrTiO3 measured by ARPES [6]. (a)-(d): Band disper-
sion along the (010) direction for different photon energies. (e) Fermi surface map. (f)
Schematic Fermi surface.

levels are partially filled, it consists of an inner sphere and three ellipsoids along each
axis. This particular shape arises from the strongly anisotropic dispersion of the 3d
levels. Indeed each band is characterised by a strong curvature along two directions
and one direction where the dispersion is nearly flat.

Some Authors claim that additional phase transitions are present in this material
at 65 K (orthorhombic structure) and possibly at 10 K (rhombohedral structure) [7].
Analyses of the low temperature structural anomalies indicated that these are related
to domain wall motion [8] and the only true structural phase transition occurs at 105 K.

Although FE instabilities were neglected so far in this discussion, they must be
considered in order to form a complete picture. Detailed calculations of the phonon
dispersion curves show that FE instabilities are in competition with the AFD distor-
tions bringing about an extraordinary phenomenon. It was demonstrated that, although
pure bulk SrTiO3 remains paraelectric at any finite temperature, quantum fluctuations
of an incipient ferroelectric phase are present and produce, at low temperatures, a large
increase of the dielectric constant [9, 10, 11, 12]. This is illustrated in Figure 1.4, where
a measurement of the dielectric constant of a single crystal of SrTiO3 as a function of
temperature is displayed. Since quantum fluctuations affect the dielectric properties
of this material so dramatically, SrTiO3 has been called a quantum paraelectric. This
special property is also observed in a few other titanates (EuTiO3 and CaTiO3) and in
KTaO3. Because of the high lattice polarisability, a strong electron-phonon coupling
is expected in this material. The optical conductivity of SrTi1−xNbxO3 shows an ef-
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1.2 The conducting LaAlO3/SrTiO3 interface

0 50 100 150 200 250
0

0.2

0.4

0.6

0.8

T (K)

ε 
(1

04 )

Figure 1.4: Dielectric constant ε as a function of temperature T of a a single crystal of
SrTiO3.

fective mass enhancement attributed to electron-phonon coupling and to the formation
of large polarons [13] (m∗/me = 1.9± 0.3), but not the gigantic renormalisation that
one would naively expect in such a highly polarisable medium.

The high dielectric constant also explains the remarkably low carrier concentration
at which a metallic state is observed. In fact, the donor binding energy is related to the
dielectric constant εr by

ED = −13.6 eV
(
m∗e
me

)
ε−2r (1.2)

which can be less than 1µeV at low temperatures where εr ∼ 104 [3].

The ferroelectric state can be stabilised by chemical substitutions [14, 15, 16, 17],
isotope exchange [18], electric fields [19], or by imposing a large strain to the struc-
ture [20, 21]. This can be accomplished by growing epitaxial thin films on different
substrates.

Indeed, all these phenomena make SrTiO3 an outstanding semiconductor. A two-
dimensional electron gas hosted in this material can offer exciting functionalities such
as superconductivity and a strong coupling between the electronic properties and the
lattice. In this thesis we will explore both phenomena. In Chapter 2 we will con-
sider the superconducting properties of a SrTiO3-based two-dimensional electron gas.
Chapter 3 will be dedicated to the study of the spin-orbit interaction in this system,
which arguably is related to the unusual dielectric response of SrTiO3. In Chapter
4 we demonstrate the presence of two-dimensional electronic states originating from
quantum confinement in SrTiO3. The rest of the present chapter is set aside to discuss
the realisation of a two-dimensional electron gas in SrTiO3-based heterostructures.
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1. FUNCTIONAL INTERFACES

Figure 1.5: Model of heterostructure of lanthanum aluminate and strontium titanate. The
atoms are represented by colored spheres (oxygen, green; lanthanum, yellow; aluminum,
purple; strontium, red; and titanium, blue).
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Figure 1 The polar catastrophe illustrated for atomically abrupt (001) interfaces between LaAlO3 and SrTiO3. a, The unreconstructed interface has neutral (001) planes
in SrTiO3, but the (001) planes in LaAlO3 have alternating net charges (ρ). If the interface plane is AlO2/LaO/TiO2, this produces a non-negative electric field (E ), leading in
turn to an electric potential (V ) that diverges with thickness. b, If the interface is instead placed at the AlO2/SrO/TiO2 plane, the potential diverges negatively. c, The
divergence catastrophe at the AlO2/LaO/TiO2 interface can be avoided if half an electron is added to the last Ti layer. This produces an interface dipole that causes the electric
field to oscillate about 0 and the potential remains finite. The upper free surface is not shown, but in this simple model the uppermost AlO2 layer would be missing half an
electron, which would bring the electric field and potential back to zero at the upper surface. The actual surface reconstruction is more complicated21. d, The divergence for
the AlO2/SrO/TiO2 interface can also be avoided by removing half an electron from the SrO plane in the form of oxygen vacancies.

have a formal valence of O2−, the A and B cations can take on
values of A4+B2+, A3+B3+, A2+B4+ or A1+B5+, such that the ABO3

bulk structure remains neutral. Fractional charge values also arise
from solid solutions and/or mixed valence states. Just as compound
semiconductors made from group IV elements such as Si or Ge have
formally neutral (001) planes, the A2+B4+O3 or ‘II–IV’ structure
(such as SrTiO3) also contains neutral AO and BO2 (001) planes.
An analogue of the III–V or II–VI semiconductors such as GaN or
CdTe that have polar planes is the A3+B3+O3 or ‘III–III’ structure
(such as LaTiO3 or LaAlO3), which is composed of +1 AO and
−1 BO2 planes.

If we consider joining perovskites from two different charge
families with atomic abruptness in an (001) orientation, a polar
discontinuity results at the interface. Taking the example of joining
LaAlO3 with SrTiO3, two configurations arise, which can be
defined by the composition of the layer between AlO2 and TiO2 at
the interface: AlO2/LaO/TiO2 or AlO2/SrO/TiO2. Such a junction
between polar and nonpolar planes is very common in oxide
heterostructures, and the following discussion applies generally to
many perovskite interfaces. Figure 1a,b shows how an atomically
abrupt interface between polar and neutral layers leads to a
polar catastrophe (where the electrostatic potential diverges with
thickness) if there is no redistribution of charges at the interface.

Unlike conventional semiconductors where each ion has a
fixed valence, in complex oxides compositional roughening is
not the only option for charge rearrangement: mixed valence
charge compensation can occur if electrons can be redistributed
at lower energy cost than redistributing ions. Conceptually, one
can first construct the interface from neutral atoms and then
allow ionization, resulting in the net transfer of half an electron
per two-dimensional unit cell (e−/u.c.) from LaAlO3 to SrTiO3

across the interface (Fig. 1c). This process leaves the overall

structure neutral, with the Ti ion at the interface becoming Ti3.5+,
and the potential no longer diverges. The extra half an electron
at the AlO2/LaO/TiO2 (‘n-type’) interface should be physically
detectable by transport and direct spectroscopic measurements.
Indeed, metallic conductivity and Hall measurements suggest free
electrons at the n-type interface10. Figure 1d shows the analogous
construction for the AlO2/SrO/TiO2 interface where the SrO layer
must now acquire an extra half a hole per two-dimensional unit cell
(e+/u.c.) to maintain charge neutrality, that is, formally it should
be ‘p-type’. Electrically, however, this interface is insulating10. As
this positive charge is still electrostatically necessary to avoid the
divergence, and there are no available mixed-valence states to
compensate for the half a hole (such as Ti4.5+, which is energetically
inaccessible), an atomic reconstruction is required.

Here we show direct experimental evidence that the induced
interface charges at the AlO2/LaO/TiO2 interfaces are compensated
for by mixed-valence Ti states that place extra electrons in the
SrTiO3 conduction band. In contrast to this electronic interface
reconstruction, the AlO2/SrO/TiO2 interface is compensated by
the introduction of oxygen vacancies at the interface, an atomic
interface reconstruction. For repeated growth of polar interfaces in
LaAlO3/SrTiO3 superlattices, the cations intermix rapidly to reduce
the interface dipole energy, representing a fundamental limit on the
growth stability of multiple polar interfaces.

RESULTS

To understand the electrical asymmetry between the two interface
terminations, we examined the interfaces with atomic-resolution
electron energy loss spectroscopy (EELS) performed in a scanning
transmission electron microscope (STEM) with single atom and
vacancy sensitivity12,13. Atomic-scale measurements of composition
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Figure 1.6: The polar discontinuity of the LaAlO3/SrTiO3 interface. a) Unreconstructed
LaO/TiO2 interface. b) Unreconstructed AlO2/SrO interface. c) Reconstructed LaO/TiO2

interface. d) Reconstructed AlO2/SrO interface. From [24]

1.2 The conducting LaAlO3/SrTiO3 interface

In a landmark experiment performed in 2004 Ohtomo and Hwang considered the in-
terface between SrTiO3 and another insulating perovskite oxides, LaAlO3 [22]. Using
a chemical procedure previously developed [23] they prepared single crystals of (001)-
SrTiO3 characterised by a well defined TiO2 termination, with atomically flat surfaces,
with a step and terrace structure. On this substrate they deposited an epitaxial thin film
of LaAlO3 and they discovered that at the interface, a high mobility electron gas was
present.

This result attracted enormous attention form the condensed-matter physics com-
munity since it heralded the birth of a new class of two-dimensional electron gases,
hosted in exotic materials.

1.2.1 Doping mechanisms

The origin of the free carrier density found in LaAlO3/SrTiO3 interfaces is a controver-
sial problem. In this section we will discuss the different doping mechanisms proposed
in the literature and some experimental evidence favouring the different scenarios. A
mechanism that is often discussed is related to the special charge distribution created
in artificial LaAlO3/SrTiO3 heterostructures. Since, along the 001 crystallographic
direction, LaAlO3 is a polar material (that is, a stacking of charged La3+O2− and
Al3+O4−

2 planes), while SrTiO3 is non-polar (that is, a stacking of neutral Sr2+O2−

and Ti4+O4−
2 planes), an atomically abrupt junction of these two oxides creates a polar

discontinuity at the interface.
Two different atomic arrangements at the interface, illustrated in Figure 1.6, can

be considered: LaO/TiO2 or AlO2/SrO. In both cases, an atomically abrupt interface
between polar and non-polar layers generates an electrostatic potential which diverges
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1. FUNCTIONAL INTERFACES

layer deposition (!0:2 nm), ensures perfect layer-by-layer
growth.11) The !SrO at each region is deduced from the
products of total laser pulses and deposition rate (!0:042/
pulse). After making seven regions having various !SrO (0 "
!SrO " 1), 13 unit cells of LAO layer were successively
grown in the entire region of the sample at 800#C by
observing RHEED intensity oscillations as shown in
Fig. 1(c). The sample was cut into pieces and transport
properties of each region were measured in Hall bar
geometry with employing Al electrodes contacting to
laser-annealed STO surface through via-hole in LAO
layer.12)

Figure 2 shows the temperature dependence of sheet
resistance for the LAO/SrO/STO interfaces having various
!SrO. As !SrO increases, the interface electronic property
shows a increase in sheet resistance and undergoes metal-to-
insulator transition between !SrO ¼ 0:83 and 1. The temper-
ature dependence of Hall coefficient (RH) was measured by
applying magnetic fields up to 5 tesla normal to the surface.
For all the samples, magnetic field dependence of RH shows
linear relationship and sign of electron-type carriers. RH is
independent of temperature except for slight increases
observed blow 50K due to carrier freeze-out effect (not
shown), which is consistent with the behavior seen in lightly
electron-doped STO crystals.13) The representative values of
%1=RH taken at 150K, 200K, and 250K are plotted against
!SrO in Fig. 3. The right axis given by %1=RHe, where e is
the electron charge, corresponds to the sheet carrier density
in a system having one type of conduction carrier.14) The
sample without an insertion of SrO layer (!SrO ¼ 0), namely,
the (AlO2)%(LaO)þ/(TiO2)0(SrO)0 interface, exhibits sheet
carrier density almost equal to a value corresponding to 0.5
electrons at one Ti site (broken line). The electron density
decreases systematically with !SrO going from 0 to 1. This
behavior can be explained by taking electron doping from
(LaO)þ layer to (TiO2)0 layer into account (solid line). If
similar hole doping would have taken place at the (AlO2)%/
(SrO)0 interface, one would observe another dependence
shown by the dotted line.

It should be mentioned that the transport properties of
LAO/STO interfaces also depend on the growth conditions
and thickness of LAO layer. If the LAO deposition temper-
ature is higher or LAO thickness is thicker, STO in the
vicinity of the interface tends to show much more metallic
characteristics.15) We optimized the growth condition so that
!SrO ¼ 1 sample becomes insulating and !SrO ¼ 0 sample
gives extra electrons by 0.5 electrons per Ti site.

Figure 4 shows the temperature dependence of Hall
mobility ("H) in the LAO/SrO/STO interfaces. The value
of "H increases with decreasing temperature for all the
samples as seen in electron-doped STO crystals.13) Here we
note that, for all the samples, low temperature mobility is
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layer deposition (!0:2 nm), ensures perfect layer-by-layer
growth.11) The !SrO at each region is deduced from the
products of total laser pulses and deposition rate (!0:042/
pulse). After making seven regions having various !SrO (0 "
!SrO " 1), 13 unit cells of LAO layer were successively
grown in the entire region of the sample at 800#C by
observing RHEED intensity oscillations as shown in
Fig. 1(c). The sample was cut into pieces and transport
properties of each region were measured in Hall bar
geometry with employing Al electrodes contacting to
laser-annealed STO surface through via-hole in LAO
layer.12)

Figure 2 shows the temperature dependence of sheet
resistance for the LAO/SrO/STO interfaces having various
!SrO. As !SrO increases, the interface electronic property
shows a increase in sheet resistance and undergoes metal-to-
insulator transition between !SrO ¼ 0:83 and 1. The temper-
ature dependence of Hall coefficient (RH) was measured by
applying magnetic fields up to 5 tesla normal to the surface.
For all the samples, magnetic field dependence of RH shows
linear relationship and sign of electron-type carriers. RH is
independent of temperature except for slight increases
observed blow 50K due to carrier freeze-out effect (not
shown), which is consistent with the behavior seen in lightly
electron-doped STO crystals.13) The representative values of
%1=RH taken at 150K, 200K, and 250K are plotted against
!SrO in Fig. 3. The right axis given by %1=RHe, where e is
the electron charge, corresponds to the sheet carrier density
in a system having one type of conduction carrier.14) The
sample without an insertion of SrO layer (!SrO ¼ 0), namely,
the (AlO2)%(LaO)þ/(TiO2)0(SrO)0 interface, exhibits sheet
carrier density almost equal to a value corresponding to 0.5
electrons at one Ti site (broken line). The electron density
decreases systematically with !SrO going from 0 to 1. This
behavior can be explained by taking electron doping from
(LaO)þ layer to (TiO2)0 layer into account (solid line). If
similar hole doping would have taken place at the (AlO2)%/
(SrO)0 interface, one would observe another dependence
shown by the dotted line.

It should be mentioned that the transport properties of
LAO/STO interfaces also depend on the growth conditions
and thickness of LAO layer. If the LAO deposition temper-
ature is higher or LAO thickness is thicker, STO in the
vicinity of the interface tends to show much more metallic
characteristics.15) We optimized the growth condition so that
!SrO ¼ 1 sample becomes insulating and !SrO ¼ 0 sample
gives extra electrons by 0.5 electrons per Ti site.

Figure 4 shows the temperature dependence of Hall
mobility ("H) in the LAO/SrO/STO interfaces. The value
of "H increases with decreasing temperature for all the
samples as seen in electron-doped STO crystals.13) Here we
note that, for all the samples, low temperature mobility is
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Figure 1.7: Left: SrO fractional coverage dependence of the sheet resistance. Right: SrO
fractional coverage dependence of the inverse Hall coefficient. From Ref. [29]

with thickness of the polar layer (polar catastrophe). Indeed the charge dipole gener-
ated by this charge arrangement is not negligible. Even considering a bulk dielectric
screening of the electric field (εr = 25), which is certainly an overestimation, a shift in
electrostatic potential of about 1 V is produced for each layer of LaAlO3. Arguably, as
the number of layers grows, the accumulated electrostatic energy becomes larger than
the energy cost associated with a rearrangement of the atomic or electronic structure.
At a thickness of 4-6 u.c. (depending on the dielectric screening) this electrostatic en-
ergy becomes of the order of the LaAlO3 band gap (5.6 eV) and a transfer of charge
from the valence band of LaAlO3 to the conduction band of SrTiO3 can take place
[25].

A polar discontinuity is the driving force behind a number of interesting electronic,
ionic and chemical reconstructions observed in polar surfaces and interfaces. For ex-
ample the polar (111) surface of K3C60, a superconducting material, undergoes an
electronic reconstruction that changes the valence of the C60 ions [26]. The surface
of NiO (111) undergoes either a chemical reconstruction, by incorporating hydroxyl
groups on the surface, or an ionic rearrangement [27]. Finally, a well known example
from the semiconductors is the (001) heterojunction between Ge and GaAs, where a
50% intermixing of Ge and Ga atoms at the interface is driven by the polar disconti-
nuity [28].

In LaAlO3/SrTiO3 heterostructures the polar discontinuity can cause the recon-
struction of both the interface and the surface. In LaO/TiO2 interfaces, a charge corre-
sponding to -|e|/2 per unit cell missing from the surface and transferred to the interface,
would result in a more favorable electrostatic configuration (see Figure 1.6). This can
be accomplished by an electronic reconstruction involving a change of valence of ti-
tanium to Ti3.5+, which corresponds to an electron density of 3.3·1014 cm−2, hosted
in the Ti 3d bands at the interface [24]. In the case of the AlO2/SrO interface, a more
stable charge arrangement can be obtained by transferring +|e|/2 per unit cell from the
surface to the interface. Since a Ti4.5+ configuration is not accessible, in this case an
ionic reconstruction seems inevitable.
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1.2 The conducting LaAlO3/SrTiO3 interface

sequence at the interface, whereas in other sam-
ples, in particular those grown under low oxygen
pressure, growth-induced oxygen vacancies in
the SrTiO3 were the dominant source of doping
(4, 5). We chose a third approach to dope the
interface. By using the electric-field effect (9, 10),
we reversibly induced the q2-DEG in LaAlO3-
SrTiO3 interfaces, providing the possibility to
tune the carrier density of the q2-DEG without
perturbing the microstructure of the interface.

For field-effect doping, it is desirable to
use interfaces that have a low carrier density
and, in the extreme case, are even insulating. For
LaAlO3-SrTiO3 interfaces, this implies limiting
possible doping by the polarity discontinuity as
well as by oxygen defects. Although doping by
oxygen vacancies is reduced if the SrTiO3 is well
oxidized, it is preferable to use ultrathin LaAlO3

layers to avoid possible doping by the polarity
discontinuity, which would dope the interface if
the flow of electrons from the LaAlO3 into the
interface is energetically favorable and kineti-
cally possible. In the polarity discontinuity mod-
el, the driving mechanism is given by the polar
catastrophe (11), which leads to an electric po-
tential, V, across the LaAlO3 that diverges with
its thickness, d. The heterostructure can avoid the
divergence of V by introducing interface rough-
ness, by moving electrons into the interface, and
by adding oxygen vacancies (11). Because the
energy needed to activate LaAlO3 electrons such
that they can move does not depend on d, this
naBve consideration suggests that d may have to
reach a critical value, dc, for the interface to
become doped and hence conducting.

To analyze the properties of the electron gas,
we fabricated and measured field effect samples
(Fig. 1) with the techniques described in (12).
To gain information on the strength of doping by
oxygen defects in our samples, we analyzed one
d 0 6 uc sample by cathodoluminescence.
Luminescence was observed with minute intensity
only: Under standard measurement conditions (4),
no indications of oxygen defects were observed.

As the measurements show (Fig. 2A), for the
interfaces to be conducting, d has to reach a
critical thickness, dc 0 4 uc. All samples with d Q
4 uc were conducting Esheet conductance (ss) ,
4 ! 10j3 ohmj1 (at 4.2 K) and ss , 2 ! 10j5

ohmj1 (at 300 K)^; all samples with d G dc,
insulating (ss G 2 ! 10j10 ohmj1 at all temper-
atures T ). The observation of a dc of 4 uc is
consistent with the observation that the conduc-
tivity of SrTiO3-LaAlO3-SrTiO3 heterostructures
is reduced if their p and n interfaces are spaced
by less than 6 uc (13).

Control measurements were performed on
samples that were patterned to have conducting
interfaces with 5-uc LaAlO3 layers in the areas in
which the contacts were placed and subcritical,
2-uc- or 3-uc-thick bridges connecting these areas.
These samples are insulating and thereby provide
evidence that the critical-thickness phenomenon
is not simply caused by an effect that is generated
by the contact between the Au and the q2-DEG.

Further reference studies on samples contacted
without Ar ion–etched holes proved that the
conducting layer is not located at the surface of
the LaAlO3. The conductivity also does not occur
in bulk SrTiO3, as was reported (14) for samples
grown under less oxidizing conditions. To test for
bulk conduction, we removed the surface layer of
a conducting sample by polishing. The remaining
substrate was highly insulating.

According to Hall measurements done on the
conducting samples, their carriers are negatively
charged with mobilities of È1200 cm2 V–1 s–1

and È6 cm2 V–1 s–1 at 4.2 K and 300 K, re-
spectively, and densities n , 1013 cm–2 at all T
(Fig. 2B). These mobilities are high but lower
than the best values reported in literature (2–5),
probably because of the growth conditions used,
which were selected to obtain interfaces with
low carrier density.

Which information does the steplike de-
pendence of the interface conductance on d
provide for the doping mechanisms present in
these samples? The d dependence of the inter-

face conductance can only be accounted for by
doping from growth-induced oxygen defects, if
during sample fabrication oxygen can diffuse
well through 3-uc-thick layers but not through
4-uc-thick ones. For this case, one has to expect
that d Q 4 uc samples can be turned into in-
sulators, too, if the diffusion of oxygen through
their LaAlO3 layers is enhanced. To test this
prediction, we annealed a d 0 4 uc sample for
7 days at 400-C in 20 bar of O2. This oxidation
step did not result in an insulating interface but
reduced the conductance by a factor of 5 (at all
T ). It therefore has to be concluded that the d
dependence of the interface conductance agrees
with the behavior predicted for doping by the
polarity discontinuity, although additional dop-
ing by oxygen vacancies might still be present.

The insulating samples are well suited to gen-
erate and control a q2-DEG by the electric field
effect. Electric fields were induced across the
SrTiO3 or across the LaAlO3 by applying gate
voltages, VG,b, to backside contacts of the SrTiO3

or voltages, VG,f, to small test contacts silver-

Fig. 1. Sketch of the samples and the contact configurations [the left side of the sample sketch in
(A) is a cross-sectional cut]. The SrTiO3 substrates were 1 mm thick. Current-voltage and resistance-
temperature measurements were done with the configuration shown in (B); Hall measurements,
with the van der Pauw configuration of (C) using either the contact configuration shown in gold or
in silver. The charges listed in the lattice sketch represent the unrelaxed charge distribution.
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Figure 1.8: (A) Sheet conductance and (B) carrier density as a function of the number
of their LaAlO3 unit cells. From Ref. [30]

Experimentally it is observed that the LaO/TiO2 interface is conducting while the
AlO2/SrO interface is insulating [22]. In Figure 1.7 the sheet resistance as a function
of temperature of LaAlO3/SrTiO3 interfaces, characterised by a different coverage by
SrO of a TiO2 terminated SrTiO3 substrate, is shown [29]. A transition towards a
highly insulating state is observed as the coverage by SrO becomes complete, indicat-
ing that the atomic configuration of the interface defines the electronic properties of
this system. This is a very important result that demonstrates that the conducting state
observed in this system is an interface effect.

Another experimental evidence that supports this scenario is the observation of a
remarkable dependence of the transport properties of this system on the thickness of
the LaAlO3 layer, which is shown in Fig. 1.8. Samples in which the thickness of
LaAlO3 is less than 4 u.c. don’t display any conductivity. At 4 u.c. a sharp metal to
insulator transition is observed. This striking result was first reported by the Augsburg
group in 2006 [30], and it has since been reproduced in various laboratories around the
world, including Geneva.

Some argue that these two experimental observations indicate that an intrinsic dop-
ing mechanism is at play. However, an interpretation of this conducting state based
exclusively on the electrostatic picture we previously discussed is quite unsatisfying.
This model suffers from three main problems: it predicts a large carrier density that
is not experimentally observed, it neglects any other mechanism of compensation of
the polar discontinuity such as polar distortions and atomic intermixing and it does not
consider the role of defects.

Indeed, another possible doping mechanism is related to the creation of defects in
SrTiO3 during the growth of the LaAlO3 layer, such as oxygen vacancies and atomic
intermixing. SrTiO3 is a material that is particularly sensitive to chemical doping,
since it undergoes a metal to insulator transition at a low critical carrier density of
nc ' 1016 cm−3. As we will discuss later in detail (Section 1.4), the electronic prop-
erties of the system can be very sensitive to the preparation conditions. Several groups
have investigated samples prepared in conditions favoring the creation of oxygen va-
cancies in SrTiO3 [31, 32, 33]. Herranz et al. reported quantum oscillations of the
electrical resistance as a function of magnetic field in heterostructures characterized
by a large carrier density (of the order of 1016 cm−2) [31]. The oscillations in such
samples are independent of the direction of the applied magnetic field, pointing to a
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1. FUNCTIONAL INTERFACES

Figure 1.9: Electronic structure of the LaAlO3/SrTiO3 interface. Ti 3d energy levels
deduced from room temperature x-ray absorption spectroscopy [35].

three dimensional Fermi surface and a thickness of the conducting layer corresponding
to the whole SrTiO3 crystal.

Other authors have focused their attention on the atomic intermixing at the inter-
face. Nakagawa et al. [24] performed a electron energy loss spectroscopy study with
atomic resolution across the AlO2/SrO and LaO/TiO2 interfaces. In both cases a sig-
nificant intermixing of La, on the scale of a few u.c., was detected. At the AlO2/SrO
interface a higher concentration of oxygen vacancies with respect to the LaO/TiO2 in-
terface was measured. Willmott and collaborators used surface X-Ray diffraction to
determine the atomic structure of a five-monolayer film of LaAlO3 on SrTiO3 [34].
They found cationic mixing at the interface together with large atomic distorsions.
They inferred from their result that the conductivity in this system is related to the
formation of a metallic La1−xSrxTiO3 layer.

This thesis will not tackle the doping problem in this system. We will rather focus
our attention to its special electronic properties. Nevertheless, we will not neglect the
material science issues related to this study. In Section 1.3 we describe in detail how
the samples used in this study are prepared and in Section 1.4 we analyse the role of
the fabrication conditions in determining the electronic properties of the interface.

