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Polarity discontinuities at the interfaces between different crys-
talline materials (heterointerfaces) can lead to nontrivial local
atomic and electronic structure, owing to the presence of dan-
gling bonds and incomplete atomic coordinations1–3. These dis-
continuities often arise in naturally layered oxide structures,
such as the superconducting copper oxides and ferroelectric
titanates, as well as in artificial thin film oxide heterostructures
such as manganite tunnel junctions4–6. If polarity discontinuities
can be atomically controlled, unusual charge states that are
inaccessible in bulk materials could be realized. Here we have
examined a model interface between two insulating perovskite
oxides—LaAlO3 and SrTiO3—in which we control the termin-
ation layer at the interface on an atomic scale. In the simple ionic

limit, this interface presents an extra half electron or hole per
two-dimensional unit cell, depending on the structure of the
interface. The hole-doped interface is found to be insulating,
whereas the electron-doped interface is conducting, with ex-
tremely high carrier mobility exceeding 10,000 cm2V21 s21. At
low temperature, dramatic magnetoresistance oscillations peri-
odic with the inverse magnetic field are observed, indicating
quantum transport. These results present a broad opportunity to
tailor low-dimensional charge states by atomically engineered
oxide heteroepitaxy.
An early discussion of polarity or valence discontinuities arose in

the consideration of the growth of GaAs on (001)-oriented Ge1,2.
Both semiconductors have the same crystal structure and nearly
exact lattice match, thus representing promising materials to
combine direct and indirect bandgap semiconductor functions.
Just at the interface, however, there are incomplete bonds at the
termination of the group IV Ge layer and the commencement of
III–V alternations of GaAs. There have been recent attempts to
design interfaces on the atomic scale to compensate for these
dangling bonds7. Layered oxide crystal structures can be viewed as
an intimate sequence of valence discontinuities, often involving
charge-transfer over a few atomic positions. The myriad of stacking
sequences such as the perovskite-derived Ruddlesden–Popper
phases, constructed as Anþ1BnO3nþ1, for 0 # n # 1, involve
accommodating this charge transfer while maintaining global
charge neutrality8,9. Recently, lamellar contacts between members

Figure 1 Growth and schematic models of the two possible interfaces between LaAlO3
and SrTiO3 in the (001) orientation. a, RHEED intensity oscillations of the specular

reflected beam for the growth of LaAlO3 directly on the TiO2 terminated SrTiO3 (001)

surface. b, Schematic of the resulting (LaO)þ/(TiO2)
0 interface, showing the composition

of each layer and the ionic charge state of each layer. c, RHEED oscillations for the growth
of LaAlO3, after a monolayer of SrO was deposited on the TiO2 surface. d, Schematic of
the resulting (AlO2)

2/(SrO)0 interface.
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is little or no evidence for carrier freeze-out in most samples,
although the interface grown at the highest oxygen pressure of
10!4 Torr (1 Torr¼ 133.3 Pa¼ 1,333mbar) exhibits a small
increase in carrier density at higher temperatures. The resultant
Hall mobility mH is given in Figure 8c demonstrating the
extremely high carrier mobility that can be obtained at the
interface for the samples grown at the lowest pO2 value of 10!6

Torr. However, interfaces grown at higher oxygen pressures
clearly display a much lower mobility.

The thickness dependence of the transport properties was
investigated by Thiel et al.[62] who grew ultrathin LaAlO3 layers of
a few unit cells on a TiO2-terminated SrTiO3 substrate at an
oxygen pressure of 2# 10!5mbar. They found an abrupt
transition from insulating to metallic behavior with a critical
thickness of four unit cells above which the interfaces were
conducting (see Fig. 9). In an earlier study Huijben et al.[63] found
that single unit cell LaAlO3 layers in SrTiO3/LaAlO3/SrTiO3

heterostructures still showed metallic behavior. In such hetero-
structures two closely spaced complementary interfaces (LaO/
TiO2 and AlO2/SrO) are present, which are electronically coupled.
A critical separation distance of six perovskite unit cell layers,
corresponding to approximately 23 Å, was found below which a

decrease of the interface conductivity and carrier density
occurs (see Fig. 10). Interestingly, the high carrier mobilities
($1000 cm2 V!1 s!1 at low temperatures) characterizing the
separate conducting interfaces were found to be maintained in
coupled structures down to subnanometer interface spacing.

