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Figure 1 | 2D superconductivity in a graphene superlattice.
(a) Schematic of a typical twisted bilayer graphene (TBG) device and
four-probe measurement scheme. The stack consists of top hexagonal
boron nitride (h-BN), rotatated graphene bilayers (G1, G2) and bottom
h-BN. The electron density is tuned by a metal gate beneath the bottom
h-BN. (b) Measured four-probe resistance Rxx = Vxx/I [Vxx and I defined
in (a)] in two devices M1 and M2, with twist angles θ = 1.16° and θ = 1.05°
respectively. The inset is the optical image of device M1, showing the main
Hall bar (dark brown), electrical contact (gold), back gate (light green) and
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in to -10∼10 meV. For comparison, the purple lines show the DOS of two
sheets of freestanding graphene without interlayer interaction (multiplied
by 103). The red dashed line shows the Fermi energy at half-filling of the
lower branch (E < 0) of the flat bands, which corresponds to a density
n = −ns/2 where ns is the superlattice density defined in the main text. The
superconductivity is observed near this half-filled state. (e) I-V curves for
device M2 measured at n=-1.44×1012 cm-2 and various temperatures. At
the lowest temperature of 70 mK, the I-V curve shows a critical current
of approximately 50 nA. The inset shows the same data plotted in log-log
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Polarity discontinuities at the interfaces between different crystalline materials (heterointerfaces) can lead to nontrivial local
atomic and electronic structure, owing to the presence of dangling bonds and incomplete atomic coordinations1–3. These discontinuities 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 termination layer at the interface on an atomic scale. In the simple ionic

lett

limit, this interface presents an extra
two-dimensional unit cell, depending
interface. The hole-doped interface is
whereas the electron-doped interface
tremely high carrier mobility exceedin
low temperature, dramatic magnetore
odic with the inverse magnetic field
quantum transport. These results prese
tailor low-dimensional charge states
oxide heteroepitaxy.
An early discussion of polarity or vale
the consideration of the growth of GaA
Both semiconductors have the same cr
exact lattice match, thus representing
combine direct and indirect bandgap
Just at the interface, however, there are
termination of the group IV Ge layer a
III–V alternations of GaAs. There hav
design interfaces on the atomic scale
dangling bonds7. Layered oxide crystal s
an intimate sequence of valence disco
charge-transfer over a few atomic positio
sequences such as the perovskite-der
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charge neutrality8,9. Recently, lamellar c

5

R. Yamamoto et al. PRL 107, 036104 (2011)

A. Ohtomo, H. Hwang, Nature 427, 423 (2004)

P. Delugas et al. PRL 106, 166807 (2011)

S. Okamoto, A.J. Millis, Nature 428, 630 (2004)

A. Annadi et al., Nature Comm. 4, 1838 (2013).
A. Annadi et al., PRB 87, 201102 (2013).

S. A. Pauli et al. PRL 106, 036101 (2011)
L. Li et al., Nature Physics (2011)

S. Thiel et al., Science 313, 1942 (2006)
N. Nakagawa et al., Nature Materials 5, 204 (2006)

S. Banerjee et al., Nature Physics 9, 626 (2013).
G. Berner et al., PRL 110, 247601 (2013).

J.A. Bert et al., Nature Physics (2011)
D.A. Dikin et al., PRL 107, 56802 (2011)

M. Huijben et al., Nature Materials 5, 556 (2006)
C.W. Schneider, APL 89, 122101 (2006)

E. Breckenfeld et al., PRL 110, 196804 (2013).

L. Li et al. Science (2011)

A. Brinkman et al., Nature Materials 6, 493 (2007)

C. Cancellieri et al., PRL 110, 137601 (2013).
S. Caprara et al., PRB 88, 020504 (2013).

Ariando et al. Nature Comm. (2011)
H. J Gardner et al. Nature Physics (2011)

G. Herranz et al., PRL 98, 216803 (2007)
W. Siemons et al., PRL 98, 196802 (2007)

G. Chen, L. Balents, PRL 110, 206401 (2013).
G. Cheng et al., PRX 3, 011021 (2013).

M. Stengel PRL 106, 136803 (2011)
H. W. Jang et al. Science (2011)

P.R. Willmott et al., PRL 99, 155502 (2007)
A. Kalabukov et al., PRB 75, 121404(R) (2007)

F. Cossu et al., PRB 88, 045119 (2013).
G. Drera et al., PRB 87, 075435 (2013).

J. W. Park et al. Nature Comm (2011)
A. Annadi et al., PRB 86, 085450 (2012).

Z. Popovic et al., PRL 101, 256801 (2008)
M. Basletic et al., Nature Materials 7, 621 (2008)

M. Gabay, J.-M. Triscone, Nature Physics 9, 610 (2013).

K. Aoyama, M. Sigrist, PRL 109, 237007 (2012).

C. Cen et al., Nature Materials 7, 298 (2008)

L.X. Hayden et al., PRB 88, 075405 (2013).
M. Honig et al., Nature Mater. 12, 1112 (2013).