1.2.2 Electronic structure

Several experimental and theoretical studies have uncovered a number of remarkable
electronic properties of this novel two-dimensional electron gas. We already men-
tioned the crucial role of the substrate termination to obtain a conducting interface and
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1.2 The conducting LaAlO3/SrTiO3 interface

the striking metal to insulator transition as a function of thickness. For LaAlO3 films
that are up to 3 u.c. thick, insulating interfaces are obtained. In a field-effect transistor
configuration that uses the SrTiO3 substrate as gate dielectric, a phase transition to the
conducting state can be driven by an electric field [30]. At low temperatures (around
200 mK), a transition towards a two-dimensional superconducting ground state is ob-
served (see Chapter 2). Unusual magnetotransport properties are also observed in this
temperature range, and have been attributed to magnetic effects [36]. In this work we
will provide an alternative interpretation (see Chapter 3).

X-Ray absorption spectroscopy experiments indicate that an orbital reconstruction
occurs at this interface [35]. The electronic configuration that emerges from these
studies is illustrated in Figure 1.9. The most remarkable feature is that the degeneracy
of the Ti 3d levels is removed and the first available states for the conducting electrons
have a 3dxy character. Since the next accessible levels are separated by an energy of
about 50 meV the conduction should be dominated by 3dxy bands, which are strongly
two-dimensional and present a negligible inter-plane coupling. This band configura-
tion is completely different from the one found in bulk SrTiO3. As we previously
pointed out, in the bulk compound the lowest available levels are the 3dyz and 3dzx
states. At the LaAlO3/SrTiO3 interface the band’s ordering is reversed. Arguably, this
electronic configuration is hardly compatible with a AFD distorted material. In fact, it
was demonstrated in a remarkable transmission electron microscopy experiment [37]
that at this interface SrTiO3 undergoes a polar distorsion [38]. As shown in Figure
1.10, the oxygen atoms are displaced towards LaAlO3, as a result of a combination of
octahedra rotations and atomic relaxations. In this thesis we will consider the impact of
this phenomenon in the low-energy electronic structure of the electron gas in the form
of a strong spin-orbit coupling (see Chapter 3). Another interesting ingredient is the
sub-bands fine structure brought about by the momentum quantization in the potential
well. This was calculated using density functional theory [39, 40] (see Figure 1.11)
and the results are in agreement with the orbital reconstruction observed in X-Ray ab-
sorption spectroscopy. In this thesis we will discuss the presence of two-dimensional
electronic states originating from quantum confinement using the Shubnikov-de Haas
effect (see Chapter 4).

1.2.3 Confinement

Several experiments have studied the confinement depth of the electrons from the in-
terface. A direct visualisation of the extention of the confinement was provided by
the experiment of Basletic and collaborators [41]. In this work the spatial distribu-
tion of charge carriers was mapped by conducting tip atomic force microscopy. It was
demonstrated that using appropriate fabrication conditions, a localisation within 7 nm
from the interface can be obtained (see Fig. 1.12). The problem of the influence of
the preparation conditions on the electronic properties of this system is discussed in
details in Section 1.4.

The confinement depth was also determined using infrared ellipsometry [42] and
hard X-Ray photoelectron spectroscopy [43]. These experiments are in agreement with
the picture of a localisation within a few nanometers from the interface. In this work
we will discuss the anisotropy of the critical magnetic fields in the superconducting
state to set an upper limit to the thickness of the conducting layer (see Chapter 2).
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1. FUNCTIONAL INTERFACES

an oxygen pressure of 1.5 and 2!10−3 mbar. We note that
the HOPS technique is a low-energy technique producing
thin films of very high atomic structural perfection. The re-
sults reported here concern the HOPS samples. However no
difference was found for the PLD samples. The specimens
for high-resolution investigations are carefully prepared to
obtain the high quality of the specimens. In particular, the
final thinning by ion-beam milling is performed in a stage
cooled with liquid nitrogen.

Figure 2 shows two images of a sputter-prepared sample
!in cross-sectional preparation" with a 2.5-nm-thick LAO
layer sandwiched between two STO layers. Figure 2!a" dis-
plays an image obtained by STEM employing the HAADF
technique. The viewing direction is parallel to the crystallo-
graphic #100$ direction of STO. Under HAADF conditions
the atoms give bright contrast on a dark background and the
intensity increases with the nuclear charge number.21 As a
consequence the intensity decreases from La giving strongest
contrast via Sr and Ti to Al giving weakest contrast. Oxygen,

due to its low nuclear charge value, does not give enough
contrast to be detected. Intensity measurements of the origi-
nal image allow us to localize the two interfaces #dotted lines
in Fig. 2!a"$. Figure 2!b" displays the intensity profiles at the
interfaces. As indicated by arrows, increased intensity at the
Sr positions next to the interface as well as reduced intensity
at the La positions provides evidence for intermixing.

Figure 2!c" is recorded along the #110$ / #110$p direction
using the NCSI technique in TEM. Under these conditions
the atoms give rise to negative phase contrast and do also
appear bright on a dark background.22 The individual atoms
can be clearly recognized; in particular, this refers to the
projection of the oxygen octahedra !arrows" and their central
Al position !between arrows". Regarding the horizontal -Al-
O-Al-O- atom sequence an alternating shift of the oxygen-
atom positions upward and downward, respectively, is
clearly visible in LAO due to the oxygen octahedron rotation
#Fig. 1!d"$. Following the atom positions from the bottom to
the top SrO layer and across the interfaces, we find that the
alternating up and down shifts of the oxygen atoms with
respect to the Ti!Al" positions and the appertaining rotations
persist for about three projected unit-cell distances into the
STO layers.

Figure 2!c" provides qualitative evidence for the atomic
rearrangements. For high-precision measurements we derive
from the phase-contrast image intensity distribution the real
atomic positions. This is achieved by means of a quantum-
mechanical and optical “backward” calculation on a com-
puter whereby image artifacts created by residual lens aber-
rations and small !unavoidable" tilts away from the fully
symmetric Laue orientation can be eliminated. Not only that
in this way single-atomic site sensitivity can be achieved, it
could be shown that individual atomic shifts can be mea-
sured at a precision of a few picometers.23–25 The data re-
ported in the following have been corrected on this basis.

Figure 3!a" displays the value of the c-axis #001$ lattice
parameter in STO and the cp lattice parameter parallel to
#001$p in LAO as a function of vertical distance !in units of
c and cp, respectively" from bottom to top of Fig. 2!c". We
find that close to the interfaces !shade lines" the lattice pa-
rameter of LAO does not abruptly adopt its central value of
0.375 nm. This, in turn, is by 1% smaller than the bulk value.
We also note a small shoulder at both interfaces in the STO
layer where c is slightly larger than the bulk value.

Figure 3!b" displays the shift parameter of the oxygen
atoms relative to the neighboring Al and Ti atom positions,
respectively, as a function of vertical distance. In LAO the
values are given by squares for oxygen shifted upward and
by circles for oxygen shifted downward. We find that in the
center of the LAO layer the moduli, about 10 pm, of the two
types of shifts are essentially equal as expected for the ideal
structure. Moving downward from LAO into the lower STO
layer #left-hand side in Fig. 3!b"$ we find that the upward
!squares" and downward !circles" shifts of corresponding
oxygen positions persist over a distance of about 3c into the
STO layer. Moving upward from the LAO layer into the
upper STO layer #right-hand side of Fig. 3!b"$ we find a
corresponding behavior. On the right-hand side of Fig. 3!b"
negative values for both squares and circles mean that all the
oxygen atoms have shifted toward the interface and away

LAO

STOSTO

b

a

LAO

STO

STO

0.5 nm
c

FIG. 2. !Color online" !a" Scanning transmission electron mi-
croscopy !STEM" high-angle annular dark field !HAADF" image of
a 2.5 nm LAO layer sandwiched between two STO layers taken
along the crystallographic #100$ direction. The two dotted lines in-
dicate the !001" interfaces. The cubic unit cell in STO and
pseudocubic in LAO are lined out: Sr and La atoms are given by
large circles and Ti atoms and Al atoms by small circles. !b" Inten-
sity profile of the image averaged over an area along the interfaces.
Arrows denote the intensity which changes in comparison with that
away from the interfaces. !c" Image taken in a transmission electron
microscope !TEM" under NCSI conditions along the #110$ direc-
tion. Image simulation leads to a defocus value of +5 nm and a
sample thickness of 6.6 nm. In LAO the projected shift of the oxy-
gen atoms out of the respective Al-atom rows as a result of oxygen
octahedron rotation is clearly visible !arrows".
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from the appertaining Ti plane. As a result the center of the
octahedron shifts in the direction of the interface. Figure 3!c"
displays the measured values of the shifts of the centers of
the oxygen octahedra out of the Al plane in LAO !center"
and out of the Ti plane in the lower !left-hand side" and
upper !right-hand side" STO layers. No shift is, as expected,
observed in LAO. On the other hand, an upward shift of 3.5
pm is observed in the lower and a downward shift by about
5 pm in the upper STO layer, i.e., always toward the LAO
layer, over a distance of about 5c. This indicates
polarization-dipole formation with the polarization vector
pointing away from the LAO layer.

Our measurements provide quantitative evidence for the
changes in shape, in rotation angle, and in position of the
oxygen octahedra with respect to the cations resulting in
polarization-dipole formation. For a more detailed discussion
we present in Fig. 4 schematics of the LAO/STO interface
where a LaO plane faces a TiO2 plane !shade line". For clar-
ity the model is simplified with rotation of the octahedra
around the #110$ projection axis. In the schematic model the

rotation angle of the octahedra is enlarged in order to clearly
see the octahedron reconstruction across the interface.

Figure 4!a" refers to “rigid” octahedron rotations neglect-
ing for the moment charge effects. In LAO the rotation of a
given octahedron is always in the opposite sense with respect
to its four corner-sharing neighbors !arrows". At the interface
this rotation correlation has to be harmonized with the octa-
hedron arrangement in the STO lattice in which ideally the
octahedra are in unrotated form. The rotation mismatch
forces the interfacial octahedra to distort also in STO !small
green/light gray arrows". Figure 4!b" illustrates the effects
induced by electric plane charges. At the interface, disregard-
ing intermixing for the moment, a positively charged
#La3+O2−$ plane faces a neutral #Ti4+!O−2"2$ plane. Consid-
ering the atomistic nature of the latter it can be expected that
the negatively charged oxygen atoms relax in the electric
field upward toward the #La3+O2−$ plane !red/gray arrows".
This is indeed predicted by theory. It has been found in first-
principles calculations that the oxygen in the last TiO2 layer
of STO at the interface is relaxing toward the first LaO layer
on the LAO side. As a result oxygen moves out of the re-
spective Ti-atom plane.11,13,26,27 This leads to ferroelectrici-
tylike distortions of the TiO6 octahedra with the polarization
vector pointing away from the interface as evidenced by our
atomic displacement measurements. Figure 4!c" displays the
combined effect of rigid octahedron rotation and electric-
field-induced atom relaxation. In the first TiO2 plane below
the interface the mechanical force on the first oxygen atom
!left-hand side" and the force arising from the electric field
are in opposite direction. Depending on the relative magni-
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FIG. 3. !Color online" !a" c-lattice parameter in STO and
cp-lattice parameter in LAO as functions of distance !in units of c
and cp, respectively" from a reference plane in the lower STO layer.
The vertical shade lines mark the interfaces. !b" The value of the
shift parameter !O of the oxygen atoms as a function of distance
from the reference plane. Squares denote upward shifts and circles
denote downward shifts. !c" The value of the shift parameter !c of
the center of the oxygen octahedra with respect to the appertaining
cations. The error bars indicate a 95% statistical confidence level of
a Gaussian regression analysis.
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FIG. 4. !Color online" Schematic of octahedron reconstruction
at the interface of LAO/STO. !a" Rotation !green/light gray arrows"
of rigid octahedra in STO as a result of elastic constraints resulting
from the rotation of the oxygen octahedra in LAO. !b" Shift of the
oxygen atoms in the TiO2 planes of STO in the interface area to-
ward the first LaO layer in LAO. The reduced length of the shift
arrows increasing distance indicates a reduction in the attraction of
the oxygen atoms toward the interface. An equivalent effect is ex-
pected from cation intermixing. !c" When the action due to the
forces indicated in !a" and !b" is added the shift is enhanced for
every second vertical oxygen position while it is diminished in ev-
ery other.
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Figure 1.10: Adapted from Ref [38]. Left-hand side: (a) Scanning transmission electron
microscopy high-angle annular dark field image of a 2.5 nm LaAlO3 layer sandwiched
between two SrTiO3 layers taken along the crystallographic (100) direction. The two
dotted lines indicate the interfaces. Sr and La atoms are given by large circles and Ti atoms
and Al atoms by small circles. (b) Intensity profile of the image averaged over an area
along the interfaces. (c) Image taken in a transmission electron microscope under negative
spherical aberration conditions. An oxygen octahedra rotation is clearly visible in both
materials. Right-hand side: (a) c-lattice parameter in SrTiO3 and cp-lattice parameter
in LaAlO3 as functions of distance in units of c and cp, respectively from a reference
plane in the lower SrTiO3 layer. The vertical shade lines mark the interfaces. (b) Shift of
the oxygen atoms δO as a function of distance from the reference plane. Squares denote
upward shifts and circles denote downward shifts. (c) Shift δc of the center of the oxygen
octahedra with respect to the cation.
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1.2 The conducting LaAlO3/SrTiO3 interface

q!d" = 0.5e#1 −
dc

d
$ . !5"

Equation !5" shows that the charge transfer is dictated solely
by the critical thickness and does not depend on the
electronic properties of LAO such as the dielectric constant.
For the semi-infinite LAO !d=!", half an electron is trans-
ferred per unit supercell, which is consistent with the condi-
tion to avoid the polar catastrophe. We fit the functional form
in Eq. !5" to the data in Fig. 2!a" with the prefactor as an
additional variational parameter and obtain q!nLAO"
=0.455e!1–2.949 /nLAO". The prefactor 0.455 is close to the
ideal value of 0.5, and the critical thickness of three layers is
also in good agreement with data in Fig. 2!a".

In reality, a range of imperfections can be introduced dur-
ing the experimental growth. Among them, certain defects,
notably the oxygen vacancy, can themselves induce a charge
transfer from the surface to the interface. If repeated over the
surface, such a charge-transfer defect can flatten the internal
field of LAO and consequently weaken the dependence of
the carrier density on the LAO thickness. Moreover, the elec-
trostatic instability built upon the internal field of LAO could
reduce the formation energy of the charge-transfer defects.
For instance, in the supplementary information of Ref. 19, it
was shown that the oxygen vacancy repeated over the LAO
surface with 2"2 periodicity lowers the surface free energy
for a certain range of the oxygen chemical potential !and
results in the flat band inside LAO". However, it should be
noted that the n-type interface is insulating in experiment for
the LAO thickness less than four layers, which is exactly
reproduced in the present work based on the clean surface.
This implies that the density of charge-transfer defects is not
significant at least for thin LAO layers because any such
defects should render the interface conducting. However, one
cannot rule out the possibility that the charge-transfer defects
such as oxygen vacancies become important for thicker LAO
films.

The experimental free carrier densities7 are marked as
crosses in Fig. 2!a". Notably, the magnitude of the carrier
density is smaller than the theoretical predictions by an or-
der. In addition, discrepancies are also observed in the thick-
ness dependence, and the experimental carrier density does
not change meaningfully when nLAO is larger than the critical
value. In Fig. 2!b", the xy-averaged distribution of the trans-
ferred electrons %#̄!z"& is shown for various thicknesses of
LAO. It is noticeable that the density rises faster in the in-
terface region than in the tail part near the STO surface. This
is due to a strong attractive potential near the interface that is
exerted by the positive holes at the LAO surface.

Figure 4!a" shows the band structure of the
!LAO"5!STO"15 along the special points in the surface Bril-
louin zone. The parabolic bands above the Fermi level are
derived from the conduction bands of STO, split by the finite
size of STO and the attractive potential at the interface. The
positive holes at the LAO surface can be identified at the M
point !dashed circle" while the free carriers in STO are at the
$ point !solid circle" and should consist of t2g level at Ti
sites. The threefold degeneracy of the t2g level is lifted by the
presence of the interface, and the t2g manifold is divided into

dxy !d'; parallel to the interface" and dxz!yz" !d!; perpendicular
to the interface".

The band structure in Fig. 4!a" is largely similar to that in
Ref. 8; the lowest band near the $ point is composed of d'

orbitals localized at the interfacial Ti site, and d! subbands
show small dispersions from $ to X points. However, there
are two places that the two band structures do not agree on
quantitatively. First, the relative Fermi-level position from
the bottom of the lowest d' band is much higher in Ref. 8,
meaning that the carrier density is larger in that work. This
discrepancy stems from the disparate model structures. In
Ref. 8 !and also in Ref. 10, 11, and 13", a symmetric model
interface was employed without the vacuum layer. This re-
sults in the nonstoichiometric LAO slab with one additional
LaO layer. This extra layer gives out an electron per unit area
which goes to the conduction bottom of STO. Since there are
two interfaces within the model, each interface equally ac-
commodates half an electron. In this type of model structure,
the amount of the electron transfer does not depend on the
LAO thickness, in contrast to the results based on the stoi-
chiometric LAO and STO slabs as in the present work !and
also in Refs. 12 and 14". As described above, the carrier
generation in this work is a consequence of the internal field
of LAO and the electron transfer is much smaller than half
an electron when the thickness of LAO is five layers. There-
fore, the Fermi-level position is closer to the bottom of d'
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FIG. 4. !Color online" !a" Band structure of !LAO"5!STO"15
along the special points in the surface Brillouin zone. The Fermi
level is set to zero. !b" xy average of squared wave functions for
low-lying energy states in the solid circle of !a". d' and d! mean
that the plane of Ti 3d orbital is parallel and perpendicular to the
interface plane, respectively. The vertical dashed line shows the
position of interfacial Ti site. The figures in the legend are sche-
matic geometries of Ti 3d orbitals along the interface normal.
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Figure 1.11: xy average of squared wave functions for low-lying energy states at the
Γ point. d‖ indicates orbitals that are parallel to the interface (dxy) and d⊥ that are per-
pendicular to the interface (dyz and dzx). The vertical dashed line shows the position of
interfacial Ti site. From [39].
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Figure 4 ‘In situ annealed’ LAO/STO interface. a, Temperature dependence of the sheet resistance Rsheet. b, CT-AFM resistance mapping. c, CT-AFM resistance image in

high-resolution mode. d, Resistance profile across the LAO/STO interface extracted from c.

the interface, the resistance of which is lower than that of the bulk

by about four orders of magnitude.

To get rid of the oxygen vacancies and isolate this

interface conduction, we have followed the protocol indicated

by Thiel et al.4
, and grown an ‘in situ annealed’ sample.

As visible from Fig. 4a, four-probe transport measurements

indicate that this sample is also metallic, but with a

much higher sheet resistance Rsheet,4 K ≈ 10
2 �/�. The

low-temperature mobility µ4 K ≈ 650 cm
2

V
−1

s
−1

, sheet carrier

density nsheet,4 K ≈ 3 × 10
13

cm
−2

and room-temperature sheet

carrier density nsheet,300 K = 5 × 10
14

cm
−2

are in the range of

those reported for samples grown in similar conditions
3,4,19

.

Although the macroscopic transport properties of the ‘in situ
annealed’ and ‘non-annealed’ samples are somehow quite similar

(metallic behaviour, high-mobility at low-temperature), CT-AFM

experiments reveal fundamental differences in their local transport

properties. As shown in Fig. 4b, the CT-AFM mappings on the

‘in situ annealed’ sample indicate that the bulk of the substrate

is now insulating (RCT-AFM > 10
12 �), in strong contrast with the

behaviour found for the ‘non-annealed’ sample (Fig. 3b). Even

more striking is the presence of an extremely narrow highly

conducting region (RCT-AFM ≈ 6 × 10
5 �) just at the LAO/STO

interface. To disclose the transport properties of the interface at

the nanometre scale, we show a high-resolution image in Fig. 4c

and plot the resistance profile across the interface in Fig. 4d. The

thickness of the metallic gas is found to be only 7 nm, that is,

conduction is really confined at the interface. Taking into account

that the signal is convoluted by the AFM tip, we can consider this

value as an upper limit of the metallic gas extension.

To get insight not only on the local resistance but also on

the local carrier density from the CT-AFM data, we have set

up a calibration procedure to obtain a direct correspondence

between the carrier concentration and the CT-AFM resistance.

We have first measured the carrier density and the mobility

of Nb-doped STO single crystals at room temperature and

prepared cross-section samples using the same preparation process

as for LAO/STO samples. We note that the room-temperature

mobility does not vary significantly in the doping range considered

(µ300 K ≈ 1–5 cm
2

V
−1

s
−1

), which enables a direct conversion of

RCT-AFM into n. As visible from Fig. 5a, a systematic variation of

n with RCT-AFM is obtained and all of the data fall on the same

line. The addition in this figure of the data point corresponding to

the ‘non-annealed’ sample (open circle) indicates that the sample

preparation and measurement procedures do not depend on the

dopant type (Nb ions or oxygen vacancies).

Equipped with this calibration, we can now extract the carrier

density profile across the interface from the RCT-AFM mappings

shown in Figs 3b and 4b (Fig. 5b). In the ‘non-annealed’ sample,

the carrier density varies from 2×10
21

cm
−3

close to the interface

to about 5 × 10
18

cm
−3

far from the interface. From the value of

nsheet,300 K, we then deduce that the thickness of the metallic gas

in this sample is about 600 µm, consistent with the mappings

collected hundreds of micrometres from the interface (Fig. 3d).

This calibration procedure also enables the determination of the

nature materials VOL 7 AUGUST 2008 www.nature.com/naturematerials 623

LETTERS

1µm
500 nm

T (K)

105

107

109

1011

STO

LAO

10–3

10–1

101

103

R s
he

et
 (Ω

/  
  )

0 10 100

   4 K = 2,260 cm2  V–1 s–1

nsheet, 4 K = 5 × 1017 cm–2

nsheet, 300 K = 3 × 1017 cm–2

µ

R
CT-AFM  (Ω

)

a b c

d

Figure 3 ‘Non-annealed’ LAO/STO interface. a, Temperature dependence of the sheet resistance Rsheet. b, CT-AFM resistance mapping around the interface (top outlined

area in c). c, Schematic diagram of the sample and CT-AFM scans. d, CT-AFM image of the ‘non-annealed’ sample collected ∼500µm away from the interface (bottom

outlined area in c).

105

107

109

1011

10–3

10–1

101

103

R s
he

et
 (Ω

/  
  )

T (K)

1 10 100

   4 K = 650 cm2  V–1 s–1

nsheet, 4 K = 3 × 1013 cm–2

nsheet, 300 K = 5 × 1014 cm–2

µ

R C
T-

AF
M

 (Ω
)

500 nm

50 nm

100 150 200
z (nm)

250 300
105
107

109

1011

R C
T-

AF
M

 (Ω
)

7 nm

a b c

d

Figure 4 ‘In situ annealed’ LAO/STO interface. a, Temperature dependence of the sheet resistance Rsheet. b, CT-AFM resistance mapping. c, CT-AFM resistance image in

high-resolution mode. d, Resistance profile across the LAO/STO interface extracted from c.

the interface, the resistance of which is lower than that of the bulk

by about four orders of magnitude.

To get rid of the oxygen vacancies and isolate this

interface conduction, we have followed the protocol indicated

by Thiel et al.4
, and grown an ‘in situ annealed’ sample.

As visible from Fig. 4a, four-probe transport measurements

indicate that this sample is also metallic, but with a

much higher sheet resistance Rsheet,4 K ≈ 10
2 �/�. The

low-temperature mobility µ4 K ≈ 650 cm
2

V
−1

s
−1

, sheet carrier

density nsheet,4 K ≈ 3 × 10
13

cm
−2

and room-temperature sheet

carrier density nsheet,300 K = 5 × 10
14

cm
−2

are in the range of

those reported for samples grown in similar conditions
3,4,19

.

Although the macroscopic transport properties of the ‘in situ
annealed’ and ‘non-annealed’ samples are somehow quite similar

(metallic behaviour, high-mobility at low-temperature), CT-AFM

experiments reveal fundamental differences in their local transport

properties. As shown in Fig. 4b, the CT-AFM mappings on the

‘in situ annealed’ sample indicate that the bulk of the substrate

is now insulating (RCT-AFM > 10
12 �), in strong contrast with the

behaviour found for the ‘non-annealed’ sample (Fig. 3b). Even

more striking is the presence of an extremely narrow highly

conducting region (RCT-AFM ≈ 6 × 10
5 �) just at the LAO/STO

interface. To disclose the transport properties of the interface at

the nanometre scale, we show a high-resolution image in Fig. 4c

and plot the resistance profile across the interface in Fig. 4d. The

thickness of the metallic gas is found to be only 7 nm, that is,

conduction is really confined at the interface. Taking into account

that the signal is convoluted by the AFM tip, we can consider this

value as an upper limit of the metallic gas extension.

To get insight not only on the local resistance but also on

the local carrier density from the CT-AFM data, we have set

up a calibration procedure to obtain a direct correspondence

between the carrier concentration and the CT-AFM resistance.

We have first measured the carrier density and the mobility

of Nb-doped STO single crystals at room temperature and

prepared cross-section samples using the same preparation process

as for LAO/STO samples. We note that the room-temperature

mobility does not vary significantly in the doping range considered

(µ300 K ≈ 1–5 cm
2

V
−1

s
−1

), which enables a direct conversion of

RCT-AFM into n. As visible from Fig. 5a, a systematic variation of

n with RCT-AFM is obtained and all of the data fall on the same

line. The addition in this figure of the data point corresponding to

the ‘non-annealed’ sample (open circle) indicates that the sample

preparation and measurement procedures do not depend on the

dopant type (Nb ions or oxygen vacancies).

Equipped with this calibration, we can now extract the carrier

density profile across the interface from the RCT-AFM mappings

shown in Figs 3b and 4b (Fig. 5b). In the ‘non-annealed’ sample,

the carrier density varies from 2×10
21

cm
−3

close to the interface

to about 5 × 10
18

cm
−3

far from the interface. From the value of

nsheet,300 K, we then deduce that the thickness of the metallic gas

in this sample is about 600 µm, consistent with the mappings

collected hundreds of micrometres from the interface (Fig. 3d).

This calibration procedure also enables the determination of the
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the interface, the resistance of which is lower than that of the bulk

by about four orders of magnitude.

To get rid of the oxygen vacancies and isolate this

interface conduction, we have followed the protocol indicated

by Thiel et al.4
, and grown an ‘in situ annealed’ sample.

