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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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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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Figure 6 Chemical profiles of LaAlO3 on (001) SrTiO3 for both interface terminations. In each panel, the SrTiO3 substrate is on the left and the LaAlO3 on the right.
a, AlO2/LaO/TiO2 interface showing the fractions of elemental Ti and La from the Ti-L and La-M edges, as well as the Ti3+ fraction determined from a least-squares fit to the
Ti-L edge from Ti3+ and Ti4+ reference spectra. There is excess Ti3+ on the substrate side of the interface. b, Corresponding Ti and La EELS profiles for the AlO2/SrO/TiO2

interface, showing almost no excess Ti3+. c, Fractional compositions from the least-squares fit to the O-K edge profile for the AlO2/LaO/TiO2 terminated interface, showing a
net vacancy excess of δ = 0.1±0.04. The labels are for the fits to the reference spectra as shown at the bottom of Fig. 5b. d, The O-K edge fractional composition (from
Fig. 5b) for the AlO2/SrO/TiO2 interface showing a significant accumulation of excess vacancies (δ = 0.32±0.06). The r.m.s. residual to the fits is shown below each plot.

point is that the interface with many oxygen vacancies has no excess
electrons, whereas the interface with few oxygen vacancies has
significant excess electrons. This is counter to the well-known role
of oxygen vacancies in bulk oxides as electron donors, indicating
that the origin and the function of the interface vacancies are
completely different at the interface. This is bolstered by the fact
that vacancies persist despite annealing in conditions far above
those necessary to fill vacancies in thick SrTiO3−δ films.

In comparing the valence profiles obtained from EELS with
the simple model of half an electron per hole at the interface
discussed in Fig. 1, the experimental data deviates from the model
in two key respects. First, the electron are not fixed point charges,
but delocalized in a screening cloud. This alters the size of the
interface dipole but does not cause a divergence. Second, even
though the net charge at the n-type interface is ∼0.5 (0.7±0.1 e−,
0.2±0.08 e+) there are more electrons than expected, which in turn
are compensated for by slight oxygen vacancies, again altering the
interface dipole.

In addition to the electrical asymmetry, why is there also an
asymmetry in roughness? What we have ignored in this analysis
so far is the delocalized electron cloud on the Ti sites at the
AlO2/LaO/TiO2 interface. Spreading the electrons from a single
plane to a few unit cells increases the interface dipole energy.
This dipole can be reduced by exchanging Sr for La cations across

the interface to produce a compensating dipole, that is, physically
roughening the interface. (In general, an exchange of ions can only
produce a dipole, but not add or remove a diverging potential.)
Without a delocalized screening electron or hole charge at the
AlO2/SrO/TiO2 interface, there is less need to compensate for
cation-mixing across the interface. Furthermore, distribution of the
oxygen vacancies can provide any necessary compensating dipole.
Both the EELS profiles of Fig. 6 and the images of Fig. 2 show
that the n-type AlO2/LaO/TiO2 interface is indeed rougher than the
AlO2/SrO/TiO2 interface.

The presence of a small number of oxygen vacancies
(δ = 0.1±0.04) at the n-type interface (which should ideally have
δ = 0) suggests a mechanism to reduce the band offset while still
avoiding a divergence. Adding extra vacancies and compensating
electrons to keep the same net charge introduces an interface dipole
that will shift the band offset. Consider the case where δ = 0.125
and we place the missing one-in-eight O atoms in the SrO plane,
that is, the interface structure is SrO0.875/Ti3.25+O2/LaO/AlO2. This
gives 0.75 excess e−/u.c. at the interface, but introduces no band
offset (Fig. 7). In other words, the band offset can be tuned as
a function of oxygen vacancy concentration, but with a price of
adding electrons to the Ti conduction band at the interface.

A similar argument can be made for the p-type interface. The
simplest interface of Fig. 1d would ideally have δ = 0.25 and

208 nature materials VOL 5 MARCH 2006 www.nature.com/naturematerials
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Confinement of the electron gas
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Electronic Structure
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See also C. Bell et al. PRL 103, 226802 (2009). 