N. Banerjee et al., APL 100, 041601 (2012).
M. L. Reinle-Schmitt et al., Nature Comm. 3, 932 (2012)

S. Thiel et al., PRL 102, 046809 (2009)
R. Pentchevaet al., PRL 102, 107602 (2009)

M. Hosoda2et al., APL 102, 091601 (2013).
Z. Huang et al., PRB 88, 161107 (2013).

C.W. Bark et al., Nano Letters 12, 1765 (2012).
J. Bert et al., PRB 86, 060503 (2012).

M. Salluzzo et al., PRL 102, 166804 (2009)
O. Copie et al., PRL 102, 216804 (2009)

B. Kalisky et al., Nature Mater. 12, 1091 (2013).

S. Caprara et al., PRL 109, 196401 (2012).

M. Sing et al., PRL 102, 176805 (2009)
C. Bell et al., APL 94, 222111 (2009)
C. Bell et al., PRL 103, 226802 (2009)

A. Fête et al., PRB 86, 201105 (2012).
F. Gunkel et al., APL 100, 052103 (2012).

C. Cen et al., Science 323, 1026 (2009)
C.L. Jia et al., PRB 79, 081405(R) (2009)

J. Park et al., PRL 110, 017401 (2013).

T. Hernandez et al., PRB 85, 161407 (2012).

C. Richter et al., Nature 502, 528 (2013).
M. Rössle et al., PRL 110, 136805 (2013).

B.-C. Huang et al., PRL 109, 246807 (2012).
Z. Salman et al., PRL 109, 257207 (2012).

G. Singh-Bhalla et al., Nature Physics (2010)
A. D. Caviglia et al. PRL 105, 236802 (2010)

A. Rubano et al., PRB 88, 035405 (2013).
M. Salluzzo et al., PRL 111, 087204 (2013).

D.A. Dikin et al., PRB 107, 056802 (2012).
N. Reyren et al., PRL 108, 186802 (2012).

M. Ben Shalom et al. PRL 105, 206401 (2010)
A. D. Caviglia et al. PRL 104, 126803 (2010)

Y. Yamada et al., PRL 111, 047403 (2013).
H.K. Sato et al., APL 102, 251602 (2013).

K. Au et al., Adv. Mater. 24, 2598 (2012).
S.-I. Kim et al., Adv. Mater. 25, 4612 (2013).

A. Dubroka et al. PRL 104, 156807 (2010)
M. Ben Shalom et al. PRL 104, 126802 (2010)

F. Trier et al., APL 103, 031607 (2013).

H. Liang et al., Sci. Rep. 3, 1975 (2013).

M. Breitschaft et al., PRB 81, 153414 (2010)

V.T. Tra et al., Adv. Mater. 25, 3357 (2013).
D. Li et al., APL Mater. 2, 012102 (2014).

M. Huijben et al., Adv. Func. Mater. 23, 5240 (2013).
H.-L. Lu et al., Sci. Rep. 3, 2870 (2013).

M. R. Fitzsimmons et al. PRL 107, 217201 (2011)
C. Cancellieri et al. PRL 107, 056102 (2011)

W. Son et al., PRB 79, 245411 (2009)

15
dV/dI (kΩ)

)
Rs (kΩ per

100

(a)

1
2
3

5

50

φ

0.5

1.0

1846

1

2

3

10
Temperature (K)

e –/2

2

(d)

(c)

(LaO) +
(AlO2) –
(LaO) +

e –/2

(TiO2)0
m

(SrO)0
(TiO2)0
(SrO)0

µ0 H ( T )

100

(K)

µ0H ( T )

Litorque
et al.
Brinkman
et1: al.
FIG.
(color online) Control experiments of
signals of oxide interface systems.

(Panel Bert
a)

et al.

Figure 1| Comparison of SQUID images on LAO/STO and δ-doped STO samples.
terfaces. a, Temperature dependence of the sheet resistance, RS , for n-type SrTiO3 –LaAlO3 conducting
The schematics
of atana partial
interface sample (Sample 1) and of a 0 u.c. background sample (Sample 2).The
grown respectively
Temperature dependence of the sheet resistance, RS , for two conducting interfaces,
1.0× 10−3 mbar (filled circles). The low-temperature A.
logarithmic
dependencies
indicated
dashed lines.6, 493-496 (2007)
Brinkman
etare
al.,
Nat.by Mater.
conditions
are the
same
for these
two groups of samples.
(Panel
b) The fieldimage
dependence
on of applied voltage, at a constant temperature of 2.0D.
K (1),A.
10.0
K (2), 50.0
(3) andPhys.
180.0
K (4).
c, Schematic
a, LAO/STO
magnetometry
mapping the ferromagnetic order. Inset, scale image of the
Dikin
etKgrowth
al.,
Rev.
Lett.
107,
056802
(2011)
r into the TiO2 layer. The electrons either form localized 3d magnetic moments on the Ti site or conduction electrons
Ariando et al.,ofNat.
Commun.
(2011)
the torque
curves2,of188
various
test samples (cantilever only, bare STO substrate, and the 0 u.c.
alized moments.
SQUID pick-up loop used to sense magnetic flux. b, LAO/STO susceptometry image mapping

ode), from which the
ent. The temperature
coeﬃcients, −1/eRH ,
y Information. Several
ive rise to conduction
are deposited at low
r from the dependence
here on we will focus
deposited at 1.0 and
xygen vacancies is the
.