As visible from Fig. 4a, four-probe transport measurements

indicate that this sample is also metallic, but with a

much higher sheet resistance Rsheet,4 K ≈ 10
2 �/�. The

low-temperature mobility µ4 K ≈ 650 cm
2

V
−1

s
−1

, sheet carrier

density nsheet,4 K ≈ 3 × 10
13

cm
−2

and room-temperature sheet

carrier density nsheet,300 K = 5 × 10
14

cm
−2

are in the range of

those reported for samples grown in similar conditions
3,4,19

.

Although the macroscopic transport properties of the ‘in situ
annealed’ and ‘non-annealed’ samples are somehow quite similar

(metallic behaviour, high-mobility at low-temperature), CT-AFM

experiments reveal fundamental differences in their local transport

properties. As shown in Fig. 4b, the CT-AFM mappings on the

‘in situ annealed’ sample indicate that the bulk of the substrate

is now insulating (RCT-AFM > 10
12 �), in strong contrast with the

behaviour found for the ‘non-annealed’ sample (Fig. 3b). Even

more striking is the presence of an extremely narrow highly

conducting region (RCT-AFM ≈ 6 × 10
5 �) just at the LAO/STO

interface. To disclose the transport properties of the interface at

the nanometre scale, we show a high-resolution image in Fig. 4c

and plot the resistance profile across the interface in Fig. 4d. The

thickness of the metallic gas is found to be only 7 nm, that is,

conduction is really confined at the interface. Taking into account

that the signal is convoluted by the AFM tip, we can consider this

value as an upper limit of the metallic gas extension.

To get insight not only on the local resistance but also on

the local carrier density from the CT-AFM data, we have set

up a calibration procedure to obtain a direct correspondence

between the carrier concentration and the CT-AFM resistance.

We have first measured the carrier density and the mobility

of Nb-doped STO single crystals at room temperature and

prepared cross-section samples using the same preparation process

as for LAO/STO samples. We note that the room-temperature

mobility does not vary significantly in the doping range considered

(µ300 K ≈ 1–5 cm
2

V
−1

s
−1

), which enables a direct conversion of

RCT-AFM into n. As visible from Fig. 5a, a systematic variation of

n with RCT-AFM is obtained and all of the data fall on the same

line. The addition in this figure of the data point corresponding to

the ‘non-annealed’ sample (open circle) indicates that the sample

preparation and measurement procedures do not depend on the

dopant type (Nb ions or oxygen vacancies).

Equipped with this calibration, we can now extract the carrier

density profile across the interface from the RCT-AFM mappings

shown in Figs 3b and 4b (Fig. 5b). In the ‘non-annealed’ sample,

the carrier density varies from 2×10
21

cm
−3

close to the interface

to about 5 × 10
18

cm
−3

far from the interface. From the value of

nsheet,300 K, we then deduce that the thickness of the metallic gas

in this sample is about 600 µm, consistent with the mappings

collected hundreds of micrometres from the interface (Fig. 3d).

This calibration procedure also enables the determination of the
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Figure 1.12: Top: Conducting tip AFM mapping around the interface for a sample fab-
ricated using oxygen-rich (left-hand side) and oxygen-poor conditions (right-hand side).
Bottom: resistance profile across the interface for the left-hand side sample. From [41]
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1.3 Fabrication of LaAlO3/SrTiO3 heterostructures

In this section we will discuss the growth and characterisation of LaAlO3/SrTiO3 het-
erostructures. The samples used in this work were prepared in Geneva by depositing
a LaAlO3 thin film on top of a TiO2-terminated SrTiO3 single crystal. The growth
technique we utilised is pulsed laser deposition (PLD), performed using a KrF ex-
cimer laser delivering pulses of 25 ns at 248 nm. When these energy pulses hit a target
located inside a deposition chamber in a controlled oxygen atmosphere, an ablation
process occurs. The ionised particles emitted from the the target strongly interact with
the gas present in the chamber and a plasma plume is generated, which is directed
towards a heated substrate. This technique allows the growth of complex materials
and is widely used in research laboratories. Unfortunately, the slow deposition rates
and the small surface coatings that can be obtained hinder today its use in an industrial
setting. The main parameters we can control during a PLD growth are the laser fluence
and repetition rate, the temperature of the substrate, the oxygen pressure, the distance
plume-substrate and its orientation, the thickness of the film (deposition time) and the
annealing procedure.

The deposition procedure is the following: a SrTiO3 crystal, supplied by CrysTec
GmbH (volume 5× 5× 0.5 mm3), is chemically treated to obtain a single TiO2 termi-
nation. The substrate is pasted on a thin nickel oxide plate (surface 10×10 mm2) using
silver epoxy and heated for 1 hour at 120 ◦C in air to ensure a good adhesion. The plate
is then clamped to a sample holder from which it is thermally decoupled by a sapphire
crystal. Before being transferred into the deposition chamber the sample holder sits
for 30 minutes at 290 ◦C in vacuum (10−6 mbar) in a load-lock compartment. The
base pressure of the deposition chamber is typically 10−9 mbar. Once the sample is
introduced into the chamber the pressure is increased to a desired value (discussed
below) and the substrate is heated by an infrared laser focused on the backside of the
nickel plate. The infrared power is delivered progressively and the sample is heated
to the deposition temperature (discussed below) in about 1 hour. The temperature of
the substrate is measured by a laser pyrometer set to the emissivity of the epoxy paint
(0.85). Once the appropriate temperature is reached, the film’s growth takes place,
when energy pulses coming from the excimer laser hit a rotating target (either a poly-
crystalline pellet or a single crystal of LaAlO3). The laser beam is focused on an area
of 5±0.3 mm2 and carries an energy of 50 mJ (fluence 1 J/cm2). The repetition rate
is 1 Hz, the plume is oriented perpendicular to the substrate and the distance between
the target and the sample is 7 cm. The size and colour of the plasma plume strongly
depend on the oxygen pressure. A photograph of the deposition chamber taken during
the growth is shown in Fig. 1.13.

During the deposition we can monitor the film’s growth using reflection high en-
ergy electron diffraction (RHEED). This technique consists of directing a high energy
electron beam (21 keV) in grazing incidence on the surface of the sample. The elec-
trons are diffracted and hit the surface of a fluorescent screen where a diffraction pat-
tern appears. This pattern contains information regarding the surface of the sample.
Typically one distinguishes between the pattern produced by a rough surface (three-
dimensional transmission pattern) or by an atomically flat surface (two-dimensional
diffraction). Moreover, if the conditions to obtain a layer-by-layer growth of the film
are fulfilled, the intensity of a diffraction spot oscillates as a function of time during
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RHEED
pattern

plasma

target

substrate

Figure 1.13: Right: picture of the pulsed laser deposition chamber taken during growth.
Left: reflection high energy electron diffraction pattern of a SrTiO3 surface.

the deposition. The minimum of the oscillation corresponds to a half-covered surface,
while the maximum indicates a complete covering. The RHEED oscillations observed
during the growth of a particularly thick sample (110 u.c.) are shown in Fig. 1.14.
The persistence of a layer-by-layer growth mode even for such a large thickness is
indicative of the high crystalline quality of the films. In the same figure, the electron
diffraction pattern observed for a 6 u.c. film is displayed. This pattern is indicative of
an atomically flat film with a step and terrace structure.

After deposition the oxygen pressure is increased to 0.2 bar, while the infrared laser
power is kept constant. The introduction of the oxygen lowers the sample temperature.
These conditions are kept constant for 1 hour after which the sample is cooled down
to room temperature in the same oxygen pressure by gradually decreasing the laser
power. The role of this annealing is discussed below.

The samples fabricated following this procedure are systematically characterised
by atomic force microscopy (AFM) and X-Ray diffraction (Fig. 1.15). The pseudo-
cubic bulk lattice parameter of LaAlO3 is 3.79 Å, therefore the films grown on SrTiO3

(cubic structure with lattice parameter 3.905 Å) are under tensile strain. We remark
that the misfit strain (3%) is particularly large. For very thin films, finite size effects
produce a widening of the diffraction peak, which makes it difficult to distinguish it
from the substrate contribution. Reciprocal space maps reveal that films up to 20 u.c.
are tetragonal and fully strained. Thicker films display a relaxation of both c and
a-axis toward the bulk value. AFM topography of films thinner than 20 u.c. reveal
an atomically flat surface with a step and terrace structure that reproduces the one
observed in the SrTiO3 substrate before deposition. Films thicker than 20 u.c. exhibit
cracks in the AFM topography, concomitantly with the structural relaxation.
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Figure 1.14: Up: intensity of the diffracted electron beam as a function of time during
the deposition of 110 u.c. of LaAlO3 at 650 ◦C. Inset: detail of the same data. Down:
reflection high energy electron diffraction pattern of a LaAlO3 thin film 6 u.c. thick.
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Figure 1.15: Right: θ−2θ diffractograms around the 001 reflection of a series of LaAlO3

thin films of different thickness deposited on SrTiO3. Inset: atomic force microscopy
topography of a 11 u.c. thick sample. The steps height is 1u.c. This structure reproduces
the one observed in the SrTiO3 substrate before deposition. Left: ω scan of a 7 u.c. thick
sample. The width of the peak corresponds to the one observed in the SrTiO3 substrate.

1.4 Influence of the growth conditions on the LaAlO3/SrTiO3

interface electronic properties

When preparing oxide heterostructures by PLD, several parameters can be experimen-
tally controlled. We will show that, in order to study the intrinsic electronic properties
of the novel two-dimensional electron gas found at the interface between LaAlO3 and
SrTiO3, a well defined window of growth parameters must be used. We will discuss the
role of the thickness of the LaAlO3 layer, of the oxygen pressure and of the substrate
temperature in determining the structural and electronic properties of LaAlO3/SrTiO3

heterostructures.

1.4.1 Thickness of the LaAlO3 layer

LaAlO3/SrTiO3 heterostructures present a remarkable dependence of their transport
properties on the thickness of the LaAlO3 layer, which are summarised in Fig. 1.16.
Samples in which the thickness of LaAlO3 is less than 4 u.c. do not display any con-
ductivity (if any conductivity is present, it is smaller than the measurement limit). At
4 u.c. a sharp metal to insulator transition is observed towards a finite conductivity. The
corresponding sheet resistance is of the order of 100 Ω/� at 4 K. We remark though,
that in order to observe this transition an annealing step must be performed after de-
position. A 2 u.c. sample which is not annealed is metallic. This shows that defects,
notably oxygen vacancies, can be created during growth, as highlighted by several
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measurement limit

Figure 1.16: Sheet conductance of LaAlO3/SrTiO3 interfaces measured at T = 4 K as a
function of the thickness of the LaAlO3 layer.

authors [31, 32, 33]. Up to around 20 u.c. the conductivity does not show a clear
dependence on thickness. Rather, a scattering of the data in the region 102-103 Ω/�
(measured at low temperature) is observed. This is consistent with sample-to-sample
variations of the level of disorder and of the carrier density. Thicker samples, in which
the LaAlO3 layer undergoes a structural relaxation, show a remarkable decreased con-
ductivity and mobility [44]. The metallic state sharply decays with increasing thick-
ness and the system displays a crossover towards a strongly localised regime.

According to these results, we restrict our study of the electronic properties of the
LaAlO3/SrTiO3 interface to samples between 4 and 20 u.c. thick, since thicker samples
are highly disordered and not representative of the ideal system.

1.4.2 Oxygen pressure and annealing procedure

In this section we will discuss the role of the oxygen pressure used during deposition.
In this study the temperature of the substrate during growth is 800 ◦C. Two series
of three samples were prepared in 10−2 mbar, 10−4 mbar 1.3 · 10−6 mbar. In one
series of samples the annealing step previously described has been carried out. During
the annealing step, the substrate temperature decreases to about 530 ◦C. To identify
the role of the oxygen annealing procedure, this step has not been carrier out for the
second series of samples. Structural characterizations do not reveal any influence of
the oxygen pressure used during the deposition or of the annealing process on the
crystalline quality of the structures.

First we analyze the results obtained on samples with an oxygen post-annealing.
As can be seen from Fig. 1.17 a, the values and temperature evolution of the sheet
resistances for samples grown at different pressures are very similar. The Hall resis-
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Influence of the Growth Conditions on the LaAlO3/SrTiO3 Interface Electronic Properties

large terraces (> 0.5 µm), thickness fluctuations of one
unit cell are sometimes observed, as shown in Fig. 2(b).

Fig. 2: (Color online) Atomic force microscopy topographies
for two annealed samples with 5 u.c. thick LAO, grown at
different oxygen pressures (a) 10−2 and (b) 1.3 · 10−6 mbar. In
the presence of large terraces, thickness fluctuations of one unit
cell are sometimes observed on the terraces as can be seen in
(b). These thickness fluctuations are already observed on the
substrate surface.

As can be seen from the data and from the discussion
above, the structural characterizations do not reveal any
influence of the oxygen pressure used during the deposi-
tion or of the annealing process on the crystalline quality
of the structures. As we will see, the electronic proper-
ties are, however, dramatically affected by the preparation
conditions.

Fig. 3: (Color online) Transport properties of annealed (0.2

bar oxygen pressure) samples with a 5 u.c. LAO thickness

and grown at different oxygen pressures (blue ! 10−2 mbar,

green ◦ 10−4 mbar and red ! 1.3 · 10−6 mbar). (a) Sheet
resistance, (b) inverse Hall constant and (c) Hall mobility
as a function of temperature and (d) magnetoresistance at
1.5 K.

Transport measurements were performed in a flux cryo-
stat using a four-point dc technique. The contacts were
done by bonding aluminum wires on patterned sam-
ples. The magnetoresistance, calculated as MR =[R(H)−
R(0)]/R(0), is measured with the magnetic field H ap-

plied perpendicularly to the interface plane. In order to
avoid any photo-doping [24], the electric characteristics
were measured once the room temperature resistance be-
came time independent.1

First we analyze the results obtained on samples with
an oxygen post-annealing. As can be seen from Fig. 3(a),
the values and temperature evolution of the sheet resis-
tances for samples grown at different pressures are very
similar. The Hall resistance, measured between -3 and
+3 T, has a linear dependence on magnetic field. The in-
verse Hall constant, shown in Fig. 3(b) as a function of
temperature, shows little variation between the samples
investigated. We note that the temperature dependence
observed for the Hall resistance is also observed for Nb-
doped STO thin films [25]. Consequently, the Hall mobil-
ity µH displayed in Fig. 3(c) is essentially not affected by
the oxygen deposition pressure. Finally, a positive mag-
netoresistance of similar magnitude is observed for all the
samples (Fig. 3(d)).

The results discussed above on samples grown at
10−6 mbar and 10−4 mbar are in agreement with Ref. 16.
However, our samples grown at 10−2 mbar and post an-
nealed are metallic down to low temperatures, a result in
contrast with the insulating behavior reported for samples
grown at 5· 10−2 mbar [16]. We also observe that samples
grown at 10−2 mbar display a superconducting transition
at low temperatures as shown in Fig. 4.

We can conclude, according to the results shown in
Fig. 3, that the transport properties of samples grown at
different oxygen pressures are essentially the same if oxy-
gen annealing follows the growth. Let us now turn to the
relevance of the annealing process to the electronic prop-
erties. Previous reports on non-annealed samples [15, 17]
describe a strong dependence of the transport properties
on the growth oxygen pressure. The room temperature
Rs was observed to vary over 5 orders of magnitude as the
oxygen pressure was changed from 10−6 to 2.5 · 10−3 mbar.

In this study, we focus on samples with a 5-10 u.c. LAO
layer thickness while previous reports [15,17] were on sam-
ples with thicker (25 u.c.) LAO thicknesses. This is an
important difference. As mentioned above, the LAO thick-
ness seems to play an important role in determining the
low temperature transport properties [19].

As shown in Fig. 5, for LAO/STO interfaces grown at
10−6 mbar, the effect of the annealing is most evident. It
is well known since the early work of Yamada et al. [26]
and subsequently of Chan et al. [27] that oxygen vacan-
cies, induced by high temperature annealing in low oxygen
pressures, provide electron carriers to STO crystals. The
unannealed samples grown at 10−6 mbar display a room
temperature sheet resistance and carrier density of 1Ω/"
and ≈ 1017 electrons /cm2 respectively (Fig. 5(a), (b)),
suggesting a conduction dominated by oxygen vacancies
induced in the bulk of the STO substrate, in agreement

1The samples grown in extreme reducing conditions (10−6 mbar)
display an evolution of the room temperature resistance over long
time scales (a few days).

p-3

Figure 1.17: Transport properties of annealed (0.2 bar oxygen pressure) samples with
a 5 u.c. LaAlO3 thickness and grown at different oxygen pressures (blue up triangles
10−2 mbar, green circles 10−4 mbar and red down triangles 1.3 · 10−6 mbar). (a) Sheet
resistance, (b) inverse Hall constant and (c) Hall mobility as a function of temperature and
(d) magnetoresistance at 1.5 K.
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C. Cancellieri et al.

Fig. 4: (Color online) Sheet resistance as a function of tem-
perature for a sample with a 5 u.c. LAO thickness grown in
a 10−2 mbar oxygen pressure and post annealed at 0.2 bar re-
vealing a superconducting transition with a Tc of 0.16 K (Tc

is defined as the temperature at which the sheet resistance is
50% of the normal state sheet resistance).

with previous reports [14, 16–18]. The magnetoresistance
behavior in this regime has been carefully reported in Ref.
15. Higher oxygen pressures during the growth substan-
tially reduce the presence of oxygen vacancies even if the
annealing step is not performed, as shown in Fig. 5. The
carrier densities of samples grown at 10−4 and 10−2 mbar
are very similar and estimated to be 1014 electrons/cm2

at 100 K, a value three orders of magnitude smaller than
the one of samples grown at a 10−6 mbar oxygen pressure.
The mobility similar for the 10−2 and 10−4 mbar samples
is one order of magnitude smaller for low oxygen pres-
sure samples (see Fig. 5(c)). One thus concludes that the
transport properties of samples (5-10 u.c. thick) grown
at 10−2 and 10−4 mbar are only slightly affected by the
oxygen annealing. A carrier density difference between
annealed and non-annealed samples of 20% is, however,
noticed at room temperature. To further study the ef-
fect of the oxygen pressure and the role of the annealing,
we have investigated structures with ultrathin (2-3 u.c.)
LAO films. According to the polar catastrophe scenario
and to first principles calculations, below a critical thick-
ness, the electronic reconstruction does not occur and the
interfaces should be insulating in the absence of extrin-
sic doping. For interfaces grown in a 10−4 mbar oxygen
atmosphere and in-situ annealed at 0.2 bar, we observe
a critical thickness for the occurrence of a metallic state
of four unit cells, in agreement with the observation of
Thiel et al. [8]. Samples with 2-3 u.c. thick LAO layers,
grown at 10−4 mbar oxygen pressure and not annealed,
turn out, however, to be metallic. The metallic behavior
is observed down to low temperatures. An ex-situ anneal-
ing treatment in oxygen flow at ambient pressure and at
500◦C for 1 hour completely suppresses the conduction.
This observation strongly points to the presence of oxy-
gen vacancies in the non-annealed samples, highlighting

Fig. 5: (Color online) Transport properties of samples with

a 5 u.c. LAO thickness and grown at different oxygen pres-

sures (blue ! 10−2 mbar, green ◦ 10−4 mbar and red !
10−6 mbar) without in-situ annealing. (a) Sheet resis-
tance, (b) Hall mobility and (c) inverse Hall constant as
a function of temperature and (d) magnetoresistance at
1.5 K.

the importance of the post-annealing treatment. For a
higher oxygen pressure of 10−2 mbar, non-annealed sam-
ples thinner than 4 u.c. are found to be completely insu-
lating. These results are summarized in Fig. 6, where the
conductivity of 2-3 u.c. samples grown at different oxygen
pressures with and without the post annealing treatment
is shown. The change from a conducting to an insulat-
ing state observed for samples grown at 10−4 mbar is due
to the post-deposition oxygen annealing. Finally we note
that the fabrication process without any film deposition at
10−4 mbar using the same heating treatment on a SrTiO3

substrate is not inducing any measurable conductivity in
the substrate. This observation poses some questions on
the role of the 2 u.c. thick LAO layer and the PLD pro-
cess. A possible mechanism responsible for the creation of
oxygen vacancies into STO substrate has been observed
in recent studies on the growth kinetic of oxide thin films
[28, 29]. During the PLD deposition, an oxygen vacancy
transfer process can occur from the film to the substrate.
The compensation of these vacancies by post-annealing
can be suppressed by the epitaxial layer which, depending
on its thickness, acts as a barrier against oxygen diffusion.

In conclusion, the role of oxygen pressure during the
fabrication of thin (< 10 u.c.) LAO/STO structures has
been investigated. A growth pressure of 10−2 mbar pro-
duces samples insensitive to the post annealing treatment.
At this oxygen pressure, samples with a LAO thickness
below 4 u.c. are insulating while samples with a LAO
thickness above 4 u.c. are conducting with metallic be-
havior and a superconducting transition at low tempera-
tures. At 10−6 mbar a large amount of oxygen vacancies
is introduced into the STO substrate: the post-deposition
annealing has then a dramatic effect on such samples. At

p-4

Figure 1.18: Transport properties of samples with a 5 u.c. LaAlO3 thickness and grown
at different oxygen pressures (blue up triangles 10−2 mbar, green circles 10−4 mbar and
red down triangles 1.3 · 10−6 mbar) without in-situ annealing. (a) Sheet resistance, (b)
Hall mobility and (c) inverse Hall constant as a function of temperature and (d) magne-
toresistance at 1.5 K.

tance, measured between -3 and +3 T, has a linear dependence on magnetic field. The
inverse Hall constant, shown in Fig. 1.17 b as a function of temperature, shows little
variation among the samples investigated. We note that the temperature dependence
observed for the Hall resistance is also observed for Nb-doped SrTiO3 thin films. Con-
sequently, the Hall mobility displayed in Fig. 1.17 c is essentially not affected by the
oxygen deposition pressure. Finally, a positive magnetoresistance of similar magni-
tude is observed for all the samples (Fig. 1.17 d). We can conclude, according to the
results shown in Fig. 1.17, that the transport properties of samples grown at different
oxygen pressures are essentially the same if oxygen annealing follows the growth.

Let us now turn to the relevance of the annealing process to the electronic prop-
erties. Previous studies on non-annealed samples describe a strong dependence of the
transport properties on the growth oxygen pressure [36, 32]. The room temperature
sheet resistance was observed to vary over 5 orders of magnitude as the oxygen pres-
sure was changed from 10−6 to 2.5·10−3 mbar. Here, we focus on samples with a 5-10
u.c. LaAlO3 layer thickness, for the reasons previously indicated. As shown in Fig.
1.18, for LaAlO3/SrTiO3 interfaces grown at 10−6 mbar, the effect of the annealing
is most evident. It is well known that oxygen vacancies, induced by high tempera-
ture annealing in low oxygen pressures, provide electron carriers to SrTiO3 crystals
[45, 46]. The unannealed samples grown at 10−6 mbar display a room temperature
sheet resistance and carrier density of 1 Ω/� and 1017 cm−2 respectively (Fig. 1.18 a,
b), suggesting a conduction dominated by oxygen vacancies induced in the bulk of the
SrTiO3 substrate. This result is consisted with several previous reports, including the
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Figure 1.19: Influence of the deposition temperature on the electronic properties of
LaAlO3/SrTiO3 interfaces. Top: Hall carrier density n2D as a function of temperature
T for 5.̆c. samples grown at different temperatures. Bottom: Hall mobility µ as a function
of temperature T for 5 u.c. samples grown at different temperatures.

one from the Paris group, reproduced in Fig. 1.12.
Higher oxygen pressures during the growth substantially reduce the presence of

oxygen vacancies even if the annealing step is not performed, as shown in Fig. 1.18.
The carrier densities of samples grown at 10−4 and 10−2 mbar are very similar and
estimated to be 1014 electrons/cm2 at 100 K, a value three orders of magnitude smaller
than the one of samples grown at a 10−6 mbar oxygen pressure. The mobility, similar
for the 10−4 and 10−2 mbar samples, is one order of magnitude smaller for low oxygen
pressure samples (see Fig. 1.18 c). One thus concludes that the transport properties of
samples (5-10 u.c. thick) grown at 10−4 and 10−2 mbar are only slightly affected by
the oxygen annealing.

1.4.3 Temperature

The last deposition parameter to be analysed is the temperature of the substrate. This
parameter has a strong bearing on the structural properties of the LaAlO3 film that we
grow, and this in turn is reflected on the electronic properties of the interface. The
optimal deposition temperature is 650 ◦C, where the RHEED pattern has the highest
quality and the intensity oscillations are more persistent (see Figure 1.14). As we
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1. FUNCTIONAL INTERFACES

increase the temperature a damping of the RHEED oscillations is observed and the
structural relaxation of the film takes place more rapidly. Samples grown at 650 ◦C
exhibit the highest mobilities (up to 6000 cm2/Vs) and lowest carrier densities. In
Figure 1.19 the mobilities and carrier densities of samples of the same thickness (5 u.c.)
grown at different temperatures are shown. Samples grown at temperature higher than
700 ◦C present similar carrier densities and lower mobilities (of the order 500 cm2/Vs).
We will exploit this dependence of the mobility on the preparation conditions to study
samples characterised by different levels of disorder.