Field effect devices based on LaAlO3/SrTiO3 heterostructures
have been fabricated in order to investigate the interface transport
properties as function of applied electric field.[62] Thiel et al.
demonstrated memory behavior in the field effect structure,
where they alternatingly applied a positive and negative gate
voltage across the SrTiO3 substrate to reversibly switch the sheet
conductance three orders of magnitude (see Fig. 11a). Depending
on the applied voltage (e.g., $100V over a period of time), these
devices can be used as well to induce migration of oxygen in the
SrTiO3 substrate.

A related device concept was demonstrated by Cen et al.[64] by
writing and erasing of nanowires in these structures. They
showed the possibility to ‘‘write’’ and ‘‘erase’’ conducting wires
between two electrodes with the tip of an atomic force
microscope, which could be the first step toward highly dense
nanodevices (see Fig. 11b). The observed conductive switching
was ascribed by Cen et al. by local modulation of the oxygen
stoichiometry in the topmost LaAlO3 surface layer, which could
be accompanied by accumulation of mobile electrons at the
interface. However, possible other contributions such as charging
of trap states and surface contamination have to be taken into
account as well.[65]

3.2. Superconductivity

Superconductivity was observed in LaAlO3/SrTiO3 heterostruc-
tures by Reyren et al.[66] They deposited LaAlO3 layers with
thicknesses of 8 and 15 unit cells (uc) on TiO2-terminated SrTiO3

substrates at an oxygen pressure of 6# 10!5mbar. The films were
additionally cooled to room temperature in 400mbar of O2 with a
1-h oxidation step at 600 8C. Subsequently, bridges were patterned
with widths of 100mm and lengths of 300mm and 700mm for
four-point measurements.[67]

The 8-uc and 15-uc samples underwent a transition into a state
for which no resistance could be measured at respectively ffi200

Figure 6. Temperature dependence of the resistance for 26 unit cells thick
LaAlO3 films on SrTiO3 substrates with a TiO2-terminated surface and a
SrO-terminated surface both grown at 850 8C and 3# 10!5mbar oxygen
pressure.

Figure 7. a) SrO fractional coverage (0& uSrO& 1) dependence of sheet resistance, b) inverse Hall coefficient!1/RH, and c) Hall mobility mH for LaAlO3/
SrO/SrTiO3 heterointerfaces. Figures are reproduced with permission from [60]. Copyright 2004 Japan Society of Applied Physics.
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estimate of the POS component of the magnetic
field. Assuming a typical electron density of
108 cm−3, our measured phase speeds between
1.5 and 5 Mm s–1 correspond to projected mag-
netic field strengths between 8 and 26G.We note
that circular polarization measurements of coro-
nal emission lines can provide an estimate of the
LOS component of the magnetic field. Notably,
seismology and polarimetry provide complemen-
tary projections of the coronal magnetic field,
which can be combined to provide an estimate of
both the strength and the inclination of the mag-
netic field. In future work, it will be possible to
estimate the plasma density with CoMP obser-
vations through the intensity ratio of the FeXIII
lines at 1074.7 and 1079.8 nm (31).

We have analyzed observations from the
CoMP instrument that show an overwhelming
flux of upward-propagating low-frequencywaves
throughout the solar corona. These waves prop-
agate at speeds typical of Alfvén waves, and their
direction of propagation mirrors the measured
magnetic field direction. The waves we resolved
do not have enough energy to heat the solar
corona. We conclude that these ubiquitous waves
are indeed Alfvénic and offer the real possibility
of probing the plasma environment of the solar