L. Li et al. Nature Physics 7, 762 (2011)
sample) and the interface 5 u.c. LAO/STO sample, taken at T = 300 mK and tilt angle φ ∼ 15◦ .
J.A. Bert et al.Nature Physics 7, 767 (2011)
the superfluid density at 40 mK. Inset, scale image of the SQUID pick-up loop and field coil. c,
23
itinerant charge carriers
and localized
magnetic
moments
The
inset
shows
a schematic
of the cantilever
N. Pavlenko
et
al.
Phys.
Rev.
B. The
85, 020407
(2012) setup. (Panel c) In Sample 1, a field dependence of

scattering cross-section of conduction electrons oﬀ localized
The temperature dependence of the susceptibility taken at the two positions indicated in b. d, δmagnetic moments depends on the
spin orientation.
the relative
torque curve
is linear and symmetric below 0.5 T. (Panel d) In Sample 1, the magnetic moment
Under an applied magnetic field, spin-flip scattering oﬀ localized
doped STO magnetometry image showing no ferromagnetic order. e, δ-doped STO
moments is suppressed at the Fermi
level, because
of thevalue
finite within mT next to zero field.
m jumps
to a finite
Zeeman splitting between the spin-up and spin-down levels of the
localized magnetic moments. The Zeeman splitting thus turns the
susceptometry image mapping the superfluid density at 82 mK. f, The temperature dependence
spin scattering into an inelastic process, requiring energy exchange
with the environment. The large negative magnetoresistance (up
of the susceptibility taken at the two positions indicated in e. The arrow on each scan shows the
to 70%) observed in (Sr, La)TiO3 alloyed with 20% of Cr has
been explained by an enhanced coherent motion of the conduction
17

SCIENCE

www.sciencemag.org

6

VOL 318

SCIENCE

we’ll pay a price. But the panel also
said that much of the climate pain
might be avoided if the world
agrees to begin sharing the economic pain. Impressed with that
performance, the Nobel committee
anointed IPCC, as well as climate
campaigner Al Gore, with its Peace
Prize.
Other reminders also drove
home the gravity of the climate
change situation. Scientists now
worry that the record melt-back of
sea ice during the summer might
indicate that feedbacks are ampli-

senators Joseph Lieberman (I–CT)
and John Warner (R–VA), illustrates
the pitfalls that lie ahead for
Democrats. Introduced in October
after months of negotiations with
corporate lobbyists and environmental groups, the bill would cut
U.S. emissions by roughly 15% of
2005 levels by 2020 with innovative proposals for emissions credits
to spur new technologies. But the
debate at a 5 December markup
exposed some of the hurdles that
the legislation will face in what
experts expect will be a multiyear
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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 reconstruction” above some critical thickness (5).
Another key issue concerns the ground state of
such a system; at low temperatures, a chargeordered interface with ferromagnetic spin alignment 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-

almost 2 decades. The effort paid off this fall with four papers published
in the journals Science, Nature, and Nature Methods. The lab ingenuity
that other experts call a technical tour de force shows in the way the teams
restrained the molecule’s flexible third loop. They either replaced it with
the stolid enzyme lysozyme or tacked it down with an antibody.
But this snapshot of the receptor is just the beginning. Before
researchers can design compounds to jam the molecule, they need to picture it in its different “on” states. And the other GPCRs awaiting analysis
mean that for crystallographers, it’s two down and 1000 to go.
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n pioneering work, it was demonstrated that a
highly mobile 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 theoretical work (2–8), in part because the complex
ionic structure and particular interactions found at
such an interface are expected to promote novel

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 condensate (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 provide 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) transition (15–17). In the oxygen vacancy scenario
the observation of superconductivity provides a
strict upper limit to the thickness of the superconducting 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 temperature 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 interface 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 reference (18).
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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.
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one type of semiconductor up against another, and suddenly
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age. Startling results this year may herald a similar burst of discoveries at
the interfaces of a different class of materials: transition metal oxides.
Transition metal oxides first made headlines in 1986 with the Nobel
Prize–winning discovery of high-temperature superconductors. Since
then, solid-state physicists keep finding unexpected properties in these
materials—including colossal magnetoresistance, in which small
changes in applied magnetic fields cause huge changes in electrical
resistance. But the fun should really start when one oxide rubs shoulders
with another.
If different oxide crystals are grown in layers with sharp interfaces,
the effect of one crystal structure on another can shift the
positions of atoms at the interface, alter the population of
electrons, and even change how
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Other reminders also drove
BEYOND SILICON? Sixty years ago, semiconduchome the gravity of the climate
tors were a scientific curiosity. Then researchers tried putting
change situation. Scientists now
one type of semiconductor up against another, and suddenly
worry that the record melt-back of
Superconductivity
atduring
lowtheTsummer might
we had diodes, transistors, microprocessors, and the
whole electronic
sea ice
age. Startling results this year may herald a similar burst of discoveries at
indicate that feedbacks are ampli-
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nal emission lines can provide an estimate of the
LOS component of the magnetic field. Notably,
seismology and polarimetry provide complementary projections of the coronal magnetic field,
which can be combined to provide an estimate of
both the strength and the inclination of the magnetic field. In future work, it will be possible to
estimate the plasma density with CoMP observations 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-frequency waves
throughout the solar corona. These waves propagate 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
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Quantum Confinement