System Phase Diagram



Spin-orbit Coupling
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Rashba Spin-Orbit Coupling
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Exciting developments



High mobility samples
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Injection of spin polarized electrons

Gate-Controlled Spin Injection at LaAlO3=SrTiO3 Interfaces
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1Unité Mixte de Physique CNRS-Thales, 1 Av. A. Fresnel, 91767 Palaiseau, France and Université Paris-Sud, 91405 Orsay, France
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We report results of electrical spin injection at the high-mobility quasi-two-dimensional electron

system (2-DES) that forms at the LaAlO3=SrTiO3 interface. In a nonlocal, three-terminal measurement

geometry, we analyze the voltage variation associated with the precession of the injected spin accumu-

lation driven by perpendicular or transverse magnetic fields (Hanle and inverted Hanle effect). The

influence of bias and back-gate voltages reveals that the spin accumulation signal is amplified by resonant

tunneling through localized states in the LaAlO3 strongly coupled to the 2-DES by tunneling transfer.
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The LaAlO3=SrTiO3 (LAO/STO) system is the subject
of intense research [1–3] due notably to its two-
dimensional highly conductive character. Among other
remarkable properties, LAO/STO shows superconductivity
[4], giant gate tunability in the normal [5] or superconducting
state [6,7] and a large modulation of Rashba spin-orbit
interactions [8,9] imposed by the strong electric field at the
interface [10]. Besides their potential for electronics [11,12],
the high electronic mobility and two-dimensional character
make this 2-DES an interesting platform to explore lateral
spin transport in oxide heterostructures. Spintronics with
oxide systems could take advantage of the variety of func-
tional materials existing in this family, including ferroelec-
trics or multiferroics. The integration of such materials is
readily achievable because epitaxial growth of oxide hetero-
structures is well controlled today, paving the way towards
novel multifunctional spintronics architectures.

In a spin injection device, polarized electrons are tradi-
tionally injected from a ferromagnetic (FM) electrode into
a channel by passing a current from the FM into the
channel (here the 2-DES) through a tunnel contact. The
induced imbalance of spin population at the channel side,
called spin accumulation, creates a finite additional voltage
at the FM/2-DES contact. The contribution of this spin-
accumulation-generated voltage to the total voltage
measured between the top Co electrode and an Ohmic
reference contact (far from the injection region) may be
revealed in a three-point measurement scheme [Fig. 1(a)]
by measuring the electrical Hanle effect. Conventionally,
the Hanle effect is observed by applying an external mag-
netic field perpendicular to the FM injector’s magnetiza-
tion, in order to drive an incoherent precession of the
injected electronic spins, which suppresses spin accumu-
lation. This leads to a negative magnetoresistance, that is a
drop of resistance vs magnetic field, with a typical
Lorentzian shape, at least for localized electrons.

Inversely, the possible existence of a local random
magnetic field within the 2-DES or at the proximity of
FM/2-DES contact, and responsible for a partial spin
depolarization at zero external field, can be probed by

applying the magnetic field parallel to the FM magnetiza-
tion [Fig. 1(a)] [13]. As the applied magnetic field in-
creases, the spin depolarization due to the random field is
progressively suppressed, which restores the maximum
spin accumulation. This leads to positive magnetoresis-
tance or inverted Hanle effect with a width characteristic
of the amplitude of the random field.
In this Letter, we report an important step towards

prospective oxide-based spin injection devices. Namely,
we demonstrate efficient electrical spin injection at the
LAO/STO oxide interface via Hanle measurements, in
the vein of what was recently demonstrated in devices
based on conventional semiconductors [13–21]. Here, we
also get further insights in the process of spin injection
using a back-gate-voltage that modulates the density of
states at the interface with the 2-DES. By means of com-
bined Hanle and inverted Hanle measurements [Fig. 1(a)],
we demonstrate the creation of a spin accumulation close
to the LAO/STO interface. The total Hanle signal, of very
large amplitude compared to our theoretical estimate, is
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FIG. 1 (color online). (a) Sketch of the devices for 3-T Hanle
measurements with the magnetic field applied perpendicular or
parallel to the sample plane. A gate voltage Vg can be applied
between the back of the STO crystal and the LAO/STO 2-DES.
‘‘a-LAO’’ stands for amorphous LaAlO3, ‘‘!’’ for Ohmic con-
tact, and the 2-DES is shown in green. M is the in-plane Co
electrode magnetization. (b) Typical I vs. V characteristics of a
Co=LaAlO3=SrTiO3 (L ¼ 100 !m, W ¼ 300 !m) sized junc-
tion measured at 12 K.
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interpreted as the result of a resonant spin injection process
into discrete electronic states strongly coupled to the
2-DES by tunneling transfer.