In summary, in this thesis we will focus our discussion on LaAlO3/SrTiO3 inter-
faces prepared by PLD using the following conditions: substrate temperature either
650 ◦C or 800 ◦C, pressure ∼ 1× 10−4 mbar of O2 and a repetition rate of 1 Hz. The
fluence of the laser pulses is 1 J/cm2. After growth, each sample is annealed in 200
mbar of O2 at about 530 ◦C for one hour and cooled to room temperature in the same
oxygen pressure. The thickness of the LaAlO3 layer is always between 4 and 15 u.c..
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Chapter 2

Electric field control of interfacial
superconductivity

2.1 Quantum phase transitions

2.1.1 Central ideas on phase transitions

Phase transitions play an important role in our everyday life. Most of us regularly boil
a kettle to make a nice cup of tea or check for ice on the road before driving a car. The
phase transitions we normally witness occur at finite temperatures T : upon heating,
a microscopic order such as the crystal structure of the ice is destroyed and, at the
transition temperature, a new phase, characterised by a higher symmetry, emerges. In
an important class of phase transitions, called continuous, the two phases do not coex-
ist at the transition temperature and the state of the system can be characterised by a
thermodynamic quantity, the order parameter Ψ(r, t), whose thermodynamic average
is zero in the high symmetry (disordered) phase and non-zero in the low symmetry
(ordered) phase [47]. In this context the transition temperature Tc is called critical
point. To quantify the distance from the critical point it is convenient to define a di-
mensionless parameter t, which in the case of thermal phase transitions is given by
t = (T − Tc)/Tc. Although the thermodynamic average of the order parameter van-
ishes in the disordered phase, its fluctuations remain finite. As the critical point is
approached (t → 0) a remarkable behaviour is observed: the spatial and temporal
correlations of the order parameter fluctuations become long-ranged and their typical
length and time scales, called respectively correlation length ξ and correlation (or re-
laxation) time τ , diverge. The correlation length diverges usually according to a power
law characterised by a critical exponent ν

ξ ∝ |t|−ν (2.1)

The relaxation time diverges as a power of the correlation length and this is described
by the dynamic critical exponent z

τ ∝ ξz ∝ |t|−zν (2.2)
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In this picture, as we approach the critical point, the order parameter fluctuates coher-
ently over increasing distances and ever more slowly. As a result, a series of critical
phenomena occur. Since, at the critical point, fluctuations are present at all length and
time scales, the system exhibits similar physical phenomena independently of the size
or energy scale of the probe used to observe it (scale invariance). A classical example
is the phenomenon of critical opalescence caused by the strong density fluctuations at
the liquid/gas transition: at the critical point, monochromatic light of any wave length
is strongly diffused [48]. Another remarkable property of continuous phase transi-
tions, called universality, is the fact that the same critical exponents can characterise
broad classes of phase transitions occurring in diverse physical system. The universal-
ity classes are defined only by the dimensionality of the physical system and by the
symmetry of the order parameter.

2.1.2 Quantum criticality

An important consequence of the divergence of the correlation time is the follow-
ing: the fluctuations of the order parameter of any finite-temperature phase transi-
tion are essentially classical and do not require a quantum statistical analysis. Since
the correlation time diverges, the energy scale ~/τ associated with the fluctuations of
the order parameter vanishes at the critical point. Therefore, for any non-zero Tc we
will have kBTc � ~/τ sufficiently close to the critical point and the system will be-
have classically. These considerations also show that there is only one class of phase
transitions in which quantum statistical mechanics will have an impact on the criti-
cal behaviour: the ones occuring at absolute zero temperature, called quantum phase
transitions [49, 50, 51]. These are a special class of phase transitions in which a phys-
ical system undergoes a change in ground state by changing not the temperature, but
some fundamental parameter d of its hamiltonian, such as doping, pressure, magnetic
or electric field. In this scenario, the distance from the quantum critical point dc is
measured by a dimensionless parameter δ = (d− dc)/dc and the divergent behaviour
of the spatial and temportal correlations are described by the familiar forms

ξ ∝ |δ|−ν (2.3)

τ ∝ ξz ∝ |δ|−zν (2.4)

Let us now consider the case of a physical system which is endowed with an or-
der existing at finite temperatures that can also be destroyed by the variation of a
non-thermal parameter. Since in the vicinity of a quantum critical point, at finite tem-
peratures, thermal and quantum fluctuations can coexist, the system will exhibit a rich
phase diagram in the (d, T ) plane. Namely, we can distinguish 4 regimes (also repre-
sented in Figure 2.1):

1. Ordered: long range order is well established (T < Tc, d > dc).

2. Thermally disordered: long range order is destroyed by thermal fluctuations
(T > Tc, d > dc). Classical criticality is observed around Tc.

3. Quantum disordered: long range order is destroyed by quantum fluctuations
(d < dc).
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ordered
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quantum
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quantum
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T ∝(d-dc)zν
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Figure 2.1: Phase diagram in the (d, T ) plane in the vicinity of a quantum critical point
(QCP).

4. Quantum criticality: thermal and quantum fluctuations dominate (finite temper-
atures, d ' dc).

In the quantum critical region exciting and unusual physical behaviour is often ob-
served at finite temperatures, since both thermal and quantum fluctuations are at play.
The boundaries of the quantum critical region of the phase diagram are determined by
the condition

kBT > ~/τ ∝ |δ|zν (2.5)

In this scenario, the quantum critical point can be regarded as the endpoint of a critical
line Tc(d), that, in the regime of coexisting thermal and quantum fluctuations, scales
as [52]

Tc(d) ∝ |δ|zν (2.6)

2.1.3 The role of quantum statistical mechanics

So far we sketched a plausible phase diagram of a physical system whose ground
state can be tuned by a non-thermal parameter. As we previously mentioned, these
phase transitions are governed by quantum statistical mechanics. In this context, the
thermodynamic properties of a physical system described by an Hamiltonian H , can
be calculated from the partition function Z defined as (β = 1/kBT )

Z = Tr e−βH (2.7)

Much insight can be gained by noting that the density matrix e−βH has the same
form as the time evolution operator e−iHt/~ on condition that an imaginary value is
assigned to the interval of the time evolution [50]. The trace of the density matrix
calculated over a complete basis set |n〉 is given by

Z =
∑

n

〈n|e−βH |n〉 (2.8)

29



2. ELECTRIC FIELD CONTROL OF INTERFACIAL
SUPERCONDUCTIVITY

This is the sum of transition amplitudes of a system that lies in a state n at time t =
0 and returns to the same state after an imaginary time interval −i~β. According
to the Feynman’s formulation of quantum theory [53], each of these amplitudes can
be calculated by summing the amplitudes of all possible loops in the configuration
space connecting the state |n〉 with itself. The time available to a quantum state for
the exploration of its neighborhood in configuration space, before coming back to its
original configuration, is given by the inverse of the temperature. In other words, the
statistical weight of a D dimensional quantum state is determined by the overlap of
this state with its neighbors in the configuration space and by the extent ~β of the time
evolution. At absolute zero temperature, where the temporal dimension diverges, we
can identify the statistical weight of a space time path with the Boltzmann weight of a
D + 1 classical system.

This mapping between quantum and classical statistical mechanics is an essential
tool for the understanding of quantum phase transitions. It allow us to express the
partition function of a D-dimensional quantum system as the partition function of
a (D + 1)-dimensional classical system and to apply results of classical statistical
mechanics, such as calculations of the previously introduced critical exponents, to
quantum systems.

2.2 The superconductor-insulator transition

We will focus our attention on a specific example of a quantum phase transition: the
two-dimensional superconductor to insulator transition. The occurrence in Nature of
this transition is related to some special properties of the superconducting transition in
two dimensions.

2.2.1 The Berezinskii-Kosterlitz-Thouless transition

The order parameter that represents the superconducting phase is a complex quantity,
characterised by an amplitude and a phase: Ψ = |Ψ|eiϕ. In two dimensions, a very
useful representation of the properties of this order parameter is the XY model on a
lattice [54]. In this model, a spin s(r) = s(cos θ(r), sin θ(r)) is assigned to each site r
of a lattice and these interact with their nearest neighbors via an exchange interaction.
In the ground state of this model, the spins can point uniformly anywhere in a two-
dimensional plane, since spatially uniform rotations of θ do not change the energy. On
the other hand, any spatial variation of θ will increase the free energy. This is described
by an elastic energy Fel, which in the context of superfluids takes the form

Fel =
1

2
m∗ns

∫
drv2s (2.9)

where m∗ is the electron’s effective mass; ns = |Ψ|2 and vs = ~∇θ(r)/2m∗ are the
superfluid densitiy and velocity respectively.

It is important to immediately draw our attention to a central property of this
model: the energy associated with elastic phase excitations can be arbitrarily small.
The low energy excitations correspond to long wave-length modes and their presence
has a profound impact on the thermodynamic properties of this model, in particular
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2.2 The superconductor-insulator transition

on the mean value of the order parameter 〈Ψ(r)〉. Indeed it can be shown that in two
dimensions, the average of the order parameter is zero at any temperature. This de-
struction of long-range order is caused by the thermal excitation of long wave-length
modes. The absence of long-range order in two-dimensional systems with a continu-
ous symmetry is known as the Mermin-Wagner theorem [55, 56].

At this point, the hasty reader would conclude that a superconducting state in two
dimensions cannot occur and abruptly end the discussion. Fortunately, Nature is more
subtle, and finds a way around this problem, making it possible to observe a wealth
of fascinating phenomena in two-dimensional superconductors. We can deepen our
insight on this issue by looking at the behaviour of the spatial correlation function
G(r) = 〈Ψ∗(r)Ψ(0)〉. It is found that in two dimensions the correlation function of
the order parameter decays as a power law [54]

G(r) = |Ψ|2
(
r

ξ

)−η(T )
(2.10)

where the temperature dependent exponent is given by

η(T ) =
m∗

2π~2ns
T (2.11)

Systems with power law decay of the order parameter correlation function are called
quasi-long-range-ordered, in contrast with disordered systems, where an exponential
decay is observed. This phase corresponds to a situation where vortex-antivortex pairs,
thermal excitations of the ground state of the XY model, are bound by a logarithmic
attractive interaction. An important question is whether one can describe, using this
model, a transition from a disordered high temperature phase to a quasi-long-range-
ordered phase.

Berezinskii [57, 58], Kosterlitz and Thouless [59] (BKT) have investigated the
possibility that thermally excited vortices can lead to a continuous phase transition
in the XY model. We will sketch briefly their argument. It can be shown that the
energy associated with a single free vortex in a sample of size R is given by U =
πns~2 ln(R/ξ)/m∗, where ξ is the vortex core radius. To compute the free energy we
also nee to consider the entropy S = kB ln(R2/ξ2) = 2kB ln(R/ξ) which corresponds
to the number of accessible configurations for a vortex of surface πξ2 on a sample of
size πR2. The free energy of an XY system with a single free vortex is thus

F = U − TS =

[
πns~2

m∗
− 2kBT

]
ln(R/ξ) (2.12)

For temperatures T < πns~2/2m∗kB the free energy is minimal in the absence of free
vortices. For T > πns~2/2m∗kB the free energy is minimized by the generation of
vortices. Therefore we can identify a critical temperature, defined as

TBKT =
π~2ns
2m∗kB

(2.13)

at which the spontaneous generation of free vortices destroys the quasi long range
order. This transition is accompanied by a characteristic divergence of the correlation
length

ξ = ξ0 exp[2π/(bt1/2)] (2.14)
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and a universal jump in the superfluid density [60].
In principle this discussion is valid for any neutral superfluid, where vortices in-

teract logarithmically at any distance. The first experiments reporting the observation
of a BKT transition were, in fact, performed on superfluid-helium films [61, 62]. The
application of these ideas to charged superfluids, such as thin superconducting films,
has been debated for some time. Pearl [63] has shown that vortex pairs in supercon-
ducting films have a logarithmic interaction energy up to a characteristic distance λ⊥,
calculated in terms of the London penetration depth λ and the film thickness t

λ⊥ =
λ2

t
(2.15)

Beasley, Mooij and Orlando [64] have used this argument to show that, in two-dimensional
superconductors, at the transition temperature, λ⊥ can be of the order of centimeters
and this quantity is related to TBKT by the relation

kBTBKT =
φ20

32π2
1

λ⊥
(2.16)

They also derived a very useful expression to estimate the distance between the mean
field critical temperature Tc and TBKT (RS is the sheet resistance of the sample)

TBKT

Tc
'
(

1 + 0.173
RS

~/e2

)−1
(2.17)

Signatures of BKT behaviour in superconductors are often discussed in transport
experiments by looking at two distinct characteristic behaviours:

• The exponential divergence of the correlation length causes a characteristic tem-
perature dependence of the resistance R around TBKT

• The Lorentz force acting on vortices and antivortices generates a regime of non-
linear current-voltage characteristics

V ∝ Ia(T ) (2.18)

where a is related to the superfluid density by a(T ) = 1 + bns(T ) where b is a
constant. The exponent is predicted to exhibit a discontinuity at TBKT, jumping
from 1 to 3.

2.2.2 The fermionic model

So far we have only discussed fluctuations of the phase of the superconducting order
parameter. Another very important fluctuations regime, pertaining to the amplitude of
the order parameter, is related to the condensation of the electrons in Cooper pairs at
the critical temperature. An interesting discussion of this problem has been proposed
by Finkel’stein [65, 66], who considered the enhancement of the repulsive Coulomb
interaction generated by disorder using a renormalization group approach. Since this
phenomenon enters naturally in competition with the electron pairing, this mechanism
can explain the weakening of superconductivity with increasing resistance. In this
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2.2 The superconductor-insulator transition

framework, the amplitude of the order parameter vanishes at the transition and the
conduction in the non-superconducting state is fermionic. Finkel’stein obtained an
expression for the renormalized critical temperature which, remarkably, is solely a
function of the elastic scattering time τe

Tc

Tc max
= eγ

(
1/γ −

√
r/2 + r/4

1/γ +
√
r/2 + r/4

)1/
√
2r

(2.19)

with r = RSe
2/2π2~ and γ = ln ~/kBTcτe.

Since Tc and TBKT can be a priori different, a very interesting scenario opens up:
the amplitude of the order parameter can remain finite, while the quasi long range
order can be destroyed by the proliferation of free vortices driven by a non-thermal
parameter such as disorder or magnetic fields.

2.2.3 The dirty boson model

In a series of seminal papers in 1990, M.P.A. Fisher and collaborators considered a
two-dimensional superconductor in the presence of disorder [67, 68]. They observed
that, in a system undergoing a BKT transition, a very special scenario can come about.
As the disorder is increased, both Tc and TBKT are typically suppressed by a gradual
enhancement of the Coulomb interaction. It is then possible that, at a critical level of
disorder dc, TBKT vanishes while Tc remains finite: the ground state of the system is
not superconducting, even if the electrons are still condensed in Cooper pairs. This
quantum phase transition can still be described in terms of vortex unbinding, as in the
BKT transition, with one important difference: the creation of free vortices cannot be
described as a thermal excitation but require a full quantum mechanical analysis. In
this framework vortices are bosonic particles just like Cooper pairs. The authors high-
lighted a fascinating duality of these particles at the superconductor-insulator transi-
tion: in the superconducting phase, vortices are localized bosons while Cooper pairs
form a condensate. In the insulating phase, Cooper pairs are localized and unbound
vortex-antivortex pairs form a Bose condensate. At the heart of this transition lies one
of the most fundamental properties of quantum mechanics: since the phase and parti-
cles number are conjugate operators, their fluctuations are limited by the Heisenberg
uncertainty principle. Consequently, bosons can either be in an eigenstate of parti-
cles number (a localized insulator) or phase (a condensate). Near the critical disorder
there is a direct competition between the condensation of Cooper pairs and vortices.
In the presence of a perpendicular magnetic field a similar quantum phase transition
is predicted, between a superconducting vortex glass state and an insulating Bose con-
densate of vortices. The resulting phase diagram is shown in Figure 2.2.

A remarkable prediction of this theory is that, at the critical point, a two dimen-
sional disordered film has a universal metallic sheet resistance given by the quantum
of resistance for Cooper pairs

RQ =
h

4e2
' 6.45 kΩ/� (2.20)

The authors of this work emphasized this result as an exception to the general state-
ment of Abrahams, Anderson, Licciardello and Ramakrishnan ("Absence of Quantum
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Figure 2.2: Electronic phase diagram of a two-dimensional disordered superconductor.
Distinct superconductor-insulator quantum phase transitions can occur at a critical disor-
der and at a critical magnetic field. From [68]

Diffusion in Two Dimensions" [69], discussed in Chapter 3), by calling their paper
"Presence of Quantum Diffusion in Two Dimensions....". This model sets also a lower
limit for the value of the critical exponent which describes the divergence of the cor-
relation length at the critical point. The prediction is ν > 2/d = 1 [68]. The authors
also argued that the dynamic exponent z is exactly 1 [67].

Evidence in favor of the universality of the resistance at the critical point came
from a famous experiment performed by A. M. Goldman and collaborators who stud-
ied the superconductor-insulator transition in bismuth thin films. In this experiment,
the strength of the disorder was controlled by varying the thickness of the films [70].
As we can appreciate from Fig. 2.3, the samples they studied were either supercon-
ducting or insulating, depending on the thickness and, at the transition between the
two ground states, the resistance falls exactly were the theory predicts. The large
body of experimental work that followed did not fully confirm the predictions of the
bosonic model [71]. The superconductor-insulator transition has been studied in ultra-
thin films of different superconducting materials, using as control parameters magnetic
and electric fields, thickness and carrier concentration. After twenty years of research
there is a wide consensus among the community that the critical resistance is not uni-
versal. Diverse critical exponents have also been observed. This should not come as a
surprise since this universality rests upon an exact duality between vortices and Cooper
pairs. This in turn requires a logarithmic interaction between Cooper pairs, which is
difficult to justify. Another limitation of this model is that it completely neglects am-
plitude fluctuations, that is the disappearance of Cooper pairs at the transition.
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2.2 The superconductor-insulator transition

Figure 2.3: Sheet resistance as a function of temperature of thin films of bismuth charac-
terised by a different thickness. From [70]
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Figure 2.4: Sheet resistance vs temperature for different magnetic fields applied perpen-
dicular and parallel to the LaAlO3/SrTiO3 interface.

2.3 Electrostatic tuning of superconductivity in LaAlO3/SrTiO3

interfaces

We will now discuss a series of transport experiments performed on LaAlO3/SrTiO3

heterostructures. First we will discuss the two-dimensional character of superconduc-
tivity in these structures and, consequently, we will consider their superconducting
transitions in the BKT framework. Having established this, we will present evidence
of a superconductor-insulator quantum phase transition guided by the electrostatic field
effect.

2.3.1 Two-dimensional superconductivity

The dimensionality of the superconducting state in LaAlO3/SrTiO3 heterostructures
can be assessed by investigating their transport properties under applied magnetic
fields. Figure 2.4 shows sheet resistance RS vs temperature measurements for mag-
netic fields applied perpendicular (H⊥) and parallel (H‖) to the interface. The sample
shown here has a LaAlO3 thickness of 4 uc. The resistance was measured by a dc
four-point method, in a dilution cryostat, along a transport path that was 100 µm wide
and 200 µm long. In the parallel configuration, the current direction is collinear with
the magnetic field and the alignment between the interface and the field is adjusted
with a precision of about 0.15 deg using a piezoelectric goniometer. The measurement
current has been kept below the critical current determined from voltage versus current
characteristics recorded at different temperatures and magnetic fields.
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Figure 2.5: Characteristic magnetic fields as a function of the temperature for H applied
parallel (dots) and perpendicular (squares) to the LaAlO3/SrTiO3 interface, exhibiting
a large anisotropy. The inset shows the same data on an enlarged field scale for the
perpendicular field configuration. The solid line is a fit of the data for the parallel fields.

To determine the dimensionality of the superconducting layer we define T ∗ as
the temperature at which the sheet resistance is 50% of RS(T = 400 mK). Figure
2.5 shows the characteristic fields µ0H∗(T ) for the parallel and perpendicular field
directions. The analysis of the perpendicular field data lead to an in-plane coherence
length

ξ‖ =

[
φ0

2πµ0H∗⊥

]1/2
(2.21)

of about 70 nm at T = 0. According to the Ginzburg-Landau theory, a superconducting
film in the two-dimensional limit, that is thinner than the in-plane coherence length,
presents a square-root dependence of the characteristic parallel field as a function of
temperature

H∗‖ ∝
[
1− T

T ∗(H = 0)

]1/2
(2.22)

We note from Figure 2.5 that the behaviour observed in LaAlO3/SrTiO3 interfaces is
in remarkable agreement with this prediction, suggesting a two-dimensional supercon-
ducting state. In the same framework, the thickness t of the superconducting layer can
be estimated using the relation

t =

√
3φ0

πξ‖(T )µ0H∗‖ (T )
(2.23)

which leads to a T -independent estimate t = 12 ± 2 nm. This value is much smaller
than the in-plane coherence length, verifying the internal consistency of our analysis.
This estimate of the thickness of the electron gas is also consistent with other experi-
mental results reported in the literature and discussed in Chapter 1.
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samples develop a small voltage drop which is
proportional to the current and increases with
temperature. As Fig. 4A shows for the 8-uc-thick
sample, at 30 mK the associated resistance is at
least four orders of magnitude smaller than the
normal state resistance. With T increasing from
30 mK to 180 mK, the resistance grows ex-
ponentially from ≅ 0.1 W to 10 W. Between 180
mK and Tc, the step at Ic disappears and power-
law type V(I) curves are measured.

Is the bulk of the SrTiO3 superconducting
or is it only a thin sheet at the interface layer?

How thick is the superconducting layer? If the
heterostructures were 2D superconductors, the
transition into the superconducting state would
be a BKT transition, characterized by a transition
temperature TBKT at which vortex-antivortex
pairs unbind (23). A simple estimate of TBKT,
assuming that the sheet superconducting carrier
density equals 4 × 1013/cm2, would suggest that
in the samples, the BKT and mean field temper-
atures almost coincide. However, in case of large
vortex fugacity, a high density of vortex-antivortex
pairs is thermally generated and an ionic-like

vortex-antivortex crystal is formed (24). For such
a system, the melting of this lattice represents the
BKT transition, which then occurs at lower temper-
atures. At the BKT transition, the current-induced
Lorentz force causes dislocation-antidislocation
pairs to unbind, resulting in a V º I a behavior,
with a(TBKT) = 3.

The samples indeed show clear signatures of
the BKT behavior, such as a V º I a power-law
dependence (Fig. 4A). As revealed by Fig. 4B, at
T = 188 mK, the exponent a approaches 3; this
temperature is therefore identified as TBKT. The
V(I,T) characteristics (Fig. 4A) are very similar to
the results of simulations treating finite-size 2D
systems (25). The ohmic regime observed below
TBKT at small currents is expected for finite size
samples and agrees quantitatively with an analy-
sis (18) based on (24).

In addition, the R(T) characteristics are
consistent with a BKT transition, for which,
close to TBKT, aR =R0exp(−bt−1/2) dependence is
expected (26). Here, R0 and b are material
parameters and t = T/TBKT − 1. As shown by
Fig. 4C, the measured R(T) dependence is
consistent with this behavior and yields TBKT ≅
190 mK, in agreement with the result of the
a-exponent analysis. The superconducting transi-
tion of the samples is therefore consistent with
that of a 2D superconducting film. Hence, the
superconducting layer is thinner than x ≅ 70 nm.

Analysis of the superconducting transition
temperature provides an independent bound on
the layer thickness. If the superconductivity were
due to oxygen defects in SrTiO3−x, a carrier
density of ≳ 3 × 1019/cm3 would be required
for a Tc of 200 mK (27). The measured sheet
carrier densities thus give an upper limit for the
thickness of the superconducting sheet of ≅ 15
nm. Considering that the carrier concentration of
the SrTiO3−x layer cannot be constant but has to
conform to a profile following Poisson’s equation
as treated with consideration to the field-
dependent SrTiO3 susceptibility (28), one can
set an upper limit for the thickness of the
superconducting sheet of ≅ 10 nm, a value much
smaller than that suggested in (7, 8) for the
thickness of the conducting layer in reduced
LaAlO3/SrTiO3 heterostructures. The carrier
density profile at interfaces in oxygen-deficient
SrTiO3−x has also been calculated in (8). As a
result of this model, a sheet carrier density > 5 ×
1014/cm2 is needed to provide a carrier concen-
tration of 3 × 1019/cm3 . Because the sheet carrier
densities of our samples equal only 1.5 to 4 ×
1013/cm2, according to this model the supercon-
ductivity of the LaAlO3/ SrTiO3 interface cannot
be caused by doped SrTiO3−x alone.

The experiments presented here do not allow
us to determine whether the observed super-
conductivity is due to a thin doped SrTiO3 sheet
or a novel phenomenon occurring at this artificial
interface. Although the Tc of the heterostructures
falls in the transition range of oxygen-deficient
SrTiO3−x, the transport properties of the samples
differ to some extent from the ones of doped

Fig. 3. V(I) measurements of the 8-uc LaAlO3/SrTiO3 heterostructure. (A) Temperature-dependent
voltage-current characteristics of a 100 × 300 mm2 bridge. (B) Measured temperature dependence
of the linear critical current density, as obtained from (A).

Fig. 4. Low-temperature transport properties of the 8-uc LaAlO3/SrTiO3 heterostructure. (A) V(I)
curves on a logarithmic scale. The color code is the same as that in Fig. 3A. The numbers provide the
value of T, measured in mK, at which the curves were taken. The short black lines are fits of the data in
the transition. The two long black lines correspond to V = RI and V ~ I3 dependencies and show that
187 mK < TBKT < 190 mK. (B) Temperature dependence of the power-law exponent a, as deduced
from the fits shown in (A). (C) R(T) dependence of the 8-uc sample (I= 100 nA), plotted on a [dln(R)/dT]−2/3

scale. The solid line is the behavior expected for a BKT transition with TBKT = 190 mK.
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Figure 2.6: Low-temperature transport properties of the 8 u.c. LaAlO3/SrTiO3 het-
erostructure. (A) V (I) curves on a logarithmic scale. The numbers provide the value
of T, measured in mK, at which the curves were taken. The short black lines are fits of
the data in the transition. The two long black lines correspond to V = RI and V ∼ I3

dependencies and show that 187 mK< TBKT <190 mK. (B) Temperature dependence of
the power-law exponent a, as deduced from the fits shown in (A). (C) R(T ) dependence
of the 8 u.c. sample (I = 100 nA), plotted on a [d ln(R)/dT ]2/3 scale. The solid line is
the behavior expected for a BKT transition with TBKT = 190 mK.
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2.3 Electrostatic tuning of superconductivity in LaAlO3/SrTiO3 interfaces

Since this system is two-dimensional we can analyse its superconducting transition
using the BKT approach. A simple estimate using the Beasley formula (equation 2.17)
would suggest that in LaAlO3/SrTiO3 interfaces, the BKT and mean field tempera-
tures almost coincide. However, in the case of large vortex fugacity, a high density
of vortex-antivortex pairs is thermally generated and the formation of an ionic-like
vortex-antivortex crystal is predicted [72]. For such a system, the melting of this lat-
tice represents the BKT transition, which then occurs at lower temperatures. At the
BKT transition, the current-induced Lorentz force causes dislocation-antidislocation
pairs to unbind, resulting in the V ∝ Ia(T ) behavior, with a(TBKT) = 3, introduced
in section 2.2.1. Figure 2.6A,B shows the V (I) characteristics of a 8 u.c. LaAlO3

sample, recorded at different temperatures. The interface exhibits a clear V ∝ Ia(T )

dependence, providing evidence of BKT behaviour and an estimate TBKT ' 188 mK.
A piece of experimental evidence that particularly favors the model of the vortex-

antivortex crystal is the excellent estimate that this provides of the critical current.
Further evidence for dissociation of vortices at the superconducting transition can be
obtained from the analysis of the R(T ) measurements, since the exponential diver-
gence of the correlation length causes a characteristic temperature dependence of the
resistance. The best way to proceed with this analysis is still debated and we will
discuss two different approaches presented in the literature. The first, proposed by T.
Schneider [73], is based on the behaviour of the correlation length near TBKT outlined
in equation 2.14. Since the resistance is proportional to the density of unbound vortices
we expect to observe R ∝ ξ−2. Therefore the resistance as a function of temperature
should obey the law

R = R0 exp

(
− bR

(T − TBKT)1/2

)
(2.24)

where bR is a parameter related to the vortex properties. We can rewrite this expression
as (

d lnR

dT

)−2/3
=

(
2

bR

)2/3

(T − TBKT) (2.25)

This form has the advantage that bR and TBKT can be estimated from a characteristic
linear behaviour above TBKT, while R0 is eliminated. The result of this analysis is
depicted in Figure 2.6C where the linear region enables an estimate TBKT ' 190 mK
which is in good agreement with the value extracted from the I, V characteristics. This
analysis relies on the assumption that Tc is far larger than TBKT and the region of linear
behaviour can be described solely by the BKT theory. Benfatto and collaborators have
challenged this point of view, and have proposed an interesting alternative approach
[74]. They suggested that the superconducting transition should cross over from a
regime of Ginzburg-Landau fluctuations, characterised by a power law divergence of
the correlation length, to a BKT regime where the divergence acquires an exponential
form. Accordingly they analysed the experimental data with a formula interpolating
the two regimes obtaining a very good fit over a wide temperature range (see Figure
2.7). It is interesting to remark that both analyses are unable to capture the behaviour
of the resistance at the lowest temperatures. In the case of the first approach, a clear
deviation from the linear behaviour is observed. In the second analysis the resistive
tail of the transition could not be fitted without including a gaussian distribution of the
superfluid density. Both authors pointed to inhomogeneities and finite size effects as
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TBKT so the finite-size effects by themselves are not respon-
sible for the observed tail. On the other hand, from Fig. 3 we
notice that a tail with upward curvature is typical of the
fluctuation resistivity near the TBKT transition. However
since tc in this case is extremely small, the tail cannot be
even resolved in the scale of Fig. 6. On the contrary, if the
transition itself is broadened one could expect to enhance the
BKT tail and to reproduce the experimental data.