Transition metal oxides show a great variety of quantum electronic behaviours where correlations often have an important role. The
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where new electronic orders take place. One of the most striking result in this area is the recent observation of a two-dimensional
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responsible for such a behaviour is still under debate. In particular, the influence of the nature of the insulator has to be clarified. In
this article, we show that despite the expected electronic correlations, LaTiO3/SrTiO3 heterostructures undergo a superconducting
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transition at a critical temperature T conset~300 mK. We have found that
the superconducting electron gas is confined over a typical
thickness of 12 nm and is located mostly on the SrTiO3 substrate.

0.30

Materials science

0.20

N. Bergeal
J. Lesueur
ESPCI

Access*:

full text and PDF:

Tc

3

€30

0.10

Buy/Rent now

Buy now

SUPERCONDUCTOR

0.05
-50

20V 30V
40V
60V

100V
200V

Purchase article

*printing and sharing
restrictions apply

10V

150V

ReadCube

$3.99 rent 0.15
$6.99 buy

-10V
0V

0
0.0

RS (kΩ/ )

READ THE FULL ARTICLE

0.25

2

1

INSULATOR

Condensed matter

T (K)

Subject terms: Physical Sciences

b

-200V
-150V
-70V

electron gas at the interface between a strongly correlated Mott insulator
LaTiO3 and a band insulator SrTiO3. The mechanism
0.40

0

50

100

Already a subscriber? Log in now or Register for online access.

150

200

VG (V)

0.1

0.2
T (K)

0.3

0.4

c

0.20
0.15

2

0.10
1

Rs

0.05

TC

Additional access options:

Use a document delivery service

Login via Athens

Purchase a site license

Institutional access

0.0

0.4

References

0.8

1.2
1.6
RS (kΩ/ )

2.0

2.4

0
-200 -150 -100 -50

0
50
VG (V)

0.00
100 150 200

TC (K)

0.45

achievement of high-quality epitaxial interfaces involving such materials gives a unique opportunity to engineer artificial structures

FIG. 1 (color online). Superconducting
transition as a function of gate voltage
for sample A (XX direction). (a) Sheet
resistance of sample A in color scale as a
function of temperature and gate voltage
from & 50 V to þ200 V; the superconducting transition temperature (defined
as a 15% drop in sheet resistance) is
superimposed as a white dashed line
(see Part I of the Supplemental
Material [19] for a discussion on the Tc
criterion). (b) Sheet resistance as a function of temperature for selected gate
voltages. (c) Sheet resistance at
450 mK (left scale) and superconducting
transition temperature (right scale) as a
function of gate voltage (see Part II of
the Supplemental Material [19] for the
YY direction).