corona with a high degree of accuracy through
coronal seismology.
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Superconducting Interfaces Between
Insulating Oxides
N. Reyren,1 S. Thiel,2 A. D. Caviglia,1 L. Fitting Kourkoutis,3 G. Hammerl,2 C. Richter,2
C. W. Schneider,2 T. Kopp,2 A.-S. Rüetschi,1 D. Jaccard,1 M. Gabay,4 D. A. Muller,3
J.-M. Triscone,1 J. Mannhart2*
At interfaces between complex oxides, electronic systems with unusual electronic properties can
be generated. We report on superconductivity in the electron gas formed at the interface between
two insulating dielectric perovskite oxides, LaAlO3 and SrTiO3. The behavior of the electron gas
is that of a two-dimensional superconductor, confined to a thin sheet at the interface. The
superconducting transition temperature of ≅ 200 millikelvin provides a strict upper limit to the
thickness of the superconducting layer of ≅ 10 nanometers.

Inpioneering work, it was demonstrated that a
highlymobile electron system can be induced
at the interface between LaAlO3 and SrTiO3

(1). The discovery of this electron gas at the
interface between two insulators has generated an
impressive amount of experimental and theoret-
ical work (2–8), in part because the complex
ionic structure and particular interactions found at
such an interface are expected to promote novel

electronic phases that are not always stable as
bulk phases (9–11). This result also generated an
intense debate on the origin of the conducting
layer, which could either be “extrinsic” and due
to oxygen vacancies in the SrTiO3 crystal or
“intrinsic” and related to the polar nature of the
LaAlO3 structure. In the polar scenario, a
potential develops as the LaAlO3 layer thickness
increases that may lead to an “electronic re-
construction” above some critical thickness (5).
Another key issue concerns the ground state of
such a system; at low temperatures, a charge-
ordered interface with ferromagnetic spin align-
ment was predicted (4). Experimental evidence
in favor of a ferromagnetic ground state was
recently found (6). Yet, rather than ordering
magnetically, the electron system may also
condense into a superconducting state. It was
proposed that in field effect transistor config-

urations, a superconducting, two-dimensional
(2D) electron gas might be generated at the
SrTiO3 surface (12). It was also pointed out that
the polarization of the SrTiO3 layers may cause
the electrons on SrTiO3 surfaces to pair and form
at high temperatures a superconducting con-
densate (13, 14). In this report, we explore the
ground state of the LaAlO3/SrTiO3 interface and
clarify whether it orders when the temperature
approaches absolute zero. Our experiments pro-
vide evidence that the investigated electron gases
condense into a superconducting phase. The
characteristics of the transition are consistent
with those of a 2D electron system undergoing a
Berezinskii-Kosterlitz-Thouless (BKT) transi-
tion (15–17). In the oxygen vacancy scenario
the observation of superconductivity provides a
strict upper limit to the thickness of the super-
conducting sheet at the LaAlO3/SrTiO3 interface.

The samples were prepared by depositing
LaAlO3 layers with thicknesses of 2, 8, and 15
unit cells (uc) on TiO2-terminated (001) surfaces
of SrTiO3 single crystals (5, 18). The films were
grown by pulsed laser deposition at 770°C and
6 × 10−5 mbar O2, then cooled to room temper-
ature in 400 mbar of O2, with a 1-hour oxidation
step at 600°C. The fact that only heterostructures
with a LaAlO3 thickness greater than three uc
conduct (5) was used to pattern the samples
(19). Without exposing the LaAlO3/SrTiO3 in-
terface to the environment, bridges with widths
of 100 mm and lengths of 300 mm and 700 mm
were structured for four-point measurements,
as well as two-uc-thick LaAlO3 layers for ref-
erence (18).
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and Engineering Physics, Cornell University, Ithaca, NY 14853,
USA. 4Laboratoire de Physique des Solides, Bat 510, Université
Paris-Sud 11, Centre d’Orsay, 91405 Orsay, Cedex, France.
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in opposite direction will keep a constant phase relation and will interfere. Neglecting

spin effects one finds that the contribution to the conductance given by these paths is

always negative and that a perturbation which breaks time reversal invariance such as an

external magnetic field will increase the conductance. In addition, in the presence of spin-

orbit interaction, it has been shown both theoretically [17] and experimentally [18], that

electron interference will bring about a positive contribution to the conductance. The positive

contribution is the first to be suppressed by an external magnetic field causing an initial

decrease in conductance as a function of magnetic field [18]. This unexpected behaviour has

been named weak antilocalization. In this scenario the magnetoconductivity of a 2D metallic

film can be described by the Maekawa-Fukuyama (MF) theory [19] which takes into account

the Zeeman and spin-orbit effects on weak localization. Since we measured the MR at 1.5K,

which is at least 5 times the maximum superconducting critical temperature, we can safely

neglect superconducting fluctuations. For a two-dimensional system with in-plane spin-orbit

relaxation time, immersed in a perpendicular magnetic field H, the first order correction to

the conductance, ∆σ, takes the form
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The function Ψ is defined as