On the light of this observation, we suggest that the resis-
tive tail can be attributed to an inhomogeneous spatial distri-
bution of the local superfluid, to be ascribed to an intrinsic
inhomogeneous density distribution in these systems. In
analogy with the analysis of inhomogeneity on the superfluid
density performed in Ref. 21, we shall assume for simplicity
a Gaussian profile,

P!J" =
1

#2!"
exp$− !J − J̄"2

2"2 % , !25"

where J̄ is the J0 value determined by the above fit for the
homogeneous case. To each J corresponds a mean-field tem-
perature Tmf =Tc!J / J̄", and accordingly a given TBKT value.
While far from TBKT such an inhomogeneity is harmless,
near TBKT it will give important effects, once we average
over different patches having different transition tempera-
tures. To compute the effect of the sample inhomogeneity on
the resistivity we go back to Eq. !2", that defines the resis-
tivity due to vortices. We notice that the main quantity that
enters the theory is the vortex density; indeed, the correlation
length defined by Eq. !2" is just a different way to express
the vortex density. Thus, in the presence of the inhomogene-
ity &Eq. !25"', we must average the vortex-density values
nF!J" obtained in each patch with a given local J value; in
this way, even below TBKT there will be patches of the sys-
tem where nF is finite because J# J̄ and consequently the
local TBKT is smaller than the average one. As a conse-
quence, the BKT tail gets enhanced, in excellent agreement

with the experiments !with "=0.02J̄", see Fig. 6.
A second effect of the inhomogeneity that emerges in the

experiments of Ref. 4 is the lack of the universal jump of the
superfluid density near Js. In Ref. 4, Js has been indirectly
measured via the I-V characteristics in the nonohmic regime
&see discussion above Eq. !28"', given within the KT theory
by13,17,35

V = I1+!Js!T"/T = Ia!T". !26"

Thanks to the universal relation !10", right below the transi-
tion !Js!TBKT" /TBKT=2 so that the coefficient a=3. On the
other hand, in the infinite-size homogeneous case Js!T"
jumps discontinuously to zero right above TBKT so that the
coefficient a!T" is expected to jump discontinuously to 1.
Even though finite-size effects remove the jump and lead to a
rapid downturn !see inset of Fig. 6", the measured tempera-
ture dependence of a!T" is still much smoother. This effect
can be explained by the presence of inhomogeneity, that
leads to a smooth downturn of Js near TBKT.21

As a further check of the correctness of our analysis of the
data, we discuss the implication of the interpolated GL
+BKT fit on the estimated value of the superfluid-density
value at T=0. From the value of tc(8Tc / !!3J0"=0.0106 ob-
tained by the fit, it follows &see Eq. !14"' that J0=7 K. Ac-
cording to Eq. !5" above, J0 is in turn controlled by the
zero-temperature value of the density of superfluid electrons.
While in a clean superconductor ns

2D=n2D at T=0, where n2D

is the sheet carrier density of the sample, in the dirty case
only a fraction on the order of !d /$0 of the electron density
condenses into the superfluid fraction at T=0, where !d
=vF% is the mean-free path, with vF Fermi velocity and %
scattering time. Since the BCS correlation length at T=0 is
$0=&vF /!'!0", with ' superconducting gap, and % can be
determined by the sheet resistance R!=n2De2% /m" !here !
denotes the sheet area", we obtain an estimate of the
disorder-reduced superfluid density as

kBJ0 =
&2ns

2D

4m" (
&2n2D

4m"

!'!0"!
&vF

=
&

e2

n2De2%

m"

!'!0"
4

=
Rc

R!

!'!0"
4

. !27"

Using the universal value Rc=& /e2=4114 ( /!, the mea-
sured normal-state resistance R)390 ( /!, and the BCS
estimate '!0"=1.76Tc with Tc=0.19 K, we obtain J0
)3 K, which is in excellent agreement with the value J0
=7 K obtained by the fit, taking into account the approxi-
mate estimate of the condensate fraction used in Eq. !27"
above.

The crucial role of inhomogeneities in controlling the tails
of the resistive transition is made even more evident by ex-
tending the above analysis to a second example of supercon-
ducting heterostructures measured in Ref. 5, where the
normal-state resistance is higher so that inhomogeneous ef-
fects could be expected to be stronger. We shall consider the
case of zero gate voltage in Ref. 5, i.e., the as-grown sample
without the field-induced doping. The data are shown in Fig.
7 along with our proposed fit !Tc=0.269 K, TBKT=0.25 K,
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FIG. 6. !Color online" Comparison between the resistivity of the
heterostructure measured in Ref. 4 and the resistivity obtained with
the interpolating formula !22". The curve labeled Hom refers to the
case of a single local J value while the curve “Inhom” refers to the
resistivity obtained by sample average over the local distribution
&Eq. !25"' of superfluid density. Inset: coefficient a!T"=1
+!Js!T" /T of the I-V characteristic in the two cases.
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Figure 2.7: Fit of the normalised resistivity as a function of temperature using the ap-
proach proposed by Benfatto and collaborators. The curve labeled Hom refers to the case
of a single value of superfluid density while the curve Inhom refers to the resistivity ob-
tained by sample average over a distribution of superfluid density. Inset: coefficient a of
the I-V characteristic in the two cases. From [74]

responsible for this behaviour. The most notable difference between the two methods
is related to the values of the bR parameter of equation 2.14 that are extracted. The
first procedure leads to bR values which are one order of magnitude smaller than the
second. This could be interpreted as another signature of the vortex crystal, which
could renormalise the parameter bR or could signal an inconsistency in the analysis.
Since a theoretical calculation of this parameter in the context of the fusion of a vortex
crystal is lacking, this issue cannot be resolved at the moment. Despite their differ-
ences, both analyses point to a BKT behaviour of the superconducting transition of the
LaAlO3/SrTiO3 interface, which is the main point of our discussion.

2.3.2 Field effect experiments

After having demonstrated the important role played by phase fluctuations in the tem-
perature driven superconducting transition at the LaAlO3/SrTiO3 interface, we are pre-
pared to discuss the tuning of the ground state of this system by an external parameter.
We will mainly discuss quantum phase transitions driven by the electric field effect but
we will also present data related to the suppression of superconductivity by a magnetic
field.

The application of the field-effect transistor principle to novel electronic systems
provides a fascinating opportunity to control their properties and ultimately their ground
state [75, 76]. This technique has been applied with success to a variety of exotic ma-
terials, such as high-temperature superconductors [77, 78, 79, 80], amorphous super-
conductors [81], ferromagnetic manganites [82, 83] and organic materials [84]. Since
the electrostatic field effect is essentially an interface phenomenon, we can expect par-
ticularly interesting results in the LaAlO3/SrTiO3 system.

In a standard field effect device, an electric field is applied between a metallic gate
and a conducting channel across a dielectric. The 0.5 mm thick SrTiO3 substrate was
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Figure 2.8: Dielectric characterisation of the field effect device. (a) Dielectric tunability
of the differential capacitance (C versus V ) measured on a device at 1.5 K (blue). C(V )

is measured with an ac technique applying a dV = 1 V. Change in the 2D carrier con-
centration as a function of gate voltage calculated using eq. 2.26 with V1 = 200 V and
V2 = V (red). The dashed lines indicate the region where the quantum critical behaviour
is observed. Note that in this region δn2D ∼ δV . (b) Schematic view of a field effect de-
vice, showing the source (S), drain (D), longitudinal voltage (V+ and V−), Hall voltage
(VH ) and gate voltage (G) contacts.

used as the dielectric since it is characterised at low temperatures by a large dielectric
constant. The metallic gate is a gold film sputtered opposite to the channel area onto
the backside of the substrate. In this configuration the electric field modulates the
concentration of carriers in the interface conducting channel. A sketch of the field
effect device is shown in Figure 2.8b.

To quantify the carrier density modulation resulting from the field effect, the elec-
tric field dependence of the SrTiO3 permeability needs to be taken into account [85].
We therefore measured the differential capacitance C(V ) = dQ(V )/dV of the device
as a function of the applied gate voltage V ,Q(V ) being the induced charge. It is known
that charge trapping in SrTiO3 can occur and may cause the appearance of hysteresis
in the C(V ) measurements [86]. Indeed the capacitance was found to depend on the
voltage sweep history. However, the devices present reversible and reproducible C(V )
characteristics when the field is first ramped to the highest positive voltage. Follow-
ing this experimental procedure, the field induced modulation of charge density δn2D
between gate voltages V1 and V2 can be evaluated using the relation

δn2D =
1

Se

∫ V2

V1

C(V )dV (2.26)

where S is the area of the gate electrode and e is the elementary charge. The C(V )
characteristic of a 9 u.c. device and the corresponding modulation of carrier density
are presented in Figure 2.8a. The carrier concentration of the as-grown sample has
been measured using the Hall effect (n2D ' 4.5 · 1013 cm−2 at 100 K). The maximum
modulation of the carrier density that was achieved is remarkably close to the total
number of free carriers present in the system, indicating that the electric field effect is
an excellent tool to probe its phase diagram.
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Figure 2.9: Field effect modulation of the transport properties. (a) Measured sheet
resistance as a function of temperature for gate voltages varying in 10 V steps between
-300 V and -260 V, 20 V steps between -260 V and 320 V and for -190 V, plotted on a
semi-logarithmic scale. (b) The same data plotted on a linear resistance scale.

On the same sample the temperature dependence of the sheet resistance Rsheet has
been measured for various gate voltages V . Figure 2.9a shows the sheet resistance
versus temperature for applied gate voltages between -300 V and 320 V; Figure 2.9b
displays the same data on a linear sheet resistance scale. This behaviour has been
observed in several samples. A variation of the gate voltage induces a large modula-
tion of the normal state resistance, which changes by two orders of magnitude, and
a remarkable tuning of the superconducting critical temperature. For large negative
voltages, corresponding to the smallest accessible electron densities, the sheet resis-
tance increases as the temperature is decreased, suggesting an insulating (conductance
G → 0 as T → 0) ground state. As the electron density is increased the system
becomes a superconductor. The superconducting to insulating ground state transition
occurs at a critical sheet resistance Rc ≈ 4.5 kΩ/�, close to the quantum of resistance
for charge 2e bosons predicted by Fisher’s theory. A further increase in the electron
density produces first a rise of the critical temperature to a maximum of ∼ 310 mK.
For larger voltages, the critical temperature decreases again, providing evidence for an
overdoped regime. These measurements thus reveal the existence of a quantum phase
transition between a superconducting and an insulating phase at the LaAlO3/SrTiO3

interface and demonstrate that the ground state of the system depends on its carrier
density. The interpretation of this phenomenon in term of quantum phase transition is
further substantiate by the observation of a well defined crossing point in the isotherms
R(V ) presented in Figure 2.10 which enables us to identify a critical voltage and re-
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Figure 2.10: Sheet resistance as a function of gate voltage V measured at differ-
ent temperatures. The curves exhibit a well defined crossing point, characteristic of a
superconductor-insulator transition.

sistance.
Close to the critical point, the sheet resistance measured at 400 mK shows a re-

markable phenomenon. As can be seen in Figure 2.11, approaching the critical point
from the superconducting region of the phase diagram, a linear dependence of the sheet
resistance as a function of the applied voltage is observed. Once the critical point has
been crossed, however, a further reduction of carrier concentration produces a much
steeper variation of resistance.

In order to establish the critical temperature versus carrier density phase diagram,
a criterion to define the critical temperature for each gate voltage is needed. We used
the first method described in section 2.3.1 to extract TBKT for each applied gate voltage
and to map out the phase diagram. The result is shown in Figure 2.11. Reducing the
carrier concentration from the largest doping level (V = 320 V), TBKT first increases,
reaches a maximum at around 310 mK and then decreases to zero. This critical line
ends at Vc ' −140 V, where the system undergoes a QPT.

To investigate the quantum critical region in detail we consider a continuous QPT
separating a superconducting ground state and an insulating ground state. The control
parameter of the phase transition is the variation of the carrier concentration δn2D =
n2D − n2Dc, where n2Dc is the sheet carrier density at the critical point. Figure 2.8a
shows a quasi-linear relationship between the applied gate voltage and the variation
of carrier concentration δn2D ∝ δV = V − Vc in the vicinity of the critical point.
Hence we can use the gate voltage as the tuning parameter for the analysis of the
QPT. For a continuous QPT, the quantum critical region is characterised by a spatial
and a temporal correlation length that diverge respectively as ξ ∝ (δn2D)−ν , and
ξτ ∝ (δn2D)−zν . As previously discussed, according to the scaling theory of quantum
critical phenomena [52, 87, 88] the phase transition line TBKT(δV ) presented in Fig.
2.11 is expected to scale (see equation 2.6), in the vicinity of the quantum critical point
(QCP), as

TBKT ∝ (δn2D)zν ∝ (δV )zν (2.27)

In Fig. 2.11 we observe that the approach to quantum criticality is well described by
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Figure 2.11: Electronic phase diagram of the LaAlO3/SrTiO3 interface. Critical tem-
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Figure 2.12: Critical temperature Tc of the LaAlO3/SrTiO3 interface as a function of the
sheet resistance RS. The solid line is the best fit to Finkel’stein theory.

zν = 2/3. We note that the product zν = 2/3 agrees with the results obtained in previ-
ous experiments of electric and magnetic field tuned 2D-QSI transition in amorphous
bismuth films [81] and Nb0.15Si0.85 films [89]. The value zν = 2/3 is compatible
with the 3D-XY model possibly indicative of a clean (or weakly disordered) system
in which quantum fluctuations dominate ((2+1)D-XY). The voltage range over which
quantum critical fluctuations can be observed has however to be determined. The prod-
uct zν = 2/3 is not compatible with the dirty boson model, which predicts zν > 1.

It is interesting also to look at the data in a purely fermionic perspective, using
the approach of Finkel’stein described in Section 2.2.2. Using this model we can
interpret the dependence of the critical temperature on the sheet resistance in term
of reinforcement of the repulsive Coulomb interaction caused by the disorder. The
best fit of equation 2.19 to our experimental data is presented in Figure 2.12. In this
analysis we estimated Tc as the temperature at which the sheet resistance is 50% of
RS(T = 400 mK). To obtain a fit of the theory to our data we had to take the maximum
mean field critical temperature Tc max, as a free parameter larger than the observed
maximum critical temperature. We obtain Tc max = 580 mK which is of the same
order of the largest critical temperatures observed in bulk SrTiO3. From the parameter
γ we can estimate an elastic scattering time, at Tc max, τ ' 37 fs which is in line
with the observed resistivity. Overall, a fully fermionic model appears to deliver an
inadequate interpretation of our experimental results. It not only completely misses the
behaviour at low resistivity, where an overdoped regime is observed, but it also fails to
appropriately describe the high resistance regime, where a much faster weakening of
superconductivity than the one predicted is present. On the basis of this finding and on
the consistency observed with the XY model we can conclude that phase fluctuations
play an important role in this system.

The transition from a superconducting to an insulating state can also be driven by
a magnetic field. Indeed this control parameter is the most widely used to drive super-
conductor to insulator transitions in thin films such as α-InOx [90], MoGe [91, 92] and
TiN [93]. In this case the hallmark of this transition is the crossing at a well defined
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Figure 2.13: Sheet resistance RS of the LaAlO3/SrTiO3 interface as a function of mag-
netic field, -120 V (left panel) and 120 V (right panel), for different temperatures (50 to
800 mK).

point of the resistance versus magnetic field curves recorded at different temperatures.
As shown in Figure 2.13, in LaAlO3/SrTiO3 interfaces for gate voltages close to the
quantum critical point, we observe a crossing point situated around 100 mT. We re-
mark that the critical sheet resistance at the crossing point (Rc ≈ 6.5 kΩ/�) is exactly
the one predicted by the bosonic theory. On the same sample in the overdoped regime
no crossing point is observed in the resistance versus magnetic field measurements,
which indicates that on this side of the dome a superconductor to metal transition is
present.

Of particular relevance for the understanding of the nature of this electronic sys-
tem is the insulating region of the phase diagram. In the accessible temperature range
the variation of the conductance can be explained by weak localisation [94]. The na-
ture of the phenomenon will be discussed extensively in the next Chapter. Fig. 2.14a
depicts the dependence of the sheet resistance in a perpendicular magnetic field mea-
sured at 30 mK. As expected if weak localisation is governing the magnetotransport
properties, we observe a large negative magnetoresistance that increases as we move
more deeply into the insulating phase, reaching more than −40% at 8 T for the lowest
measured carrier concentration. Above ∼1 T the resistance decreases logarithmically
with increasing magnetic field.

Is the observation of weak localisation consistent with the presence of bosonic
excitations in the insulating regime? This is a relevant question, since weak locali-
sation corrections normally arise in the context of fermions. Das and Doniach con-
sidered the problem of weakly localised bosons [94], stimulated by the experimental
findings of Yazdani and Kapitulnik, that showed weak localisation occurring on the
insulating side of the superconductor-insulator transition in Mo-Ge thin films [92].
They argued that the weak localization of bosons is characterized by Rs ∼ ln(1/T ),
as compared to σ ∼ lnT for fermions. These two theoretical prediction are com-
pared with the same experimental data (LaAlO3/SrTiO3 interface at -240 V) in Figure
2.15. As the reader can appreciate, it is hard to discriminate between the two sce-
narios based on the available experimental evidence. In both cases the logarithmic
behaviour is limited to the same temperature range and a deviation is observed at the
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Figure 2.14: Field effect modulation of the magnetotransport properties. (a) Sheet resis-
tance (top panel) and magnetoresistance (bottom panel), as a function of magnetic field,
measured for different gate voltages at 30 mK. Note the large negative magnetoresistance
for the lowest carrier densities.(b) Sheet resistance as a function of magnetic field, mea-
sured for different gate voltages at 30 mK and plotted on a logarithmic magnetic field
scale.
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lowest temperatures. We remark that the theoretical prediction for the weak localisa-
tion of fermions is much stronger, since a universal prefactor of the Rs ∼ ln(1/T )
law, given by e2/πh ' 1.2 · 10−5 S, is expected. This universal behaviour is observed
in our experiments, and the same prefactor describes the logarithmic decrease of the
conductance in magnetic field as well.

The picture that emerges from this study of the superconductor-insulator transition
in LaAlO3/SrTiO3 interfaces is not conclusive. On one hand we find some experi-
mental evidence in favor of the bosonic scenario, such as the value of the resistance
at the quantum critical point and the observation of well defined crossing points of
the isothermal resistance curves as a function of both gate voltage and magnetic field.
Moreover, the weakening of the critical temperature cannot solely be explained by a
reinforcement of the Coulomb interaction. All these elements point to the important
role played by phase fluctuations in this quantum phase transition. On the other hand
the product of critical exponents zν = 2/3, characteristic of a clean XY model, is not
compatible with the dirty boson model, which predicts zν > 1. We remark that the
same apparent inconsistency has emerged in studies of the superconductor-insulator
transition in amorphous bismuth [95]. Further experimental work will help us to shed
light on the issue.
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Chapter 3

Localisation and spin-orbit
interaction

In the preceding chapter we have discussed a series of experiments where the phase di-
agram of the LaAlO3/SrTiO3 interface has been explored. We have uncovered a quan-
tum phase transition that drives this system from being a superconductor to having its
carriers localised. In this chapter we will attempt to describe the physical mechanisms
leading to carrier localisation, and the important role that the spin-orbit interaction
plays in this context. In our analysis, magnetic scattering will be neglected. We will
then apply these ideas to the study of magnetotransport across the phase diagram of
the LaAlO3/SrTiO3 interface. As a first step, it is best to put our discussion on solid
ground by defining what we mean by "strong" or "weak" disorder.

3.1 Measuring disorder

Let us consider the ground state of a disordered quantum system of finite size L and
dimensionality d, characterised by a density of state per unit volume ν and a diffusion
coefficient D. This system has two natural energy scales: one is the Thouless energy,
which is the energy scale ET = h/τL associated with the diffusion time of an electron
along the finite size of the system τL = L2/D. The second is the mean spacing
between its energy levels δ = 1/νLd. Thouless has shown that the ratio of these two
energy scales

g = ET/δ (3.1)

determines if the electronic states of this system are localised or extended. Whenever
g � 1 the energy scale associated with the finite size of the system is larger than the
energy spacing and the electrons are localised. In the limit g � 1 the energy levels of
the system are strongly coupled and the electrons delocalise. This parameter, known
as the Thouless number, has the outstanding property of being directly related to the
conductance. Indeed, if we consider Ohm’s law, which states that the conductance G
of a sample of side L scales as

G = σLd−2 (3.2)
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and the Einstein relation for the Drude conductivity

σ = e2Dν (3.3)

we immediately see that

G =
e2

h
νLd

hD

L2
=
e2

h
g(L) (3.4)

Therefore the conductance (expressed in units of e2/h) is a direct measurement of the
parameter relevant to localisation and defines the limits of weak (g � 1) and strong
(g � 1) disorder. In d = 2, where we have G = e2

h kFl, l elastic mean free path, these
two limits have a very direct interpretation: they indicate whether or not the electronic
wave function can oscillate between collisions.

3.2 Conductivity in the quantum many-body formalism

We will begin by considering the limit of weak disorder, where a perturbative analysis
gives meaningful information. The surprising result that awaits us is that, even in
the limit g � 1, quantum corrections to the conductivity generated by the disorder
(called weak localisation and weak antilocalisation) play an important role, especially
in d = 2, where they can drive a metal to insulator transition. The most appropriate
way to tackle this problem is to use the language of many-body physics, which is quite
abstract and difficult to digest, but is able to capture the most subtle effects related
to the wave nature of the electrons. We will begin by briefly illustrating how we can
calculate the conductivity in this framework. Without dwelling on the details, this
introduction is intended to provide an overview of the physical processes responsible
for these quantum corrections. The discussion is based on Ref. [96], where the details
of the calculations can be found.

3.2.1 Kubo formula

The conductivity tensor σµν characterises the linear response of a physical system to
the application of an electric field Eν , in the form of a generated current jν . This is
expressed in a general non-local form

e〈jµ(r, t)〉V =
∑

ν

∫
dr′dt′σµν(r, r′, t− t′)Eν(r′, t′) (3.5)

The symbol 〈...〉V indicates a thermodynamic average in the presence of the perturba-
tion V =

∫
j(r) · (−e)A(r)dr, which describes the coupling of the electromagnetic

field (represented by the vector potential A) with a current. In quantum mechanics the
current operator is defined as

j(r) = jp(r) + jd(r) (3.6)

jp(r) =
i~
2m

∑

σ

[(∇ra
†
rσ)arσ − a†rσ(∇rarσ)] (3.7)

50
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jd(r) = − e

m

∑

σ

A(r)a†rσarσ (3.8)

The two currents are called paramagnetic and diamagnetic. a and a† are the anni-
hilation and creation operators and σ is the spin index. The paramagnetic term, in
momentum space q, has the form

jp(q) =
~
m

∑

kσ

(
k +

q

2

)
a†kσak+qσ (3.9)

Using these definitions and linear response theory, a relationship for the conductivity
in terms of correlation functions can be derived. This is known as the Kubo formula.
This is given in frequency ω and momentum space by

σµν(q, ω) =
ie2~
ω

[
1

V χ
µν
jj (q, iΩn → ω + i0+) + δµν

〈n〉
m

]
(3.10)

where we have indicated by the symbol χµνjj the paramagnetic current-current corre-
lation function. This can be obtained in frequency space by performing the analytic
continuation of the imaginary time current-current correlation function

χµνjj (q, τ) = −〈Tτ jpµ(q, τ)jpν(−q, 0)〉 (3.11)

= −
(

~
m

)2∑

kσ

∑

k′σ′

(
kµ +

qµ
2

)(
k′ν −

qν
2

)
〈Tτa†kσ(τ)ak+qσ(τ)a†k′σ′(0)ak′−qσ′(0)〉

(3.12)
where Tτ is the imaginary time ordering operator. The other elements of the Kubo
formula are the volume V , the average of the density operator 〈n〉 and the electron
mass m. From this expression we can proceed to compute the conductivity from first
principles. Since we have applied the linear response theory, the thermodynamic aver-
age entering the current-current correlation function is computed using an hamiltonian
without the current-vector potential coupling. But the hamiltonian can contain other
interactions, such as a one-body potential describing scattering from impurities.

Since we are considering the limit of weak disorder, this calculation can be per-
formed using a perturbative diagrammatic approach. At order zero we have

〈Tτa†kσ(τ)ak+qσ(τ)a†k′σ′(0)ak′−qσ′(0)〉0

= 〈Tτa†kσ(τ)ak′−qσ′(0)〉0〈Tτak+qσ(τ))a†k′σ′(0)〉0
= −G0k′−qσ′ kσ(−τ)G0k+qσ k′σ′(τ) (3.13)

where G0 is the free propagator. Therefore the zero order contribution can be regarded
as the free propagation of an electron hole pair and it is represented by the diagram in
Figure 3.1.