1. Dagotto, E. Complexity in strongly correlated electronic systems. Science 309, 257 (2005).

voltage, it matches ntotal extracted from the two-band
model analysis of high-field measurements. The sigmoid
shape of the total number of carriers at low temperature is
characteristic of the dielectric constant "R of the SrTiO3
substrate, which is highly nonlinear and strongly temperature dependent below ) 50 K as SrTiO3 undergoes a transition to a quantum paraelectric phase [14,15]. At higher
n1 !21
n2 !22
þ
B
1þ!21 B2
1þ!22 B2
temperatures, CðVG Þ is constant, the total number of carRHall ¼
;
(1)
RT d<7nm
riers rises linearly with VG and equals the Hall number of
e ½ n1 !21 2 þ n2 !22 2 $2 þ ½ n1 !221 B2 þ n2 !222 B2 $2
1þ!1 B
1þ!2 B
1þ!1 B
1þ!2 B
carriers in the entire voltage range (ntotal ¼ nHall ), indicating that no HMC are present in the 2DEG. As seen in
12 nm at low Twhere n1 and n2 are the 2D electron densities, and !1
Fig. 3(b), the mobility is also constant at this temperature,
and !2 the corresponding mobilities, with the constraint
with the same value as the one measured at low tempera1=Rs ¼en1 !1 þen2 !2 . As reported in Figs. 2(b) and 2(c),
M. Basletic et al,low
Nat.
621 (2008)
ture and negative VG . When lowering the temperature
andMater.
constant7,mobility
!1 carriers (hereafter referred as
O. Copie et al, Physical
Letters.
102, 216804
below 50 K, the low-field Hall mobility rises up by more
LMC) areReview
present for
all gate biases,
whereas a(2009)
few highly
than an order of magnitude at VG ¼ 200 V, and the lowmobile electrons (hereafter referred to as HMC) with a
field Hall carrier density departs from the integrated camobility !2 increasing linearly with bias, show up for
pacitance measurements for VG > 0 only. This is a strong
positive VG only, as also observed by Kim et al. [13]. As
indication that the two-band scenario is intrinsically reexpected for electrostatic doping, the total number of
lated to the nonlinear variation of the SrTiO3 dielectric
carriers ntotal ¼ n1 þ n2 rises monotonically with VG
constant "R in the quantum paraelectric regime.
(from 3 to 7 % 1013 cm& 2 ).
To model the 2DEG properties, we have solved
Such gate voltage dependent behaviour has been measured in all our samples, as for example the one reported in
the coupled Schrödinger and Poisson equations self
Fig. 3 (sample B), whose total carrier density is slightly
consistently, taking into account the dependence of "R
higher (from 6 to 10 % 1013 cm& 2 ). The dependence of
with VG and the continuity of the potential in the whole
ntotal with VG has been confirmed by measuring the casample. Indeed, the gate voltage not only controls the total
pacitance CðVG Þ between the back gate and the 2DEG and
number of carriers in the 2DEG, but also the profile of the
integrating it over the voltage range to obtain the electroconduction band in the substrate. As opposed to previous
static sheet carrier density
calculations [16– 18], we do not use a wedge-shape potential to model the confining potential of the 2DEG at the
1 Z VG
A. Dubroka et al, PRLn104,
156807
(2010)
et al. APL
112506since
(2009)
CðVÞdV;
(2) 94,
interface,
it cannot provide a continuous solution
S ðVG Þ ¼ nS ðVG ¼ & 200 VÞ þ N. Reyren
eA & 200
with the bulk band bending. Details of the calculations
11 nm at
10K
10
nm
are given in Part III of the Supplemental Material [19]. The
where A is the area of the capacitor. As shown in Fig. 3(a),
self consistent potential profile, as depicted for different
nS superimposes perfectly on nHall at negative voltage, as
expected since there is only one type of carrier. At positive
VG in Figs. 4(a)– 4(c) for sample A, is made of a deep

http://www.nature.com/ncomms/journal/v1/n7/full/ncomms1084.html

resistance is linear only for negative VG , and not for
positive VG [Fig. 2(a)]. In the latter case, two distinct
slopes are evidenced at low and high fields, respectively,
suggesting a multiband transport scenario. In Fig. 2(a), the
Hall resistance at high magnetic field has been fitted with a
two-band model:
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Figure 4.11: Gate voltage dependence of the low temperature out-of-plane magnetotransport of a LaAlO3 /SrTiO3 interface up to 14 T. a and b, respectively, relative
magnetoresistance (MR) and Hall effect (HE) recorded at various gate voltages. c and d,
respectively, amplitude of the relative MR at 7 and 14 T and relative difference between the
slope of Rxy at 7 or 14 T and 0 T (in absolute value). Sheet conductance at zero magnetic
field is used as an indicator of the state of the system or, equivalently, of its filling level
and defines the color code in agreement with data in graph c or d. Due to the presence of
superconductivity, the relative amplitudes are calculated using an extrapolation of the data
below ⇡ 1 T.
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Table II contains a summary of normal-stat|'. and of the apparatus is shown
in Fig. 3. For ease of handling,
The superconducting transition temperature T, of SrTiO3 has been measured for specimens having elecdata for the specimens discussed in
superconductivity
tron carrier concentrations n. from 6.9X10" to 5.5&(10' cm '. The curve exhibits a maximum in T, for
n, near 9)&10"cm '. The transition temperature has also been calculated using one adjustable parameter
'this paper. Note that the mobility p of the Nb-doped
A good
(, the intervalley deformation potential, in additionj to theI known normal-state properties of SrTi03. III
6t to the experimental curve is obtained.
samples is 2 to 3 times larger than that of HR- or
I. INTRODUCTION
Strontium titanate has been found to have a superTiE;reduced specimens for a given carrier concentra- FOLLOWING the application of the theory of super- conducting transition temperature greater than 0.05'K
for electron concentrations in the conduction band beto the case of degenerate semiconduction, in spite of the fact that the Nb-doped samples tors conductivity
tween 8.5&(10' and 3.0&10 cm . This is the widest
and semimetals, ' superconductivity
~ Experimental was observed range of charge carrier concentrations over which any
' Sr TiQ3, ' and
GeTe,
were polycrystalline. The degeneracy temperature for in the semiconducting compounds
0~
~ been shown to be superconduct0 Theory
superconductor
has
('I)—
SnTe. A brief discussion of the variation of the superaddition, these concentrations represent the
ing.
g-o
even the most lightly reduced sample is near 3'K, conductingTc transition temperature T, with electronicg+ lowestInd,
concentrations at which superconductivity has
carrier density e, for SrTi03 has been presented. ' In
s
been
observed.
assuming a "density-of-states" mass m&*=5m0. The that paper we0.pointed
2— out that the curve of T, versus Because
superconductivity occurs at such low carrier
for SrTiO3 contains a maximum value of T„alconcentrations, we may assume a parabolic behavior
mobility also becomes constant with temperature at e,though
a rough application of the simple e~S
BCS expres- of
the conduction0 band near the Fermi surface which
~go
—
predict a monT, eD expI 1/LN(0) V)I would
Og
will
be
near
the minima of the conduction band, and
~
low temperatures which, assuming impurity scattering, sion'
of lnT, on (n, )Its through the relaatonic dependence
0.1—
use the normal-state properties of the material to caltion" N(0) ~n, tt' We a.lso mentioned that the observed
a8- ~
culate the superconducting properties. The values for
suggests complete degeneracy.
dependence of T, on n, could be explained
qualitatively
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Results