Ψ(x) = ln(x) + ψ

�
1

2
+

1

x

�
(3)

where ψ(x) is the digamma function and σ0 = e
2
/πh is a universal value of conductance.

The parameters of the theory are Hi = �/4eDτi, Hso = �/4eDτso and the electrons g-factor

g which enters into the Zeeman correction γ = gµBH/4eDHso. D is the diffusion coefficient,

e the elementary charge, µB the Bohr magneton, τi is the inelastic scattering time and τso

is the spin-orbit relaxation time. In a magnetotransport experiment we can then quantify

the two relevant time scales of the problem, namely τso and τi. The spin-orbit relaxation

time is an essential ingredient to describe transport in a two-dimensional electron gas in

the presence of a strong homogeneous electric field. As previously discussed, the conduction

electrons will experience an internal magnetic field which is always perpendicular to their
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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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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 r6c6c41 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 populationsN± of the two branchesE±(k�)
from the conditions

Ns = N+ +N− , (6.16a)

N± =
1

4π
k2F± , (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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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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Limitations of the field effect 
approach

Need for a good gate dielectric
Limited to dc breakdown fields

Slow process

Ultrafast lattice excitation using light pulses
100 fs pulsed 10 MV/cm fields
16 um wavelength, 600 cm-1

modulation of bandwidth
non-linear phonon coupling

electronic properties
investigated by

pump and probe THz and NIR
spectroscopy



Nickelates phase diagram
A story of coupling between electrons and lattice

M.L. Medarde, J Phys Cond Matt 9, 1679 (1997)
G. Catalan, Phase transitions 81, 729 (2008)

T

Crystal distortion (tolerance factor)

Orthorhombic
paramagnetic

metal
Monoclinic

paramagnetic
insulator

Monoclinic 
antiferromagnetic

charge-ordered insulator

NdNiO3



Static lattice control

1 bar

14.1 kbar

Can we drive this phase transition on the
ultrafast time scale by exciting the lattice with light?

P.C. Canfield et al. PRB 47, 12357 (1993)



Pump and probe

Rini et al., Nature 449, 72 (2007)

20 fs, 800 nm, 1.55 eV

0.3-3 THz, 1-10 meV
100 fs, 70 meV

2 µJ, 2mJ/cm 2

Δt
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NIR probe
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Wavelength dependence
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T dependence
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THz probe
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Threshold
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What about the electronic order?



Conclusions
Electrostatic field-effect Ultrafast lattice excitation

LaAlO3/SrTiO3
Superconductor - Insulator 
Quantum Phase Transition

Tunable spin-orbit interaction

NdNiO3/LaAlO3
Insulator - Metal

Non-equilibrium Phase Transition

5 orders of magnitude change in 
dc conductivity



Collaborators
Stefano Gariglio, Claudia Cancellieri, Nicolas Reyren, Raoul Scherwitzl, 
Marta Gibert, Pavlo Zubko, Didier Jaccard, Jean-Marc Triscone
University of Geneva

Jochen Mannhart’s group
University of Augsburg, now MPI Stuttgart

Toni Schneider University of Zürich
Marc Gabay University of Paris

Michael Först, Paul Popovich, Matthias Hoffmann, Stefan Kaiser, 
Wanzheng Hu, Matteo Mitrano, Hubertus Bromberger,
Andrea Cavalleri
Max Planck Departement for Structural Dynamics, Center for Free Electron 
Laser Science, University of Hamburg

Financial support from the Swiss National Science Foundation 
Fellowship