By considering higher order terms we can classify all possible diagrams into the
two groups presented in Figure 3.2: the one on the left represents all the diagrams lead-
ing to the renormalisation of the propagators while the one on the right represents all
diagrams in which interaction lines connect the electron and hole lines. The members
of the latter class are also called vertex corrections.
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256 CHAPTER 15. IMPURITY SCATTERING AND CONDUCTIVITY

the Coulomb interaction lines from Chap. 12. We obtain

Πxx(q̃) = (15.11)

≡ + + +

+ + + +

+ + + +

+ +

+ + + . . .

We can perform a partial summation of diagrams to all orders by replacing each Green’s
function G0 by the full Green’s function G. In doing so we have in one step resummed
Eq. (15.11) and are left with bubble diagrams where the only interaction and impurity
lines to be drawn are those connecting the lower and upper electron Green’s functions.
Eq. (15.11) then becomes

Πxx(q̃) = + + + (15.12)

+ + + +

+ +

+ + + . . .

Here the double lines represent full Green’s functions expressed by Dyson’s equation as in

Figure 3.1: Zero order conductivity diagram. From [97]

Effects beyond quasi-particle scattering 109

In this process the parameters T and J will “flow” toward fixed points such that
RZ(T ∗, J∗) = Z(T ∗, J∗). We can envision three possibilitites: (T ∗ = 0, J∗ = ∞)
corresponds to the strong-coupling fixed point where only the second term in
Eq. (8.25) matters; (T ∗ = ∞, J∗ = 0) corresponds to the weak-coupling fixed point
where the perturbation theory is reliable; and (T ∗ = Tc, J

∗ = Jc) would describe
a phase transition between two different regimes at some particular temperature
and coupling.

In the case of the Kondo problem it turns out that J flows to the strong-coupling
fixed point J∗ = ∞. This was demonstrated in a famous work by Kenneth Wil-
son.1 Wislon’s solution starts by rewriting Hsd in terms of new operators f†

nσ

corresponding to spherical wave functions centered on the impurity, and localized
in a shell whose radius increases exponentially with n. At low values of n the
wave function is localized on the impurity and is build from states c†

kσ covering a
large part of the band, while high values of n correspond to extended states build
from states c†

kσ closer and closer to the Fermi energy. With this rewriting the
Hamiltonian takes the form of a one-dimensional chain coupling state n to state
n − 1, and state n = 0 to the impurity spin. By increasing n and eliminating
high-energy states Wilson was able to set up a renormalization scheme and show
that the Kondo Hamiltonian Eq. (8.25) flows to strong coupling.

The physical interpretation of this result is that as T → 0 the effective anti-
ferromagnetic interaction between the conduction electrons and the spin of the
impurities increases, and the electrons therefore tend to form singlet states together
with the impurity spins. The latter are thus screened so that the impurities become
effectively non-magnetic at T = 0. Since non-magnetic impurities give a non-
singular residual resistivity at T = 0, the saturation of the resistivity in Fig. 8.4b
can be finally understood.

8.6 Effects beyond quasi-particle scattering

In the previous sections we have considered applications where the vertex correc-
tions in Eq. (8.5) were neglected. As a result the resistivity was entirely controlled
by the self-energy Σ, as expressed in the Drude formula Eq. (8.11). In this section
we discuss qualitatively some effects corresponding to vertex corrections, which
therefore go beyond this version of the Drude formula.

8.6.1 Vertex functions, Ward identities, conserving approximations

Separating the contributions with and without vertex corrections in Eq. (8.5) we
have (sums over internal variables are implicit)

χµν
jj = − −

� �� �
δχµν

jj

(8.36)

1 K. G. Wilson, Rev. Mod. Phys. 47, 773 (1975).

Figure 3.2: Conductivity diagrams. On the left: diagrams leading to the renormalisation
of the propagators. On the right: vertex corrections. From [96]

In this framework the current-current correlation function is given, in terms of the
one-electron spectral function A and Fermi distribution f , by the expression

χµνjj (q, iΩn) =

(
~
m

)2∑

kσ

(
kµ +

qµ
2

)(
kν −

qν
2

)∫
dε1dε2A(k, ε1)A(k + q, ε2)

×f(ε1)− f(ε2)

iΩn + ε1 − ε2
+ vertex corrections (3.14)

We can take into account the effect of disorder by calculating the self-energy
Σ for impurity scattered electrons and use the resulting propagators G(k, iνn) =
[iνn − ξk − Σ(k, iνn)]−1 in the calculation of the one-electron spectral function. The
simplest low-order approximation that introduces damping in the self-energy (a non-
zero imaginary part) is the first order Born approximation, represented in Figure 3.3.
Using this approach, all possible processes in which an electron is scattered twice by
the same impurity are considered. In this approximation, the self-energy is given by

Σ1BA(k, iνn) = ni
1

V
∑

q

|v(q)|2
iνn − ξk−q

. (3.15)

iνn are the Matsubara frequencies, ni is the impurity density, v(q) the Fourier trans-
form of the impurity potential and ξk the electrons dispersion. By using this form of
the self-energy in equation 3.14 and neglecting vertex corrections, we are able to de-
scribe the Drude conductivity σ = ne2τ/m in terms of quasi-particle scattering. To
describe electron localisation though, which is the focus of our discussion, we need to
consider the vertex corrections.
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of finding �Gk�imp is thus reduced to a calculation of Σk. In the following we go through
various approximations for Σk.

11.5.1 Lowest order approximation

One marvellous feature of the self-energy Σk is that even if it is approximated by a finite
number of diagrams, the Dyson equation Eq. (11.40) actually ensures that some diagrams
of all orders are included in the perturbation series for �Gk�imp. This allows for essential
changes in �Gk�imp, notably one can move the poles of �Gk�imp and hence change the
excitation energies. This would not be possible if only a finite number of diagrams were
used in the expansion of �Gk�imp itself.

Bearing in mind the inequalities Eqs. (11.20) and (11.21), the lowest order approxi-
mation ΣLOA

k to Σk is obtained by including only the diagram with the fewest number of
impurity stars and scattering lines,

ΣLOA
k (ikn) ≡ = nimpu0 = nimp

�
dr u(r), (11.42)

i.e. a constant, which upon insertion into Dyson’s equation Eq. (11.41) yields

GLOA
k (ikn) =

1

ikn − (ξk + nimpu0)
. (11.43)

But this just reveals a simple constant shift of all the energy levels with the amount
nimpu0. This shift constitutes a redefinition of the origin of the energy axis with no
dynamical consequences. In the following it is absorbed into the definition of the chemical
potential and will therefore not appear in the equations.

11.5.2 1st order Born approximation

The simplest non-trivial low-order approximation to the self-energy is the so-called first
order Born approximation given by the ’wigwam’-diagram

Σ1BA
k (ikn) ≡

k�

k−k� k�−k = nimp

�

k�
|uk−k� |2

1

ikn − ξk�
, (11.44)

where we have used that u−k = u∗
k since u(r) is real. We shall see shortly that Σ1BA

k =

Re Σ1BA
k + i Im Σ1BA

k moves the poles of �Gk�imp = away from the real axis, i.e.

the propagator acquires a finite life-time. By Eq. (11.40) we see that G1BA
k is the sum of

propagations with any number of sequential wigwam-diagrams:

1BA
= + + + + · · · (11.45)

In the evaluation of Σ1BA
k we shall rely on our physical insight to facilitate the math.

We know that for the electron gas in a typical metal εF ∼ 7 eV ∼ 80 000 K, so as
usual only electrons with an energy εk in a narrow shell around εF ≈ µ play a role. For

Figure 3.3: First Born approximation. From [97]
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quantum correction. If we continue this line of reasoning we should include also diagrams
where paths scattering on more than two impurities interfere with their time reversed
counter parts. It is straightforward to see that the corresponding diagrams are of the
same type as (15.54) but with more crossing lines. This class of diagrams are called the
maximally crossed diagrams. We have now identified which diagrams we need to sum in
order to get the leading quantum correction to the conductivity. Most importantly, this
is a contribution which does not disappear upon self-averaging.

Let us return to the Kubo formula for conductance, and let us sum the maximally
crossed diagrams. We write the current-current correlation function as Π = ΠB + ΠWL

where ΠB is the Boltzmann result derived in the previous section, and where

ΠWL
xx (q̃) = + (15.55)

+ + . . . (15.56)

The full electron Green’s functions in these diagrams are as before the full Green’s function
with an appropriately chosen self-energy. Since we include crossed diagrams in the vertex
function we should in principle also include these in the self-energy. However, they can
safely be ignored, since they only give a small contribution, down by a factor 1/kFvFτ0 (see
the discussion in Fig. 11.6). The crossed diagrams we are about to evaluate are also small
by the same factor, but as we shall see they nevertheless yield a divergent contribution.
This divergence stems from summing the interference of many time-reversed paths. This
sum is different from the ladder diagrams that we summed in the Born approximation.
There is however a trick which allows for a summation just like a ladder diagram. Let us
twist the diagram in Eq. (15.56) with for example three impurity lines so as to make the
impurity lines parallel,

ΠWL(3)
xx (q̃) = . (15.57)

Then we see that the full series in Eq. (15.56) can be written as

ΠWL
xx (q̃) =

C

k̃

k̃ + q̃

k̃�

k̃� + q̃

(15.58)

= − 1

(2m)2
1

V2

�
dk̃

�
dk̃� (2kx + qx)G(k̃)G(k̃ + q̃)C(k̃, k̃�, q̃)G(k̃�)G(k̃� + q̃)(2k�

x + q�x),

where the box C is a sum of parallel impurity lines, i.e. analogous to the normal ladder sum
of Eq. (15.24), but now with the fermion lines running in the same direction. This reversed
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Figure 3.4: Maximally crossed diagrams. From [97]
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channel rather than the particle-hole channel. This set of terms therefore describes
the propagation of two electrons repeatedly interacting with each other. If the in-
teraction is attractive these two electrons will form a bound state which is nothing
but a Cooper pair. Therefore this series of diagrams has become known as the
cooperon. In doc–104 we show explicitly the relationship between the cooperon and
superconductivity by introducing the pairing susceptibility and using the Thouless
criterion for determining Tc.

In the case of scattering on impurities the cooperon describes processes in which
two electrons follow the same closed path in real space but in opposite directions
(time-reversed paths), and interfere constructively. The constructive interference
for this particular type of trajectories enhances the probability for an electron to
follow a closed path, and thus be more localized than purely itinerant electrons:
the phenomenon is known as weak localization and gives rise to a logarithmic
upturn in the resistivity at very low temperature.

In order to make the link between this qualitative discussion and the cooperon di-
agrams let’s consider the first of these diagrams. Since we have twisted the upper
part, the momenta on the left legs are now K + Q and K � − Q:

K�−K1

K+K1

K+Q

K�−Q

K�

K

The value of the diagram is
�
niv

2
0

�2
ζ̃(K + K �) where ζ̃(K + K �) =

�
K1

G (K +
K1)G (K � − K1) and it is independent of Q (in contrast to the diffuson diagrams
which depend on Q but not on K and K �). Hence we can evaluate the diagram
at Q = 0 without loss of generality; if we visualize the diagram in imaginary time
rather than imaginary frequency we see two electrons evolving, one starting at time
0 with momentum K � and ending at time τ with momentum K (lower part of the
diagram), the other starting at time τ with momentum K (recall that we have
twisted the upper part, thus also exchanging times) and ending at time 0 with
momentum K �. This is precisely the momentum-space analog of the real-space
time-reversed trajectories discussed above.

The constructive interference can be understood as follows. The complete set of
maximally-crossed diagrams constitute a geometric series and can be summed giv-

ing the value of the cooperon as
�
niv

2
0

�2
ζ̃(P )/[1−niv

2
0 ζ̃(P )] with P ≡ K +K �. It

turns out that within the first Born approximation niv
2
0 ζ̃(0) = 1 (Bruus & Flens-

berg, 2004, p. 304), meaning that the cooperon diverges at P = 0 and thus the cor-
responding correction to the conductivity comes from the region of four-momenta
K � ≈ −K. Let’s now consider the case of two scattering events as in the diagram
shown above. If the impurities are at positions R1 and R2 and the electron ini-
tially at position r, the phase accumulated along the first trajectory (lower part
of the diagram) is eik�·(R1−r)ei(k�−k1)·(R2−R1)eik·(r−R2). Along the time-reversed
trajectory (upper part of the diagram) it is eik·(R1−r)ei(k+k1)·(R2−R1)eik�·(r−R2).
The diagram is proportional to the product of these two phases, which in general
depends on the impurity positions R1 and R2. But a phase which depends on the

Figure 3.5: Ladder sum in the particle-particle channel. From [96]

3.2.2 Weak localisation

An important class of vertex corrections is illustrated in Figure 3.4. In literature these
diagrams are called maximally crossed and they seem, at first sight, to describe very
complicated scattering processes of dubious interest. It is only by twisting the bottom
half of the diagram that we come to realise their importance: this series gives rise to
a ladder summation in the particle-particle channel that describes the propagation of
electrons repeatedly interacting with each other. This series of diagrams is also known
as the cooperon. In the case of scattering from impurities that we are considering,
these diagrams describe electrons following the same diffusion path around impurities
in opposite (time reversed) directions. If these loops are shorter than the inelastic
scattering length then pairs of waves following the same path in opposite directions
will keep a constant phase relation and will interfere. As we will see shortly, this leads
to an enhancement of backscattering, and therefore to a decrease in conductance.

The basic element of the cooperon ΛC is illustrated in detail in Figure 3.5. Trans-
lating the diagram into mathematical symbols and considering the case of point-like
impurities (v(q) = v0) and the limit Q→ 0, we find a geometric series

ΛC = (niv
2
0)2
∑

K1

G(K +K1)G(K ′ −K1)

53



3. LOCALISATION AND SPIN-ORBIT INTERACTION

1.4 Average coherence and multiple scattering 11
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Figure 1.10 Schematic representation of the two types of sequences of multiple scatterings that remain
upon averaging. The first (a) corresponds to the classical average intensity. The second (b), for which
the two sequences of scattering events are traversed in opposite directions, is the source of the coherent
backscattering effect.

and (1.7) average to zero, provided that the phase δj − δj′ , which measures the difference
in the lengths of the trajectories of Figure 1.9, is random.

In consequence, the only terms which contribute to the average of |A(k, k′)|2 are those for
which the phases vanish. This can only occur for pairs of identical trajectories, those which
have the same sequence of scattering events, either in the same or in opposite directions.

Such trajectories are schematically represented in Figure 1.10, and correspond to the
sequences

r1 → ra → rb → · · · → ry → rz → r2

r2 → rz → ry → · · · → rb → ra → r1.

The fact that the trajectories are identical imposes on us, in particular, r1 = r3 and r2 = r4 for
the former process (same direction) and r1 = r4 and r2 = r3 for the latter (opposite direction)
in relation (1.6). These two processes contribute identically to the intensity provided that the
system is invariant under time reversal. Moreover, the second process gives rise, according
to (1.6), to an additional dephasing such that the only two non-zero contributions which

Figure 3.6: A sequence of multiple scattering events giving rise to coherent backscatter-
ing. From [98]
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ζ(K +K ′) =
∑

K1

G(K +K1)G(K ′ −K1). (3.17)

Here we used the notation

K = (k, σ, iωn), Q = (q, iΩn),
∑

K

=
∑

kσ

1

β

∑

iωn

(3.18)

Within the first Born approximation we find that niv20ζ(0) = 1. Hence the cooperon
(and the contribution to the conductance it generates) diverges for K ≈ −K ′. This
has an important consequence: the scattering processes leading to a conductivity cor-
rection are not only those where the trajectories form closed loops as at the end of the
loop the electrons must also be back-scattered or nearly back-scattered. The scattering
processes giving rise to this correction are illustrated, in real space, in Figure 3.6.

The calculation of the corresponding conductivity correction ∆σWL leads to the
following result for d = 2

∆σWL = − e
2

πh
ln
(τi
τ

)
. (3.19)

There are three remarkable features of this result: the magnitude of the conductivity
correction is universal (e2/πh ' 1.2 · 10−5 S), negative and depends on the loga-
rithm of the ratio between the inelastic scattering time τi and the elastic scattering
time. Because these electrons interference effects tend to decrease the conductance,
this quantum correction has been named weak localisation. The ratio between the
Drude conductivity σ0 and the weak localisation correction is given by

∆σWL

σ0
=

1

πkFl
ln
(τi
τ

)
. (3.20)
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3.3 Spin-orbit interaction

This formula has the advantage of showing clearly in terms of the product kFl (there-
fore the Thouless number g introduced in section 3.1), the relevance of the weak lo-
calisation correction. This description breaks down for kFl ∼ 1, where an analysis of
the effect of the disorder based on perturbation theory ceases to be appropriate. This
leads us naturally to the definition of a localisation length

ξloc = leπkFl (3.21)

which is the phase coherence length required to observe the transition from a weak to
a strong localisation regime. Finally we remark that this correction gives a divergent
result for T → 0.

3.2.3 Experimental probes

In the preceding section we have seen that the magnitude of the weak localisation cor-
rection is proportional to ln(τi/τ). Since this ratio grows with decreasing temperature,
a logarithmic upturn of the resistivity at low temperatures is predicted. The exact tem-
perature dependence is defined by the physical mechanisms regulating the growth of
the inelastic scattering time with decreasing temperature (electron-phonon interactions
or electron-electron interactions). A power law τi ∝ T−p is generally observed with
p = 3 for electron-phonon interactions and p = 1 for electron-electron interactions in
d = 2. Therefore, at the lowest temperatures, where the loss of phase coherence is re-
lated to electron-electron interactions we expect the following temperature dependence
of the conductivity

σ = σ0 −
e2

πh
lnT (3.22)

Another elegant way to probe the weak localisation correction is to observe the varia-
tion of conductance induced by a magnetic field. Since weak localisation gives a neg-
ative contribution to the conductivity, its suppression by a magnetic field leads to an
increase in conductivity. The typical scale of magnetic fields is set by ~/eDτi which
corresponds to a field that couples a flux quantum h/2e through an area πDτi over
which phase coherence is established. This scale is non-universal since the diffusion
coefficient depends on the electrons effective mass and on the carrier concentration.

3.3 Spin-orbit interaction

In the preceding section we have discussed quantum corrections to the conductance
arising from the electrons interference. To enter deeper into this subject we need to
consider the role that the spin plays in this context. In this section we will consider the
spin-orbit interaction and its peculiarities when applied to condensed-matter physics.
The spin-orbit interaction emerges naturally when one considers relativistic effects in
quantum mechanics. Let us consider an electron moving with velocity v in an electric
field −E = −∇V/e. According to special relativity the electron "sees" in its rest
frame a magnetic field B given by

B = − v

c2
×E = − p

mc2
×E (3.23)

55



3. LOCALISATION AND SPIN-ORBIT INTERACTION

The coupling of the spin magnetic moment µs = −(ge/2m)s to this field gives rise to
the energy term

−µs ·B = µs ·
p

mc2
×E = − g

2m2c2
s · p×∇V (3.24)

where s = (~/2)σ, and σ = (σx, σy, σz) are the Pauli matrices

σx =

(
0 1
1 0

)
, σy =

(
0 −i
i 0

)
, σz =

(
1 0
0 −1

)

This derivation is not very rigorous, but has the advantage of keeping a transparent
physical picture. Unfortunately, our calculation of the Lorentz transformation is not
completely correct, since we did not account for the acceleration of the electron under
the electric field. A more formal approach, based on the Dirac equation, leads to
the following result for the spin-orbit interaction Vso, which differ from our heuristic
argument by a factor 1/2:

Vso = − g~
8m2c2

σ · p×∇V (3.25)

If we consider the example of an electron moving in a potential characterised by central
symmetry V = V (r)

∇V (r) =
1

r

dV
dr

r (3.26)

we can write the interaction as

Vso =
g~

8m2c2
1

r

dV
dr
σ · L (3.27)

where L = r× p is the electrons orbital momentum. This form highlights the reason
for the name "spin-orbit interaction", since this potential describes the coupling of the
spin with an orbital momentum.

3.3.1 Rashba hamiltonian

Let us now consider an ideal model of free electrons confined in a two-dimensional
x, y plane with an homogeneous electric field directed along z. In this condition the
spin-orbit interaction acquires the so-called Rashba form [99, 100]

HR =
α

~
σ · p× ẑ (3.28)

where α is a coupling constant and ẑ a unit vector in the z direction. The full hamil-
tionian is therefore

H =
p2

2m
+
α

~
(pyσx − pxσy) (3.29)

Since momentum is a good quantum number we can look for solutions of the kind
|Ψ〉 = |k〉|ψ〉, where 〈x|k〉 ∝ eik·x is a plane wave and |ψ〉 is a spin state. Using
explicitly the Pauli operators previously defined and expressing the wave-vector as
k = k(cosφ, sinφ, 0), we can write down the hamiltonian in the form

H =
~2k2

2m

(
1 iηe−iφ

−iηeiφ 1

)
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3.3 Spin-orbit interaction

where η = 2mα/(~2k). We can find its eigenvalues by solving the quadratic equation

det
(

1− λ iηe−iφ

−iηeiφ 1− λ

)
= (1− λ)2 − η2 = 0

which has the φ-independent solutions λ± = 1 ± η. Therefore the energy eigenstates
are given by

E± =
~2k2

2m
± αk (3.30)

It is important to note that the energy depends on the spin state (here indicated as + or
−). The normalised spin eigenvectors are

|ψ+〉 =
1√
2

(ie−iφ, 1) (3.31)

|ψ−〉 =
1√
2

(−ie−iφ, 1) (3.32)

One important result is that the spin direction is tied to the electron momentum, since
it depends on the parameter φ. We can learn more about the spin direction by ap-
plying the Pauli matrices to these states. This allows us to track the spin direction in
momentum space. By direct computation we find

~S+ = (〈ψ+|σx|ψ+〉, 〈ψ+|σy|ψ+〉, 〈ψ+|σz|ψ+〉) =
2√
2

(sinφ,− cosφ, 0) (3.33)

~S− = (〈ψ−|σx|ψ−〉, 〈ψ−|σy|ψ−〉, 〈ψ−|σz|ψ−〉) =
2√
2

(− sinφ, cosφ, 0) (3.34)

From these equations we can see that the spin is always perpendicular to the momen-
tum and its direction is given by

Ŝ± = ±k̂× ẑ (3.35)

These calculations lead us to sketch the energy dispersion represented in Figure 3.7.
At this point it is important to highlight the following features of this model:

• The Fermi surface splits in two concentric circles with radii kso + (k2so + k2F)1/2

and kso − (k2so + k2F)1/2, with kso = αm/~2.

• The momentum states of the spin (+) and spin (-) electrons are not degenerate:
Ek,+ 6= Ek,−. There is an energy difference ∆ = 2αkF between states having
the same wave-vector but different spin orientations. This is a typical situation
found in the electronic structure of solids whose bulk crystal structure does not
possess inversion symmetry. One of the most studied examples is the zinc-blend
structure found in the semiconductor GaAs, where the spin-orbit interaction has
a specific momentum dependence, known as the Dresselhaus form. In interfaces,
the Rashba model is taken as representative of the physics brought about by the
absence of structural inversion symmetry. Note that Kramer’s degeneracy (time
reversal symmetry), which requires Ek,+ = E−k,−, is preserved.
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Fig. 6.2. Qualitative sketch of the spin-split
dispersion E±(k‖) according to (6.11). We ob-
tain a ring of minima (dashed line at bottom) at
finite wave vectors km given by (6.13). Arrows
indicate the spin orientation of the eigenstates
(see Sect. 6.6.1)

Fig. 6.3. Subband dispersion E±(k‖) (lower right) and DOS effective mass m∗/m0

(lower left), spin splitting E+(k‖) − E−(k‖) (upper right), and subband dispersion
E±(k‖) in the vicinity of k‖ = 0 (upper left) for an MOS inversion layer on InSb
calculated by means of (6.11) and (6.20). We have used the same value of the electric
field Ez as that obtained from the self-consistent calculation shown in Fig. 6.4

only the lower spin subband is occupied. We remark that even for a large
electric field Ez = 50 kV/cm, the density Nm is fairly small. Using the nu-
merical values for r6c6c

41 given in Table 6.6, we find that Nm is of the order
2 × 106 cm−2 (GaAs) to 8 × 108 cm−2 (InSb). The corresponding energy
E−(km) is of the order −3 × 10−5 meV (GaAs) to −6 × 10−2 meV (InSb).

We can determine the unequal populations N± of the two branches E±(k‖)
from the conditions

Ns = N+ + N− , (6.16a)

N± =
1

4π
k2
F± , (6.16b)

k−k

Figure 3.7: Energy-momentum relation for free electrons with Rashba interaction. The
three dimensional representation is from [100].

• There is a difference 2kso in wavevector between electrons having the same en-
ergy and traveling in the same direction but different spin orientations.

Perhaps the most important consequence of the spin-orbit interaction in the light of
our discussion is that, in the presence of disorder, the spin is not a conserved quantity.
According to the Rashba model, a backscattering (k → −k) requires a spin flip, as
illustrated in Figure 3.7. In a diffusive system the wave-vector will rotate at every scat-
tering event causing a reorientation of the spin. In the absence of inversion symmetry
these fluctuations will define a spin relaxation time τso according to the D’yakonov-
Perel’ (DP) mechanism [101]. In this scenario, the Rashba coupling constant α and
the spin relaxation time τso are related through

τso = ~4/4α2m22D (3.36)

where m is the carrier mass and D the diffusion constant. A second class of spin re-
laxation processes, known as the Elliott-Yafet (EY) mechanism, originates from the
spin-orbit interaction of the lattice ions with the conduction electrons [102, 103] and
it is present also in centrosymmetric solids. This spin relaxation mechanism can be-
come relevant in the presence of strong spin-orbit scattering impurities or whenever
the ionic spin-orbit coupling produces a significant correction to the band structure of
the material.

If both mechanisms are at play, one can identify the dominant one by studying the
dependence of the spin relaxation time on the elastic scattering time τ [101]. In the
case of the EY mechanism (ionic spin-orbit interaction), the Elliott relation

τso ∼ τ/(∆g)2 (3.37)

(∆g is the difference between the electrons g-factor in the solid and the one of free
electrons) predicts a direct proportionality between the spin relaxation time and the
elastic scattering time. In a DP scenario (Rashba spin-orbit interaction) the spin relax-
ation time should be inversely proportional to the elastic scattering time.