(~)
through the proper inclusion of screening of intervalley
and intravalley interactions. We now have found the
transition temperature at a larger number of concentrations in order to fix the10curve T, versus m, more
accurately, and, in addition, we have performed quantitative calculations which show that the experimental
curve can be Q.tted quite closely using the measured
properties of the system in the normal state and both
plain solid
intervalley and intravalley interactions.

FIG. 2. Transition
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The dielectric constants of two SrTi03 single-crystal
samples A and 8 were measured in the temperature
To obtain
both samples were thermally
monodomain crystals,
treated by rapidly cycling between room temperature
and liquid-nitrogen temperature five times before
loading into the cryostat. A third sample C was
measured between 0.035 and 4.2 K in an adiabatic
demagnetization cryostat. ' The temperature T was
measured with a copper-constantan thermocouple and
with carbon resistors which were calibrated for
«4.2 K against the vapor pressure of 4He
1.25
25 K against the magnetic susceptibility
and for T
of cerium magnesium nitrate (CMN). The capacitance measurements were performed with an au-

SUPERCONDUCTIVITY
range 0.3 —300 K in a 'He cryostat.
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Ferroelectricity woos pairing

(c)

GOLD

ELECTRODES

SILVER-PAINTED

SrTiOMarc-Gabay
a quantum
paraelectric
and Jean-Marc Triscone

FIG. 1. Geometry of samples used for dielectric-constant
measurements (E is the ac field), o-,h is the stress applied by
thermal treatment, ~ is the externally applied stress. Dimension of samples, A: 8.2 x 3.8 x 0.4 mrn, B:
S.O & 3.0 x 0.33 mm .

Some open questions:

C

Superconductivity in SrTiO3

Dielectric Energy
an ferroelectricity and
superconductivity occur
simultaneously? Can ferroelectricity
boost the superconducting critical
temperature? Writing in Nature Physics,
n
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Carl Rischau and colleagues1 report
Iexperimental results suggesting that the
Quantum
coexistence of a ferroelectric-like state and
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superconductivity may be possible.
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condense,PRB
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to a zero-resistance
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Meissner effect).
The stability of a polar metallic state was
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first proposed in 1965 by Philip Anderson2.
Figure 1 | Energy versus polarization as a function
Experimental evidence of such a state has
N&V Nature Physics 2017
of a tuning parameter. When approaching the
been scarce; recent ‘sightings’ involved doped
quantum critical point (QCP), for a particular
BaTiO3 surfaces3 and (111) LaNiO3 films4.
value of the tuning parameter, the system is in a
Yet the coexistence of superconductivity
‘quantum paraelectric state’: the double well is
and ferroelectricity would still come as a
surprise, since the two phases do not seem to not deep enough to allow for a stable polarization
(ferroelectric state) to develop. Ca-doping, the
have much in common.
tuning mechanism used by Rischau et al.1, drives
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SrTiO3 from a quantum paraelectric state to a
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fascination from the condensed-matter
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energy minima of the ferroelectric double
a
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the temperature is similar to that of a
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(Fig. 1). Strain, very small isovalent Ca
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atoms are all able to turn SrTiO3 into
temperature to a value in excess of 25,000
a ferroelectric.
(the dielectric constant of silicon dioxide
SrTiO3 can also be doped with electrons
is about 4).
by replacing Sr with La, Ti with Nb, or
Quantum fluctuations can account for
reducing the oxygen content. SrTiO3 then
such behaviour: they prevent a macroscopic
becomes conducting and superconducting
polarization from developing since the
at very low electronic densities (of the order
mrs

The Possible Role of Spin-orbit

LLI

The Underdoped Regime

I

'

P
The quantum phase transition occurs when Γ ∼ j J0;j [8].
Our DFT study shows that doping the system will reduce
the barrier and thus increase
Γ.
The
excitations
of
(1), in the
P
paraelectric phase Γ > j J0;j , are given by [8]

A possible mechanism for superconductivity in doped SrTiO3
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Ferroelectricity and superconductivity do not have much in common. Now, a superconducting and a
ferroelectric-like state have been found to coexist in a doped perovskite oxide.
«T
«1.
3
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Ca:STO