Samples were prepared by pulsed laser deposition
(PLD) by first growing a pattern of amorphous LAO
film [22] at room temperature on a (001)-oriented
TiO2-terminated STO substrate and then growing a four
to five unit cell thick LAO film at high temperature
[1,5,23]. An in situ post-annealing is realized at more
than 500 !C in "0:5 bar of O2 for 30 to 60 minutes in
order to reduce as much as possible the concentration of
oxygen vacancies [23,24]. After deposition of the LAO
film, a 15 nm thick Co ferromagnetic top electrode was
deposited at room temperature by sputtering and then
capped in situ with gold. The LAO film being a band
insulator with a 5.6 eV band gap, it plays the role of the
tunnel barrier required for an efficient spin injection [25]
from the Co to the 2-DES in STO. The resulting device is
illustrated in the Fig. 1(a) after the lithographic process.
From an electrical point of view, I-V data acquired at low
temperature [Fig. 1(b)] display a clear tunneling behavior
characterized by a strong asymmetry between positive and
negative bias (positive bias means that electrons are in-
jected from the 2-DES into Co). Such an asymmetry is
likely imposed by the difference of materials work function
(as also found in Ref. [26] for Pt=LAO=STO and
Au=LAO=STO) and probably reflects the strong trapezoi-
dal shape of the LAO barrier in these junctions.

We now focus on electrical spin injection measurements.
We collected standard 3-terminal magnetoresistance (MR)
data on Co=LAO=STO junctions with a typical area
A ¼ LW ¼ 100$ 300 !m2 [see Fig. 1(a)] by applying
an out-of-plane magnetic field H? normal to the Co in-
plane magnetization [14,15]. Results at 2 K are presented
in Fig. 2(b). After subtraction of a parabolic background, a
negative MR with a quasi-Lorentzian shape is observed,
corresponding to the normal Hanle effect. The amplitude
of this Hanle signal is !RH?A ¼ 60 M" %!m2, which,
using a base junction resistance area product (RA) of
80 G" %!m2, corresponds to an MR ¼ !RH?A=RA of
0.07%. The increase of resistance above about 0.3 T is at
least partly related to the rotation of the Co electrode
magnetization M out-of-plane (that would be complete
for !0H? > 1:8 T).

As visible on Fig. 2(a) the junction resistance strongly
increases with decreasing temperature, signaling thermally
activated tunneling conduction through electronic local-
ized states (ELS). Figure 2(c) displays Hanle effect curves
at temperatures between 2 and 150 K. The Hanle signal
remains about constant between 2 and 40 K where the RA
vs temperature dependence [Fig. 2(a)] reaches a plateau. In
contrast, no Hanle signal is obtained at higher temperature
or at reversed bias. This is likely due to multistep (more
than two) tunneling processes, since electrons that are
thermally excited can access more states in the barrier.

We infer that the relevant ELS energy levels involved in
the transport are located close to the Fermi energy of the
2-DES as in the sketch of Fig. 3. Owing to the band
structure articulation at the LAO/STO interface [27] and
to the calculated position of the electronic level of intrinsic
defects in LAO [28,29], such ELS are likely played by
remaining oxygen vacancies or cation intermixing [30,31].
The observed Hanle data reflect a correlated drop (as H

is increased) of the spin splitting !! ¼ !" &!# and
voltage !V according to !V ¼ j"!!=ð2eÞj [32], with
!";# the respective electrochemical potential for majority
" and minority # spin channel, and " the tunneling spin
polarization at Co=LAO interface [33]. A primary analysis
would lead to a splitting of the chemical potential !!ðHÞ
of the simplest form !!ð0Þ=½1þ ð!L#sfÞ2+, where !L

stands for the Larmor frequency, and #sf the spin-relaxation
time extracted from the width of the Lorentzian [16]; this
would give #sf , 50 pswith ge ¼ 2. However, thewidth of
the Lorentzian may be extrinsically enlarged in the pres-
ence of alternative mechanisms of spin depolarization near
the interface, such as random magnetic fields due to stray
fields, hyperfine interactions, etc. [13].
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FIG. 2 (color online). (a) Temperature T dependence of the
junction RA product measured at I ¼ þ100, þ50 and &50 nA
in black; the colored symbols correspond to the RA value for
I ¼ þ20 nA as shown in (c) We used ? to indicate the obser-
vation of an Hanle effect and $ if not. (b) RA product and
voltage change as a function of the perpendicular external
magnetic field H? (Hanle measurement). Lines correspond to
Lorentzian fits of the data with (solid line) or without (dashed
line) a parabolic background. (c) Hanle data acquired at different
temperatures for I ¼ þ20 nA except for 2 K and 150 K for
which I ¼ þ50 nA. The curves are vertically offset for the sake
of clarity. (d) MR with the magnetic field perpendicular or
parallel to the sample plane at 12 K for the same injected current
of I ¼ þ50 nA. The dashed lines correspond to Lorentzian fits
without the parabolic background.
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Conclusions

The LaAlO3/SrTiO3 is an amazing platform displaying 
tunable properties

Magneto-transport and superconductivity reveal the 
importance of the sub-band structure 

Bulk and interface superconductivity seem different although 
Tcmax is the same

Recent developments are promising for the realization of 
nanostructures and possibly devices