τso ∼ 1/τ (3.38)
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1.1 Spin and Spin-Orbit Coupling 11

Figure 1.2. A schematic representation of a trajectory (red) and it time reverse
(blue). The spin dynamics are assumed adiabatic such that the spin just adjusts
itself to be always in an eigenstate. As the (time reversed) trajectory is followed
the spin is seen to rotate about an angle of π (−π). This rotation of the spin
leads to an extra phase causing a destructive interference between the two paths.

only the paths with Sγ = Sγ� contribute to the sum. In particular, the
classical reflection probability is obtained by including only the terms with
γ� = γ,

Rcl =
�

γ

|Aγ |2. (1.23)

In the presence of time reversal symmetry, the time reversed path γ̃ has
the same action and weight factor as γ. Thus, in addition to the classical
contribution, we have the extra term

Rwl =
�

γ=γ̃

|Aγ |2 = Rcl. (1.24)

We thus see that the total reflection probability R = Rcl + Rwl = 2Rcl is
enhanced compared to the classical reflection probability. This leads to a
smaller conductance, and the correction term is referred to as weak localiza-
tion. Essentially the path γ and its time reverse γ̃ interfere constructively
to enhance the reflection probability.

When we have spin-orbit coupling there is more to the story. Most of
the time the spin-orbit coupling is weak, so we can ignore the effect it has
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Figure 3.8: Visual representation of the suppression of backscattering brought about by
the spin-orbit interaction.

3.4 Weak antilocalisation

The picture of weak localisation that we previously discussed is modified by taking
into account spin effects. It has been shown both theoretically and experimentally
that in the presence of spin-orbit interaction, electron interference can bring about a
positive contribution to the conductance. Therefore, the suppression of this positive
contribution by an external magnetic field causes a decrease in conductance. This
regime of electron interference has been named weak antilocalisation, since it leads to
a behaviour in magnetic field which is essentially the opposite of what we discussed
so far in relation with weak localisation. The origin of this behaviour is rooted in
a mysterious property of quantum mechanics: a rotation by 2π of spin 1/2 particles
does not bring you back to the initial state. Instead the electronic wavefunction, upon
full rotation, acquires a minus sign. This principe has profound consequences when
applied to closed electronic loops. In Figure 3.8 one possible evolution of a pair of time
reversed electrons, in the presence of Rashba spin-orbit interaction, is displayed. We
already commented in section 3.3.1 and Figure 3.7 that in this scenario a backscattering
event requires a spin flip. Here we can realise once again that by completing the loop,
one spin is rotated by π, while its partner is rotated by −π. Therefore the two paths
differ by a π− (−π) = 2π rotation of the electron spin. A quantum mechanical phase
factor of -1, associated with this difference of 2π, leads to destructive interference of
the two paths, effectively suppressing this channel of backscattering for the electrons
and leading to an increase in conductance.

In a famous series of experiments, G. Bergman measured the magnetoconductance
of magnesium films with different concentrations of gold impurities [104]. The spin-
orbit coupling increases with the gold concentration and the magnetoconductance is
tuned from positive to negative (see Figure 3.9). This problem was tackled theoreti-
cally first by Hikami, Larkin and Nagaoka who calculated the cooperon in the spin-
dependent case, generalizing the results previously discussed [105]. They found the
conductivity correction to be

∆σWL,WAL = −α e2

π2~
ln
(τi
τ

)
(3.39)

with α = −1/2 with spin-orbit coupling and α = +1 without. As we will discuss fur-
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3. LOCALISATION AND SPIN-ORBIT INTERACTION

Figure 3.9: Variation of conductance ∆L with respect to L00 = e2/πh as a function
of magnetic field of a thin Mg film, measured for different coverage of Au (spin-orbit
scatterers concentration). From [104]

ther, the sign of the quantum conductivity correction bears important consequences on
the electronic properties of the system. The authors also calculated the magnetic field
dependence of the conductance. Maekawa and Fukuyama confirmed this result and
extended the previous calculation by taking into account the Zeeman splitting [106].
According to their calculation, in a two-dimensional layer with in-plane spin-orbit re-
laxation, immersed in a perpendicular magnetic field H , the first order correction to
the conductance, ∆σ, takes the form

∆σ(H)

e2/πh
= Ψ

(
H

Hi +Hso

)

+
1

2
√

1− γ2
Ψ


 H

Hi +Hso

(
1 +

√
1− γ2

)




− 1

2
√

1− γ2
Ψ


 H

Hi +Hso

(
1−

√
1− γ2

)


 (3.40)

The function Ψ is defined as Ψ(x) = ln(x) + ψ
(
1
2 + 1

x

)
, where ψ(x) is the digamma

function. The parameters of the theory are the inelastic field Hi = ~/4eDτi, the spin-
orbit field Hso = ~/4eDτso and the electrons g-factor g which enters into the Zeeman
correction γ = gµBH/4eDHso. µB is the Bohr magneton.

3.5 Strong localisation and the scaling theory

We have previously discussed that in the limit kFl ∼ 1 a perturbative analysis of the
effects of disorder is no longer appropriate. The regime of strong disorder has been
studied by P.W. Anderson [108]. He pointed out that the nature of the electronic states
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Figure 3.10: Wave function for the extended states with mean free path l (left) and for
localised states with localisation length ξ (right). From [107]
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Figure 3.11: Plot of the β function for a non-interacting system in different dimensions.

changes entirely whenever the phase coherence length becomes larger than the local-
isation length ξloc, with the envelope of their wave functions decaying exponentially
from some point in space r0

|ψ(r)| = exp[(r− r0)/ξloc] (3.41)

This is illustrated in Figure 3.10. The physical reason behind this behaviour is fairly
easy to visualise in the limit of strong disorder: an extended state in a solid is the result
of the overlap of localized orbitals that are nearly degenerate in energy. If the local
potential fluctuates rapidly over the characteristic distance of an orbital exponential
decay, there will be no chance of a matching between energy levels and therefore of
delocalisation. The conductance of such a system will behave as

g(L) ∝ exp(−L/ξloc) (3.42)

It is now very timely to consider the following question: can we describe the con-
ductance of a phase coherent system of size L in terms of its smaller constituents?
According to the scaling theory of localisation proposed by Abrahams, Anderson, Lic-
ciardello and Ramakrishnan [69] the answer is yes: the rate of change of the con-
ductance g in response to a change in size L, can be expressed in terms of a single
parameter, g itself. The following considerations are rigorously valid only for finite
size systems at T = 0, the temperature at which the whole solid is phase coherent. To
apply the results of this theory to real experiments performed at finite temperatures,
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3. LOCALISATION AND SPIN-ORBIT INTERACTION

we will need to reinterpret L as the phase coherence length. We can then characterise
the state of a disordered system with the aid of a scaling function β defined as

β(g) =
d ln g

d lnL
. (3.43)

This function is a priori unknown, but we can make some reasonable assumptions on
its form. So far we have considered disordered systems whose phase coherence length
was larger or smaller than the localisation length and we found very different limiting
behaviours:

• g � 1 yields an ohmic regime described by the drude conductivity and vertex
corrections

g(L) =
h

e2
σLd−2 + ∆gWL,WAL(L). (3.44)

We remark that quantum corrections to the conductance have a characteristic
size dependence in different dimensions. In d = 2 we have

g2D(L) =
h

e2
σ − α 2

π
ln

(
L

l

)
(3.45)

where we have replaced in equation 3.39 the phase coherence length with the
system size.

• g � 1 gives an exponential suppression of the conductance

g(L) ∝ exp(−L/ξloc). (3.46)

Therefore, for large conductivity, neglecting vertex corrections, we expect for β(g) the
limit

lim
g→∞

β(g) = d− 2. (3.47)

Considering vertex corrections, in d = 2 we have

lim
g→∞

β(g) ∼ lim
g→∞

(
−2α

πg

)
. (3.48)

For small conductivity we expect the limit

lim
g→0

β(g) = ln g. (3.49)

Neglecting vertex corrections, and assuming that the function is continuous, we can
sketch the form of β illustrated in Figure 3.11. The sign of β is very important since it
informs us on the localised or delocalised nature of the electronic states of the system:
a positive sign indicated that an increase in system size, or of its phase coherence length
(decrease in temperature), produces an increase in conductivity (metallic regime), and
a negative sign indicates the opposite behaviour (insulating regime). Therefore the
scaling analysis summarised in Figure 3.11 reveals something very important: in a
non-interacting system, where we can neglect vertex corrections, a metallic phase is
not possible in one and two dimensions. In three dimension this theory predicts a metal
to insulator transition at a critical conductivity gc.
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Figure 3.12: Plot of the β function in a two-dimensional system considering the quantum
corrections to the conductivity and the spin-orbit interaction.

This picture is modified by taking into account the effect of vertex corrections such
as weak (anti)localisation. In the two-dimensional case, the limit of β for g → ∞ is
still zero, like in the non-interacting picture, but the way this asymptote is approached
depends on the sign of the quantum correction. In the case of weak localisation (dis-
ordered system without spin-orbit interaction) a metallic phase is precluded in d = 2
and, at sufficiently large size (low temperatures), a system with an arbitrarily small
amount of disorder will flow towards strong localisation. In the case that the vertex
correction produces a positive contribution to the conductance (weak antilocalisation,
arising from the spin-orbit interaction) the scaling theory predicts a delocalised phase
and a metal to insulator transition in d = 2, as shown in Figure 3.12.

The analysis we discussed so far does not account for interactions between the
electrons. At low temperatures the electronic motion is diffusive between scattering
events among electrons. In this regime these interactions bring about a depletion of
the density of states at the Fermi energy, known as the Coulomb dip [98]. The re-
sulting quantum correction to the conductivity (the Altshuler-Aronov correction) is
logarithmic and negative. Since this correction is not tied to the evolution of the in-
elastic scattering time but rather depends on the thermal length

√
~D/kBT [109], we

cannot directly account for its effect in a one-parameter scaling theory as we did for
the spin-orbit correction. Recently, theoretical [110] and experimental [111] works
have considered the role of electron-electron interactions in the framework of a two-
parameter scaling theory of localisation. It was shown that a quantum critical point,
that separates a metallic and an insulating phase in two dimensions, is stabilised by
electronic interactions.
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Figure 3.13: Interfacial electric field as a function of the gate voltage, estimated taking
into account the electric field dependence of the permittivity of SrTiO3.

3.6 Magnetotransport across the LaAlO3/SrTiO3 interface
phase diagram

We are now equipped with the theoretical tools necessary to understand magnetotrans-
port in a disordered system in the diffusive regime, that is ωcτ = µB < 1.

As discussed in Chapter 1, it has been demonstrated by transport experiments
[112] and conductive atomic force microscopy [41, 113] that the electron gas present
in LaAlO3/SrTiO3 heterostructures grown using appropriate conditions is confined
within a few nanometers from the interface. This structural configuration breaks in-
version symmetry and, as a result, the electron gas confined in the vicinity of a polar
interface [22] will experience a strong electric field directed perpendicular to the con-
duction plane. To provide an accurate representation of this internal electric field, the
large local polarization of SrTiO3 caused by its massive, electric field dependent, low
temperature permittivity (εr > 104) has to be considered [113].

A new class of physical phenomena occurring because of the presence of this ef-
fective electric field are captured by the Rashba hamiltonian[99]

HR = α(n̂× ~k) · ~S (3.50)

where ~S are the Pauli matrices, ~k is the electron wave-vector and n̂ is a unit vector per-
pendicular to the interface. This hamiltonian describes the coupling of the electrons
spin to an internal magnetic field ∝ n̂ × ~k, experienced in their rest frame, which is
perpendicular to their wave-vector and lies in the plane of the interface. As discussed
above, one important consequence of this interaction is that the dispersion relation of
the electrons divides into two branches separated at the Fermi surface by a spin split-
ting ∆ = 2αkF, kF being the Fermi wave-vector and α the strength of the spin-orbit
coupling. Perhaps the most appealing feature of this interaction is that its coupling
constant is related to the electric field experienced by the electrons and can be there-
fore tuned by applying an external gate voltage [114, 115]. Aiming to explore this
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phenomenon in LaAlO3/SrTiO3 interfaces, we fabricated field effect devices as dis-
cussed in Chapter 1. The interfacial electric field Eint is the solution of the integral
equation [116, 100]

en2D =

∫ Eint

0
ε0εr(E)dE (3.51)

The field dependence of the permittivity of SrTiO3 can be approximated as εr(E) =
1/(A+BE). In the device considered in this work we measured, in the bulk dielectric
response of the single crystal of SrTiO3, A = 4 ·10−5 andB = 6.4 ·10−10 m/V. Hence
the effective electric field is given by

Eint =
A

B

(
exp

(
Ben2D

ε0
− 1

))
(3.52)

Therefore, we can estimate this quantity for each applied gate voltage by means of Hall
effect measurements. In this calculation we are taking the bulk dielectric screening of
SrTiO3 as representative of the behaviour of the interface. Since at the interface the
dielectric response is probably smaller than in the bulk, the electric field is probably
underestimated. The electric field calculated using this approach is shown in Fig.
3.13. In our field effect experiments the exponential modulation of the electric field
experienced by the electron gas arises from the special dielectric properties of SrTiO3.

The magnetic field dependence of the conductance underscores the intriguing cou-
pling between spin dynamics and transport. Fig. 3.14a shows the magnetoconductance
[σ(H)−σ(H = 0)]/σ(H = 0) (σ being the sheet conductance andH the applied mag-
netic field), measured in a magnetic field applied perpendicular to the LaAlO3/SrTiO3

interface at a temperature T = 1.5 K for gate voltages V between -300 V and +200 V.
Measurements performed in a parallel field configuration are presented and discussed
below. The magnetoconductance measurements are carried out using a standard four
point DC technique. As shown in Fig. 3.14a, for large negative gate voltages we ob-
serve a large positive magnetoconductance that exceeds +25% at 8 T and -300 V. As
we increase the voltage (V > −200 V), a low field regime characterized by a negative
magnetoconductance appears. Increasing the gate voltage further, we observe that the
negative magnetoconductance regime widens out. For the largest applied electric field,
we observe that the magnetoconductance remains negative up to the largest accessible
magnetic field (8 T). This behaviour has been observed in several samples. Similar
modulations of the magnetoconductance have already been observed in metallic thin
films [117] and semiconductor heterostructures [114, 115]. A comparison of our ex-
perimental data with the experiment reported in Ref. [117] is shown in Fig. 3.15 A
possible interpretation of this behaviour is based on the presence of a strong spin-orbit
interaction which counteracts weak localisation (weak antilocalisation) [105].

The influence of the spin-orbit interaction can be assessed by measuring the mag-
netoconductivity in the diffusive regime, where we can apply the Maekawa-Fukuyama
(MF) theory introduced in section 3.4. Since we perform our experiments at 1.5 K,
which is at least 5 times the maximum superconducting critical temperature, we can
neglect superconducting fluctuations. In a magnetotransport experiment we can then
quantify the two relevant time scales of the problem, namely τso and τi. The MF
theory has been used to fit the experimental data of Fig. 3.14a in terms of variation
of conductance with respect to e2/πh ' 1.2 · 10−5 S. Since the effective mass (the
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elastic scattering time) is one to two orders of magnitude larger (smaller) than the cor-
responding quantities for typical semiconductors, the diffusive regime holds for fields
up to 4 T. For the range of fields and gate voltages (up to 100 V 1) that we analyzed
, weak localisation corrections dominate Coulomb interaction contributions. The best
fits are presented in Fig. 3.16a, where we observe a remarkable agreement between
theory and experiments. This analysis allows us to trace the electric field dependence
of the parameters Hi,so, presented in Fig. 3.16b, and γ. Analyses of the magneto-
conductance performed using expressions derived by A. Punnoose [118] provide the
same evolution of the characteristic fields. To extract from these parameters the re-
laxation times τi,so and the electrons g-factor, we need to determine the electric field
dependence of the diffusion coefficient. For this purpose we measured the electric field
modulation of the sheet carrier concentration n2D by means of Hall effect [119]. An
estimate of the Fermi velocity vF and of the elastic scattering time using a parabolic
dispersion relation with an effective mass m∗ = 3me [5], (me is the bare electron
mass) and data collected at the temperature T = 1.5 K, allows the diffusion coefficient
to be calculated as D = v2Fτ/2. D as a function of V is plotted in Fig. 3.14c.

The gate voltage dependence of the g-factor is presented in Fig. 3.16c. One ob-
serves a large increase from a small value, around 0.5 for negative voltages, towards
the typical value of 2 for bare electrons at positive voltages. An electric field control
of the g-factor has been previously predicted [120] and experimentally demonstrated
[121] in semiconductor heterostructures. We now turn to the issue of the gate volt-
age dependence of the parameters Hi,so that will allow us to discern the modulation of
spin-orbit coupling brought about by the electric field. The relaxation times τi,so are
plotted against gate voltage in Fig. 3.17a. For large negative gate voltages we observe
that the inelastic scattering time is shorter than the spin relaxation time, indicating that
the effect of the spin-orbit interaction is weak compared with the orbital effect of the
magnetic field. In this regime, the quantum correction to the conductivity can be as-
cribed to weak localisation, in agreement with the the observed temperature evolution
of the conductivity [119]. Above a critical voltage the spin relaxation time becomes
shorter than the inelastic scattering time and decreases sharply, by three orders of mag-
nitude, as the voltage is increased. By contrast, the inelastic scattering time remains
fairly constant as we increase the voltage. Here a weak antilocalisation regime appears,
characterized by a strong spin-orbit interaction. As previously discussed, the nature of
the spin-orbit mechanism can be discerned by examining the dependence of the spin
relaxation time on the elastic scattering time. In SrTiO3, band structure calculations
show that the Ti 3d conduction bands are notably altered by the bulk spin-orbit correc-
tion [5], therefore in principle the EY mechanism could be at play. In Fig. 3.17a we
show the gate voltage dependence of the spin relaxation time predicted by the Elliott
relation, calculated using the electrons g-factor presented in Fig. 3.16c. Clearly, the
EY mechanism fails to estimate the spin relaxation time by 3 orders of magnitude at
-300 V and its predicted variation with V is opposite to that observed. In fact, as can be
seen in Fig. 3.17b, the spin relaxation time is proportional to the inverse of the elastic
scattering time over a wide voltage range, a clear signature of the DP mechanism char-
acteristic of the Rashba spin-orbit interaction. For V > 50 V, a deviation from the DP

1For V > 100V the MF theory alone is not adequate to fit the data, indicating that additional contri-
butions to the magnetoconductance need to be taken into account.
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Figure 3.17: Rashba control of the LaAlO3/SrTiO3 interface electronic phase diagram.
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relation is experimentally observed. This deviation coincides with the departure from
the collision-dominated regime which occurs as τso becomes of order τ . This evolu-
tion points towards a strong spin-orbit coupling where an electron spin may precess
through several cycles before scattering. These observations indicate that the unusu-
ally strong and tunable spin-orbit interaction found in LaAlO3/SrTiO3 heterostructures
arises from the interfacial breaking of inversion symmetry.

A remarkable correlation between the onset of strong spin fluctuations and the
emergence of superconductivity is evident by comparing Fig. 3.17a and d, where we
notice that the superconducting dome, measured on the same sample, develops as the
spin relaxation time becomes significantly smaller than the inelastic scattering time.
This finding suggests that the spin-orbit interaction plays an important role in sta-
bilizing a delocalized phase in two dimensions (see preceding section)[122], which
condenses into a superconducting state. The gate voltage dependence of the diffu-
sion coefficient previously presented corroborates this interpretation. In Fig. 3.17c we
can appreciate the sharp increase of the spin-orbit coupling constant α as we move
across the quantum critical point and the corresponding rise of the spin splitting ∆.
This remarkable correlation between the critical temperature and the intensity of spin
fluctuations is suggestive of an unconventional superconducting order parameter at
the LaAlO3/SrTiO3 interface [123, 124]. The large change in spin relaxation across
the phase diagram, which is not yet fully understood, may result from a complex de-
pendence of the spin-orbit coupling on band structure properties and charge profile
asymmetry. We note that the spin splitting values can be much higher than the su-
perconducting gap (which is of the order of 40µeV at optimal doping) and compa-
rable to the Fermi energy (which is of the order of 20 meV). Hence the spin-orbit
coupling turns out to be an essential ingredient to describe the electronic properties of
the LaAlO3/SrTiO3 interface, both in the normal and superconducting state.

As we discussed in Section 3.5, in the diffusive regime both weak localisation and
electron-electron interaction effects yield logarithmic corrections to the magnetocon-
ductance. It is thus difficult, analysing only the magnetoconductance in perpendicular
field, to sort out the different contributions. However, a magnetic field applied parallel
to the conducting 2D layer quenches the orbital motion and, provided the spin-orbit
contribution is negligible, leaves only the Coulomb contribution, whose strength de-
pends on the electrons g-factor. In this case, the magnetic field polarizes the spins and
leads to a negative contribution to the magnetoconductance. Similarly, if one applies a
strong enough perpendicular field, one freezes out the weak localisation correction re-
vealing the Coulomb contribution. In this field orientation, it is generally accepted that
the orbital and spin-orbit corrections dominate for fields that satisfy gµBH/kBT � 1.

Fig. 3.18 displays magnetoconductance measurements for the parallel and perpen-
dicular field orientations. For gate voltages smaller than 0 V, the Zeeman contribution
is small up to 4 T. One has to recall (see Fig.3.16) that g is small so that, in this con-
centration range, weak localisation effects dominate for both field orientations. In this
regard, we remark that the MF theory predicts in the presence of spin-orbit scattering
a weak (compared to the perpendicular case) negative parallel magnetoconductance
[106]. This is precisely what we observe for this range of gate voltages as shown in
Fig.3.18. This observation, together with the absence of hysteresis, suggests that the
positive magnetoconductance observed in the perpendicular orientation does not arise
from magnetic effects [36].
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Figure 3.18: Magnetoconductance under electric field at 1.5 K. with magnetic field ap-
plied perpendicular and parallel to the LaAlO3/SrTiO3 interface.

Since the parameters that are extracted using Eq. 3.40 give excellent fits to the
experimental data both at low and high perpendicular fields, this indicates that for
gate voltages up to 100 V, Coulomb interactions yield small contributions compared to
weak localisation. We remark (Fig. 3.18) that for high electric fields (150 V, 200 V
and 250 V) in small parallel fields (less then 2 T) a negative magnetoconductance is
observed as expected from spin-orbit and Coulomb contributions. The behaviour ob-
served at higher parallel fields (positive large magnetoconductance) is not understood
at the moment. Similar effects were measured in films of doped SrTiO3 and interpreted
as a dimensional crossover [125].
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Chapter 4

Two-dimensional quantum
oscillations

In the preceding chapter we have considered the modulation of the transport properties
of the LaAlO3/SrTiO3 interface induced by an external magnetic field. We have limited
our discussion to the diffusive regime, where the magnetoresponse is dominated by
the effects of disorder (weak localisation) and spin-orbit interaction. This regime is
characterised by an impurity scattering time τ that is shorter than the period of the
orbital motion induced by the magnetic field. This is expressed by the relation ωcτ <
1, where ωc = eµ0H/m

∗ is the cyclotron frequency, m∗ is the carrier effective mass
and µ0H the applied magnetic field. Since ωcτ = µµ0H , where µ is the sample
mobility, we can easily identify which range of magnetic fields and sample mobilities
pertains to the diffusive regime. In this Chapter we will discuss a magnetotransport
study performed in samples in which the mobility has been boosted attaining the values
of several thousands cm2/Vs. In these samples, the description of magnetotransport
that we discussed in Chapter 3 breaks down and new phenomena arise.

4.1 Onsager relation

The motion of an electron in a solid in an eigenstate of momentum ~k and energy ε(~k),
in the presence of a uniform magnetic field, can be described by the semiclassical
equations

d

dt
~r = ~v(~k) =

1

~
∇~kε(~k) (4.1)

d

dt
~~k = −e~v(~k)× ~H (4.2)

These equations describe an orbital motion in momentum space along a constant-
energy surface A(ε, kz) (z is the magnetic field direction). The period of the orbit
is given by

T (ε, kz) =
~2

eµ0H
∂εA(ε, kz) (4.3)
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If T < τ we need to consider the quantization of the energy in closed orbits. In the
case of free electrons, the energy levels are determined by the quantum numbers ν and
kz according to the relation

εν(kz) =
~2k2z
2m

+

(
ν +

1

2

)
~ωc (4.4)

The energy states introduced by the quantized orbital motion are called Landau levels.
Onsager generalised this result to electrons in solids, by considering the period of their
orbits in momentum space and applying the Bohr quantization rules. He found that
the density of states becomes singular at regularly spaced intervals in 1/H . Since the
conductance is a probe of the density of states at the Fermi energy, this will exhibit
an oscillatory behaviour periodic in 1/H . The Onsager relation establishes a direct
proportionality between the cross-sectional extremal area of the Fermi surface normal
to the magnetic field A, and the frequency of the oscillation ω (φ0 is the magnetic flux
quantum):

ω =
φ0
2π2

A (4.5)

These oscillations of the electrical resistance as a function of magnetic field are known
as Shubnikov-de Haas oscillations and are a useful tool for the characterisation of the
Fermi surface of a material.

4.2 Shubnikov-de Haas oscillations in LaAlO3/SrTiO3 inter-
faces

In this thesis we have highlighted the remarkable electronic properties of the interface
between the complex oxides LaAlO3 and SrTiO3 [22, 30, 126, 119, 127]. In this
Chapter we will discuss the issue of the dimensionality of the conducting layer [113].
While it is clear that, using appropriate growth and annealing conditions, a confined
metallic and superconducting electron gas can be formed at such interfaces [41, 112],
no conclusive demonstration of two-dimensional character in the normal state has been
presented in literature so far.

X-Ray absorption spectroscopy experiments [35], as well as density functional
theory calculations [40], indicate that an orbital reconstruction occurs at this interface.
These studies reveal that, even at room temperature, the degeneracy of the Ti 3d t2g
levels is lifted and the first available states for the conducting electrons are generated
from 3dxy orbitals, which give rise to strongly two-dimensional bands and present a
negligible inter-plane coupling. Moreover, the momentum quantization in the quantum
well brings about a sub-bands fine structure which was calculated [40, 39] but not yet
confirmed experimentally. The presence of a very strong spin-orbit coupling, discussed
in Chapter 3 adds further complexity to the low-energy electronic structure.