H. Tomioka et al. Nat. Comm. 10, 738 (2019)
STO
La-doped SrTiOFE
3 -O16-O18
T around 0.5K

Figure 1. Normalized resistivity vs. temperature at the superconducting transition of three different doping
levels: (a) n = 0.004 nm−3 (b) n = 0.02 nm−3 (c) n = 0.07 nm−3 (d) AC-Susceptibility showing the magnetic
transition to the superconducting state of the same sample as in panel (c). (e) Tc vs. charge carrier density. Full
symbols: experimental data of the present study for SrTi18 O3−y (red) and SrTi16 O3−y (black). Grey symbols: Tc
values reproduced from ref. 17. Black diamond and star refer to samples in which 16 O was back-substituted after
isotope substitutions (see Methods).
c

SC

The BCS weak coupling limit gives an isotope coefficient α = −d(ln Tc)/d(ln M) = 0.5 (where M is the oxygen
isotope mass), corresponding to a Tc shift of −5% as opposed to approximately +50% in the data presented here.
The first main observation is therefore that, contrary to most superconducting materials, the isotope coefficient
in SrTiO3 is negative. In some other rare cases α < 0 has been observed: the pure uranium (α = −2.2)30, the
high-Tc superconductor Bi2Sr2Ca2Cu3O10 (α = −0.1)31, and the metal hydride PdH(D)x32,33 (−0.3 < α < −0.1).
Controversial sign changes of the isotope coefficient have been observed in (Ba,K)Fe2As2 (α = −0.2)34 ,35 (due
to differences in the sample composition), and in pure lithium under high pressure (α changes with increasing
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also the magnitude of the isotope effect is remarkable: an overall enhancement of Tc of a factor 1.5 is observed
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3. Results
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results suggest that oxide interfaces have a strong
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at an interface with a moderate Rashba splitting
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Figure 1 | STEM–EELS analysis and X-ray linear dichroism of
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arrows indicate the sequence of the planes across the TiO2 /EuO and
TiO2 /LaO interfaces (yellow dashed lines) according to the EELS chemical
map shown on the right. The EELS chemical map is obtained from the
integrated intensity (raw data) of the Ti-L2,3 , La-M4,5 and Eu-M4,5 edges
after background subtraction. The colour code in the EELS map is Eu (blue),
Ti (red) and La (green). b, Ti-L2,3 XLD data measured at 2 K (blue circles),
atomic multiplet splitting calculations (red line) and sketch of titanium
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estimated the Ti spin and