The Fermi surface of two-dimensional electronic states generates clear experimen-
tal signatures in the Shubnikov-de Haas (SdH) effect: for a two-dimensional electron
gas (2DEG) the quantum oscillations depend only on the perpendicular component of
the magnetic field. Previous studies reported quantum oscillations in LaAlO3/SrTiO3−δ
heterostructures characterized by a large carrier density (of the order of 1016 cm−2) de-
localised in the SrTiO3 substrate [22, 31]. The lack of dependence of the oscillations
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Figure 4.1: Shubnikov-de Haas oscillations of the LaAlO3/SrTiO3 interface. (a) Varia-
tion of resistance ∆R = R(H)− R(0) in response to the application of a magnetic field
H oriented perpendicular to the LaAlO3/SrTiO3 interface, recorded at different temper-
atures T . (b) Numerical derivative dR/dH as a function of the inverse of the magnetic
field.

on the field orientation points to a three-dimensional Fermi surface consistently with
previous studies in Nb-doped SrTiO3 single crystals [128]. Very recently, quantum os-
cillations with two-dimensional character have been reported for Nb-doped thin films
of SrTiO3 [129].

The requirements for observing quantum conductance oscillations are [130]

ωcτ > 1 (4.6)

~ωc > kBT (4.7)

To fulfill these conditions with temperatures of the order of 1 K and magnetic fields of
a few Tesla, mobilities of 103 cm2/Vs or more are required. Existing strategies to reach
this value rely on the use of the electrostatic field effect [119, 131] or defect control
[129, 132] to improve the quality of the devices.

Here we discuss a magnetotransport study performed in LaAlO3/SrTiO3 interfaces
in which the mobility has been boosted by an optimization of the growth conditions,
reaching the value of 6600 cm2/Vs. In these samples we observe quantum oscilla-
tions in the electrical resistance as a function of magnetic field that depend only on
the perpendicular component of the magnetic field. An electric field applied to the
back-gate modulates the oscillation frequency. These results demonstrate the pres-
ence of two-dimensional electronic states originating from quantum confinement at
the LaAlO3/SrTiO3 interface.

The samples were grown as discussed in Chapter 1 using a deposition temperature
of ∼ 650 ◦C in ∼ 1 × 10−4 mbar of O2. This lower growth temperature significantly
improves the crystalline quality of the films, as observed by X-Ray diffraction and
RHEED. The samples are metallic and superconducting. A total of 10 heterostruc-
tures have been measured with a thickness of the LaAlO3 top layer between 5 and 10
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Figure 4.2: Angular dependence of the quantum oscillations. (a) Sheet resistance R as a
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with respect to the direction normal to the substrate. (b) Numerical derivative dR/dH as a
function of the inverse of the component of the magnetic field perpendicular to the plane
of the interface. An offset has been introduced in each curve for clarity. The lines are a
guide to the eye.

unit cells, all of which exhibited clear quantum conductance oscillations. Some differ-
ences are present in the behavior of the oscillations observed in different samples. In
particular the amplitude (and precise shape) of the oscillations varies from sample to
sample. In a few samples oscillations are visible directly in the raw magneto-resistance
data; in most other samples it is useful to take the derivative of the resistance with re-
spect to the magnetic field –or to remove a background– to make the oscillations fully
apparent. Nevertheless, the overall phenomenology that we discuss here is common to
the whole set of devices.

Figure 4.1a shows the variation of sheet resistance ∆R = R(H) − R(0) in re-
sponse to the application of a magnetic field oriented perpendicular to the interface,
recorded at different temperatures. The resistance measurements have been performed
using a 4 point AC technique, with a current between 10 and 100 nA, along a transport
channel 100µm wide and 200µm long, defined by photolithography. Below T = 7 K,
oscillations superimposed on a positive background are observed for fields larger than
3 T, where the regime ωcτ > 1 is attained (with µ = 5000 cm2/Vs, ωcτ > 1 for
µ0H > 2 T). The numerical derivative of the resistance with respect to magnetic field,
presented in Figure 4.1b, reveals that the oscillations are periodic in 1/H .

The dimensionality of the electronic states can be assessed by examining the an-
gular dependence of the quantum oscillations. Figure 4.2a displays R(H) measured
at T = 1.5 K on a different sample, for different angles θ. The angle θ measures the
inclination of the magnetic field with respect to the normal to the interface at a fixed
azimuthal angle. At θ = 0◦ the magnetic field is applied perpendicular to the inter-
face, while for θ = 90◦ the magnetic field vector lies in the plane of the interface,
parallel to the current. At θ = 90◦ we observe, consistently with the measurements
presented in Chapter 3, a fairly large negative magnetoresistance. Figure 4.2b shows
the derivative of the data from 0◦ to 30◦ as a function of (H cos θ)−1. It is appar-
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ent that the oscillation depends only on the perpendicular component of the magnetic
field. This observation directly indicates that the oscillations arise from closed orbits
in momentum space along a two-dimensional Fermi surface.

SdH oscillations represent a direct measurement of the area of the Fermi surface.
Indeed, the Onsager relation ω = (φ0/2π

2)A establishes a direct proportionality be-
tween the cross-sectional area of the Fermi surface normal to the magnetic field, A,
and the frequency of the oscillation ω (φ0 is the magnetic flux quantum). Figure 4.3b
displays the Fourier transform of the oscillatory component of the magnetoresistance
of a sample characterized by a mobility of the order of 3000 cm2/Vs and a Hall carrier
density n2D = 1.05 · 1013 cm−2. A main broad peak is clearly visible in the Fourier
transform at 35 T with a shoulder at 50 T. In other samples the shoulder appears as a
small secondary peak. The main peak leads to an area of 0.33 nm−2, which is only
0.1% of the Brillouin zone. Assuming a circular section of the Fermi surface, we can
estimate the carrier density as n2D = ωνvνse/h, where νv and νs indicate the val-
ley and spin degeneracy respectively. By taking νs = 2 and a single valley we find
n2D = 1.69 · 1012 cm−2 (the feature at 50 T would give an additional contribution of
2.4 · 1012 cm−2). The corresponding Fermi wavelength is λF = 2π/kF = 19 nm. This
value is larger than the thickness of the electron gas at low temperatures (' 10 nm)
estimated in low-mobility samples using the anisotropy of the superconducting crit-
ical fields [112], infrared ellipsometry [42] and atomic force microscopy [41, 113].
Apart from the apparent discrepancy between the density values extracted from the
Hall effect measurements and the SdH oscillations (which will be discussed later),
these findings are consistent with a picture of a two-dimensional electron gas formed
by quantum confinement at the LaAlO3/SrTiO3 interface.

We now turn our attention to the temperature dependence of the oscillations am-
plitude, which contains important information regarding the carrier effective mass and
the level of disorder. For this analysis we performed magnetoresistance measurements
up to 15 T and down to 250 mK. The amplitude of the quantum oscillation, extracted
from these measurements by subtracting a polynomial background (see Figure 4.3a),
decreases with increasing temperature.

The oscillations amplitude ∆R as a function of temperature T can be described by
the relation [130]

∆R(T ) = 4R0e
−αTDαT/ sinh(αT ) (4.8)

where α = 2π2kB/~ωc, R0 is the non-oscillatory component of the square resistance
and TD is the Dingle temperature. The best fit to equation 4.8 of our experimental data,
is shown in Figure 4.3c, for the largest maximum of the oscillations (the second largest
gives the same result). The fitting parameters are the carrier effective mass (which
enters the cyclotron frequency) and the Dingle temperature. We observe a good agree-
ment between theory and experiment with m∗ = 1.45± 0.02 me and TD = 6 K. Our
estimation of the effective mass is similar to what has been observed in doped SrTiO3

by quantum oscillations in thin films [129] and by optical conductivity in crystals [13].
We note also that in samples with an order of magnitude larger carrier density, infrared
ellipsometry gives an effective mass that is a factor of 2 larger than what we find [42].
Finally, the broadening of the Landau levels, determined by kBTD ∼ 0.5 meV, is not
much smaller than the their energy separation (~ωc ∼ 1 meV at 10 T). This explains
the small amplitude of the oscillations that we observe.
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Figure 4.3: Temperature dependence of the Shubnikov-de Haas oscillations. (a) Oscilla-
tory component of the sheet resistance ∆R as a function of the inverse of the magnetic
field oriented perpendicular to the LaAlO3/SrTiO3 interface, recorded at different temper-
atures T . (b) Fourier spectrum of the resistance oscillation measured at 250 mK. (c) Blue
dots: temperature dependence of the amplitude of the oscillation at 13.5 T. Solid line: best
fit to equation 4.8 of the experimental data

On some of our samples we have also looked at the evolution of the quantum os-
cillations in devices equipped with a gate electrode, which consists of a metal layer de-
posited on the back side of the substrate (0.5 mm thick). Figure 4.4a,b displays R(H)
measurements and dR/dH(H−1) recorded at T = 250 mK and different gate voltages
V . In conventional two-dimensional electron gases, the main effect of tuning the gate
voltage is to modulate the carrier density, leading to a change in the Fermi surface,
and thereby in the SdH oscillation frequency. Indeed, as expected, we observe a clear
shift of the main peak of the oscillations (see Fig. 4.4c), whose frequency increases
linearly with carrier density 1. In performing these experiments, we also noted that
in most devices the oscillations become more apparent at larger gate voltages. This
is a consequence of the fact that the mobility increases with V [131] (in the device
whose data are shown in Fig. 4.4 the mobility increases from 2400 cm2/Vs at 10 V to
3600 cm2/Vs at 120 V).

We conclude that the realization of high-quality LaAlO3/SrTiO3 interfaces enables
us to reveal the presence of discrete two-dimensional sub-bands that manifests them-
selves in SdH conductance oscillations. One issue that remains to be solved is the
apparent mismatch between the values of the carrier density estimated from the Hall
effect and from the SdH oscillations (approximately a factor of 4-5 if we consider only
the main peak, a factor of 2 if we consider also the peak at 50 T). Apart from the possi-
bility that the limited number of periods observed experimentally may not be sufficient
to resolve all peaks in the spectrum of the SdH oscillations, several physical scenarios
are also possible. First, even though band-structure calculations predict the presence
of only one valley [40] in the conduction band of LaAlO3/SrTiO3 interfaces, it can-

1Interestingly, the smaller secondary peak at ' 50T does not seem to shift significantly with gate
voltage
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Figure 4.4: Field effect modulation of the Shubnikov-de Haas oscillations. (a) Sheet
resistanceR as a function of magnetic fieldH recorded at different gate voltages V at T =

250 mK. (b) Numerical derivative dR/dH as a function of the inverse of the magnetic field
showing the effect of the gate voltage on the resistance oscillations. (c) Main frequency
of the oscillation ω as a function of carrier density n2D.

not be excluded that in reality multiple valleys are present. Second, effects associated
to the spin of the electrons may be important. On the one hand, a strong spin-orbit
interaction is known to affect SdH oscillations [133, 114]. On the other hand, since
the effective mass is larger than the free electron mass, the Zeeman splitting is larger
than the Landau level spacing even when the gyromagnetic factor is g = 2, which
brings the system in an unconventional regime. Finally, the different sub-bands oc-
cupied by electrons in the 2DEG may originate from different d orbitals, leading to
different effective masses, mobility values, and scattering times (which would not ful-
fill the condition to observe the oscillations) [39]. Additional studies are required to
elucidate this point, which most likely will require samples of even higher quality and
higher magnetic fields.

The observation of two dimensional sub-bands in LaAlO3/SrTiO3 interfaces es-
tablishes a connection between this system and more conventional semiconducting
heterostructures based on III-V compounds. In contrast to these more conventional
systems 2DEGs at LaAlO3/SrTiO3 interfaces are characterized by very strong spin-
orbit interaction, much lower Fermi energy, higher effective mass, not to mention the
occurrence of superconductivity. The availability of high-quality LaAlO3/SrTiO3 in-
terfaces give access to two-dimensional electron physics in an entirely unexplored pa-
rameter regime, which is likely to disclose new phenomena not yet observed in the
diffusive transport limit that has been investigated so far.

79



4. TWO-DIMENSIONAL QUANTUM OSCILLATIONS

80



Chapter 5

Nanostructuring oxide interfaces

The response of the conductivity to external stimuli is one of the foremost experi-
mental probes available in condensed-matter physics. To perform accurately these
measurements a geometric pattern reproducing a transport channel must be defined
on the sample. In this Chapter we will discuss the patterning techniques used to fab-
ricate the samples studied in this work. In the first Section a conventional approach
borrowed from the microelectronics industry, photolithography, is presented. In the
second Section we discuss an innovative approach, based on electron-beam lithogra-
phy, to fabricate devices whose lateral dimensions are on the scale of the electronic
relaxation lengths.

5.1 Photolithography

Photolithography is a process used to transfer a pattern from a mask to a substrate us-
ing light. In a nutshell, the procedure is the following. The substrate is covered with a
layer of a light-sensitive chemical, called photoresist, using spin coating. A mask re-
producing a geometric pattern is interposed between the photoresist and a light source.
The exposed area is selectively preserved or removed after a chemical treatment (de-
velopment). The pattern is then engraved on the substrate typically using chemical
etching. The whole process is performed in a clean room.

The resolution of the pattern is limited by the wavelength of the light. The source
used in our laboratory is a Hg lamp which delivers UV radiation (intensity 18 mW/cm2)
which allows a resolution of the order of 1µm. The resist we used (negative S1813
spin-coated at 4000 RPM for 30 s, thickness 1µm) requires ∼ 150 mJ/cm2 to be trans-
formed, therefore the exposure time is 9 s. The development time is 45 s.

In our experiments the transfer of the pattern from the photoresist to the substrate
is based on a lift-off process rather than chemical etching. This approach has the ad-
vantage to prevent the creation of defects in the substrate that is often associated with
an etching process. After development, a 30 nm thick layer of amorphous SrTiO3 is
deposited by room temperature pulsed laser deposition (PLD). The resist is then lifted
off using chemical solvents (usually acetone). The last step of the process consists in
depositing at high temperature a thin film of LaAlO3 by PLD as discussed in Chapter
1. This thin film grows epitaxially only on the regions of the substrate where the amor-
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5 µm

2.5 µm

35 nm

Figure 5.1: Left-hand side: topography of the edge of a pattern created by photolithog-
raphy measured by atomic force microscopy. The thick and rough region is amorphous
SrTiO3. The region where epitaxial LaAlO3 covers the substrate is atomically flat with a
step and terrace structure. Right-hand side: optical microscopy image of a pattern used
for transport experiments. The image was taken after development of the photoresist.

phous SrTiO3 layer is absent, which are the areas that were covered by the photoresist.
In these regions the electron gas is laterally confined.

The edge of a pattern created using this technique is shown in Figure 5.1 where we
can distinguish a region where the amorphous SrTiO3 is present (thick and relatively
rough) from a region where epitaxial LaAlO3 covers the substrate (atomically flat with
a step and terrace structure). A pattern regularly used for transport experiments is
depicted in Figure 5.1. The interface is contacted by ultrasonic welding using Al-wires.
When performing field effect experiments the metallic gate is a gold film sputtered
opposite to the channel area onto the back of the substrate.

5.2 Electron-beam lithography

In devices characterised by a lateral size on the scale of the electronic relaxation
lengths mesoscopic phenomena, related to the wave nature of the electrons, become
apparent. This field has been extensively studied in III-V semiconductors but re-
mains largely unexplored in oxides. In these materials interfaces give access to low-
dimensional electron physics in a new parameter regime (for example in the electron
gas present in LaAlO3/SrTiO3 interfaces we find a large effective mass and dielectric
constant, and the occurrence of superconductivity).

In LaAlO3/SrTiO3 interfaces the electron mean free path and the superconduct-
ing coherence length are of the order of 100 nm. Unfortunately photolithography per-
formed with conventional UV lamps does not provide the necessary resolution to reach
this limit. There is therefore a strong need to develop a more refined lithographic tech-
nique. An interesting innovative approach based on atomic force microscopy was
proposed recently [134, 135]. In this work we will discuss a more established litho-
graphic technique that allows us to explore the nanoscale: electron-beam lithography.
The working principle is very similar to conventional photolithography, only an elec-
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5 μm

1 μm

Figure 5.2: Optical microscopy image of a device fabricated by electron-beam lithogra-
phy. The image was taken after development of the resist. Inset: detail of the highlighted
region measured by atomic force microscopy after the deposition of LaAlO3.

tron beam replaces light. At a technical level this requires a number of refinements,
such as the use of vacuum technology, electrostatic optics, nanoscale positioning and
the replacement of the photoresist with an electron-beam sensitive resist. Moreover,
when dealing with insulating substrates, electron-beam lithography faces the challenge
of avoiding electrostatic charging of the surface. In this work we solved this problem
using a negative resist, mr-EBL 6000 (produced by Micro Resist Technology), that re-
quires a very small electron dose - exposure time (∼ 10µC/cm2) with respect to more
common resists such as PMMA.

A resist layer 100 nm thick is deposited on the surface of a TiO2-terminated SrTiO3

single crystal by spin coating (3000 RPM during 30 s, thickness 100 nm) and baked in
a hot plate for 3 minutes at 110 ◦C. The exposure is performed using a Raith 50 system
(27 kV, LaB6 filament, dose 10µC/cm2). The sample is then baked on a hot plate (5
minutes at 110 ◦C) and developed for 30 s. Once the pattern is transferred to the resist,
we proceed as discussed for photolithography.

Figure 5.2 shows optical and atomic force microscopy images of the pattern we
fabricated. It consists of a thin channel (∼100 nm wide and 2µm long) connected to 3
voltage probes and equipped with 2 side-gate electrodes. The separation between the
side-gates electrodes and the channel is < 1µm. In Figure 5.3 the nanoscale region
measured in two different devices is shown. The orientation of the step and terrace
structure of the epitaxial LaAlO3 layer is different in the two devices. In one device
the channel is perpendicular to the steps while in the other one the channel is parallel
to the steps.
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Figure 5.3: Topography of a transport channel in its nanoscale region measured by
atomic force microscopy. Left-hand side: channel perpendicular to the steps. Right-hand
side: channel parallel to the steps. The height of the amorphous SrTiO3 layer is 20 nm.

5.3 Field-effect devices

We will now turn our attention to some preliminary results regarding transport experi-
ments in nanoscale devices. Unfortunately, none of the devices studied so far have had
a functioning non-shorted side-gate electrode. Therefore the devices were equipped
with a back-gate electrode. Interestingly, the devices exhibit a very large response to
the application of a gate voltage. In Figure 5.4 the sheet resistance of the nanoscale
channel as a function of back gate voltage measured at T = 1.5 K is compared to the
same measurement performed on a large channel (300×200µm2). The resistance was
measured using both 4 point AC and DC technique with a current of 10 nA. Although
the general shape of the curve is similar, the nanoscale device exhibits a large enhance-
ment of the field effect. No dependence on the orientation of the channel with respect
to the steps was observed.

We are now in the position to study the modulation of the superconducting state
brought about by the electric field effect, discussed in the context of large samples
in Chapter 2, in devices where the lateral confinement is comparable to the super-
conducting coherence length. Fig. 5.5 shows the sheet resistance versus tempera-
ture for applied gate voltages between -100 V and 100 V measured on the sample
whose topography is shown on the left-hand side of Figure 5.3. In the same Fig-
ure the critical temperature, defined as the temperature at which the sheet resistance
is 50% of R(T = 400 mK) as a function of gate voltage is shown, together with
R(T = 400 mK, V ). We observe a large modulation of the superconducting state with
a number of key differences with respect to the large samples. First of all, a complete
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Figure 5.4: Sheet resistance as a function of back-gate voltage measured in a nanoscale
device (100 nm×2µm, continuous line) and in a large device (300µm)×200µm, trian-
gles).

transition towards a state characterised by a resistance smaller than the measurement
limit is observed only for one gate voltage, which corresponds to the highest critical
temperature (Tc 50% = 148 mK, V = 40 V). Second, an abrupt suppression of the
superconducting state is observed as the gate voltage is reduced from the value cor-
responding to optimal doping. By comparing the (T, V ) phase diagram depicted in
Figure 5.5 with the one mapped in the large samples, we remark the absence of an un-
derdoped regime in nanoscale devices and a low critical temperature. Third, the gate
voltage dependence of the resistance measured at T = 400 mK is markedly different,
being very rapid above the superconducting ground state and much slower in the non-
superconducting region of the phase diagram. This behaviour is the opposite to the
one observed in large samples 1. A theoretical interpretation of this phenomenology is
lacking at the moment. The absence of a complete superconducting transition points
to a different fluctuation regime which could be related to the presence of thermally
activated [136, 137] and quantum [138] phase slips. A systematic study of the super-
conducting transitions in wires of different width is necessary to clarify this point.

1The fact that we observe a weaker dependence of the resistance on gate voltage at 400 mK with
respect to the measurement at 1.5 K shown in Figure 5.4 could be an extrinsic effect caused by the
dielectric aging of the substrate.
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Figure 5.5: Left-hand side: sheet resistance Rsheet as a function of temperature T mea-
sured for different gate voltages V . Right-hand side: critical temperature Tc, defined as
the temperature at which the sheet resistance is 50% of R(T = 400 mK) as a function of
gate voltage (blue circles). R(T = 400 mK) as a function of gate voltage (red squares).
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Conclusions

Summary

In this thesis we have studied the electronic properties of a novel two-dimensional
electron gas. We have considered the interface between the semiconductor SrTiO3 and
the band insulator LaAlO3, where metallic conduction is observed. The vast majority
of the samples used in this study were fabricated in our laboratory. We have carefully
analysed the role of fabrication conditions in determining the electronic properties of
the interface. These studies resulted in an optimisation of the growth parameters and
helped us to avoid pitfalls such as the delocalisation of carriers in the substrate.

Since this electron gas is hosted in a material endowed with rich electronic prop-
erties, new interesting phenomena are expected to occur. In this thesis we have shown
that this interface becomes superconducting at temperatures lower than 300 mK. The
temperature dependence of the critical magnetic fields indicates that the superconduct-
ing sheet is two-dimensional with a thickness of about 10 nm. We have highlighted
that the superconducting transition can be interpreted in terms of thermal genera-
tion of free vortices, as expected in the two-dimensional limit. Another landmark
of two-dimensional superconductivity is a quantum phase transition towards an insu-
lating state traditionally tuned either by increasing the level of disorder or by apply-
ing magnetic fields. We have explored this phenomenon using either magnetic and
electric fields. Indeed, the application of the field-effect transistor principle to novel
electronic systems provides a fascinating opportunity to control their properties and
ultimately their ground state. Using this approach we have uncovered a phase dia-
gram characterised by a quantum critical point separating a superconducting pocket
from a localised phase. The quantum phase transition occurs at a critical sheet resis-
tance close to the quantum of resistance for Cooper pairs. The superconducting critical
temperature is tuned by the gate voltage from an underdoped to an overdoped regime.

Of particular relevance for the understanding of the nature of this electronic sys-
tem is the insulating region of the phase diagram. We have highlighted a quantum
correction to the conductivity, known as weak localisation, that emerges from electron
interference effects and drives a non-interacting two-dimensional system with an arbi-
trarily small concentration of impurities towards an insulating ground state. We have
observed a characteristic dependence of the conductivity on temperature and magnetic
field pointing to this localisation mechanism.

We have also emphasised that in this context the spin-orbit interaction, an outstand-
ing manifestation of special relativity in quantum mechanics, plays a pivotal role. At
an interface a breaking of inversion symmetry naturally occurs which brings about the
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presence of strong electric fields. Indeed, the large local polar distorsion that SrTiO3

exhibits at this interface attests to the relevance of this phenomenon. We have shown
that the quantum conductivity correction arising from electron interference can pro-
mote carrier delocalisation rather than localisation if a sufficiently strong spin-orbit in-
teraction is present. The effect is decisive in two-dimensional systems, where a metal
to insulator transition can be driven. We have assessed the influence of the spin-orbit
interaction on the electronic properties of this system by measuring the magnetocon-
ductance in the diffusive regime. We have shown that the spin-orbit interaction can be
tuned by applying an external gate voltage. We also discussed a remarkable correlation
between the onset of a strong spin-orbit interaction and the emergence of superconduc-
tivity. The spin relaxation time displays a characteristic behaviour associated with the
breaking of inversion symmetry.

We have also studied samples characterised by mobilities sufficiently large to ob-
serve well defined Landau levels in magnetic fields of the order of a few Tesla. We
have presented quantum oscillations in the electrical resistance as a function of mag-
netic field that depend only on the perpendicular component of the magnetic field.
These results demonstrate the presence of two-dimensional electronic states originat-
ing from quantum confinement. A positive gate voltage increases the mobility, the
carrier density and the oscillation frequency. The frequency of the oscillations signals
a multiple sub-bands occupation in the quantum well or a multiple valley configura-
tion. Since the carrier effective mass, as extracted from the temperature dependence
of the oscillation amplitude, is larger than the free electron mass, the Zeeman splitting
is larger than the Landau level spacing. This is an unconventional regime that was not
explored in semiconducting heterostructures based on III-V compounds.

Finally we have discussed an innovative approach, based on electron-beam lithog-
raphy, to fabricate devices whose lateral dimensions are on the scale of the electron
mean free path and the superconducting coherence length, both of the order of 100 nm.
In these preliminary studies we have observed a large modulation of the superconduct-
ing state.

Perspectives

The experimental results we have discussed stimulate several interesting questions
concerning the rich phase diagram we began to unveil. Does the quantum critical
point separating the superconducting from the insulating phase coincide with the one
pertaining to the metal to insulator transition? Some experimental evidence seem to
indicate that in the underdoped regime close to the critical point a magnetic field drives
the system in an insulating phase while deep in the overdoped region of the phase di-
agram a magnetic field leads to a superconductor to metal phase transition. Once the
existence of two distinct critical points is firmly established it would be interesting
to track their position in samples characterised by different levels of disorder. Can
we drive a transition towards strong localisation using the electrostatic field effect?
If the answer is positive, does the system exhibit the colossal magnetoresponse ob-
served in highly disordered two-dimensional superconductors? What is the driving
force behind the decrease in critical temperature observed in the overdoped regime?
Can we observe a field effect modulation of superconductivity in samples exhibiting
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quantum oscillations of the conductance? We have shown that the energy scale associ-
ated with the spin-orbit interaction is of the order of the Fermi energy. How does this
affect the superconducting state? Is it described by an unconventional order parameter
as some theorerical studies suggest? To answer this question it would be very use-
ful to fabricate tunnel junctions and to measure the density of states. One interesting
approach is to push further the development of nanoscale devices, either using elec-
tron beam lithography as described here or with other techniques. A quantum point
contact realised in this system could serve as a tunable Josephson junction and shed
light on these issues. More generally speaking using the electrostatic control of su-
perconductivity, new quantum electronic devices can be envisaged. We also discussed
presence of two-dimensional electronic states originating from quantum confinement
by measuring conductance oscillations. Access to higher magnetic fields and lower
temperatures will be useful to resolve the apparent mismatch between the values of the
carrier density estimated from the Hall effect and from the frequency of the oscillations
and to fully characterise the Fermi surface of this system.
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