orbital moment averaged over the X-ray probing depth (3.5 nm).
We find, at saturation, mspin = 0.07µB /Ti (seven times larger than
mspin in LAO/STO from ref. 13) and morb = 0.045µB /Ti (one order
of magnitude
larger than morb in LAO/STO containing oxygen
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spin(614 ).T)
vacancies
As the Ti-3d 1 electron density in our LAO/ETO/STO
system is much lower than one electron per unit cell, the measured
orbital moment is very large and cannot be attributed to the EuTiO3
film alone. For comparison, in LaTiO3 , where all the Ti sites are in
a 3d 1 configuration, morb is 0.08µB /Ti (ref. 22). This excludes a
V
trivial ETO magnetism induced by La-doping,+32
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that a
large fraction of the 3d 1 electrons in both ETO and STO contribute
+20
to the measured values (see Supplementary Note
2). V
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EuTiO3 (ETO), an antiferromagnetic (AF) insulator (TN = 5.5 K)
iso-structural to SrTiO3 (ref. 18).
In Fig. 1a we show atomic-resolution scanning transmission
electron microscopy (STEM) and energy loss spectroscopy (EELS)
chemical maps of a heterostructure composed of two unit cells
(uc) of ETO and 10 uc of LAO, sequentially deposited by pulsed
laser deposition on a TiO2 -terminated STO single crystal (see
Methods). The data show that LAO/ETO/STO heterostructures
are characterized by high structural and chemical order (see also
Supplementary Fig. 1 and Supplementary Note 1).
The orbital electronic configuration of the Ti-3d states was
investigated by X-ray linear dichroism (XLD; see Methods). The
data shown in Fig. 1b (blue circles), compared to atomic multiplet
calculations (red line), reveal that LAO/ETO/STO shows an
inversion of the bands compared to bulk STO and the same crystal
field splitting as LAO/STO (ref. 19).
The Ti-3d and Eu-4f magnetism was studied by X-ray magnetic
circular dichroism (XMCD; see Methods) and their magnetic
moments determined using the sum rules, which relate the spin
(mspin ) and orbital (morb ) moments to the integrals of the XMCD
spectra over the Ti-L2,3 and Eu-M4,5 edges (Fig. 2a–d). In Fig. 2b,c
we plot the Eu mspin measured in grazing incidence conditions
(that is, almost parallel to the interface) as functions of the
magnetic field (µ0 H ) and of the temperature (T ). We find that,
instead of being anti-ferromagnetically ordered, the Eu2+ spins order
ferromagnetically below TFM = 6–8 K owing to the partial filling of
the ETO Ti-3d states20 . As a consequence of the filling of the Ti-3d
bands in ETO, some minor fraction of Eu ions (below 5% per unit
cell according to EELS data) are in the non-magnetic Eu3+ oxidation
state (see Supplementary Information). The Eu2+ FM order below
TFM is accompanied by a sizeable Ti XMCD signal (Fig. 2a) even
at very low field (µ0 H = 0.05 T, Fig. 2b and Supplementary Fig. 2).
The spectral shape of the Ti XMCD is similar to that measured
on other titanates, such as STO/manganite interfaces14,21 . Although
features resonating at the main XAS peaks typical of a 3d 0 system
largely dominate, the non-null integral of the XMCD in Fig. 2a
provides evidence of a sizeable Ti magnetic moment from ETO and
neighbour STO layers. These results can be explained only by a
spin splitting of the 3d conduction band due to the presence of a
negative exchange interaction acting on itinerant 3dxy electrons and
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Advances in growth technology of oxide materials allow
single atomic layer control of heterostructures. In particular
delta doping, a key materials’ engineering tool in today’s
semiconductor technology, is now also available for oxides.
Here we show that a fully electric-field-tunable spin-polarized
and superconducting quasi-2D electron system (q2DES) can
be artificially created by inserting a few unit cells of delta
doping EuTiO3 at the interface between LaAlO3 and SrTiO3
oxides1,2 . Spin polarization emerges below the ferromagnetic
transition temperature of the EuTiO3 layer (TFM = 6–8 K) and
is due to the exchange interaction between the magnetic
moments of Eu-4f and of Ti-3d electrons. Moreover, in a large
region of the phase diagram, superconductivity sets in from
a ferromagnetic normal state. The occurrence of magnetic
interactions, superconductivity and spin–orbit coupling in the
same q2DES makes the LaAlO3 /EuTiO3 /SrTiO3 system an
intriguing platform for the emergence of novel quantum phases
in low-dimensional materials.
The discovery of a q2DES at the interface between non-magnetic
LaAlO3 (LAO) and SrTiO3 (STO) band insulators has boosted
the expectations in oxide electronics thanks to the extraordinary
functional properties uncovered. An insulator-to-metal transition
can be achieved at room temperature by electric field gating3 , and
nanometre-sized devices can be ‘sketched’ by using the biased tip
of an atomic force microscope4 . LAO/STO also shows electricfield-tunable Rashba spin–orbit coupling5,6 . A complex phase
diagram has been revealed for this system, including unconventional
superconductivity7 and magnetism8–14 , possibly related to the
presence of strong correlations in quantum-confined 3d-bands15 .
The prospect of a magnetic ground state in a q2DES at the interface
of non-magnetic oxides has aroused great interest, as it is potentially
able to open the door to spintronic applications with oxides
and/or to favour the emergence of novel quantum phases. However,
although some studies reported a carrier-controlled ferromagnetism
in La-doped SrTiO3 and in GdTiO3 /SrTiO3 heterostructures16 , until
now there has been no clear evidence of electric field modulation of
the spin-polarized state in an oxide q2DES (ref. 17).
In this work, we show that an electric-field-tunable spinpolarized and superconducting q2DES can be created in LAO/STO
heterostructures by introducing a few atomic layers of delta doping
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order proposed in ref. 23.
We find that the ferromagnetism and the spin polarization of
the q2DES are fully tunable by the electric field effect, as shown
in Figs 3 and 4 (see Methods). The square resistance (Rsq ) of a
LAO(10uc)/ETO(2uc)/STO heterostructure shows a temperature
dependence (Fig. 3) similar to that of standard LAO/STO, except
at low T (Fig. 3a). The general trend, shown in Fig. 3a,b, is that a
negative Vg (carrier depletion) causes a more pronounced upturn
of Rsq , as compared to LAO/STO, and a low-T saturation (Fig. 3b).
In particular, below Vg = 20 V, the temperature dependence of Rsq
in LAO/ETO/STO samples can be reproduced only by assuming
Kondo scattering with magnetic centres having spin 1/2, associated
with 3d 1 magnetic moments, and a Kondo temperature Tk between
15 K and 20 K, as shown by the fit in Fig. 3b (full red lines) obtained
using the generalized Hamman–Kondo-scattering model24 .
In the accumulation mode (Fig. 3a,c), at positive Vg , a downturn
(upturn) of Rsq (the 2D-conductance 2D ) takes place at a
temperature corresponding to the onset of the LAO/ETO/STO
FM transition determined by XMCD measurements. Such striking
coupling between magnetic and transport properties allows us to
conclude that the behaviour is related to reduced scattering in the
ferromagnetically ordered state—that is, when an equilibrium zerofield spin polarization of the q2DES carriers is established. It is worth
noting that a magneto-resistance hysteresis at low magnetic field is
observed at Vg = +30 V, in the FM state, whereas it disappears at
Vg = 30 V, in the Kondo regime (see Supplementary Fig. 6).
Additional evidence of a gate-voltage-tunable spin-polarized
q2DES come from the analysis of the magnetic field dependence
of the transverse Hall-effect resistance, Rxy , at 1.8 K (Fig. 4). At
gate voltages above Vg = 30 V, corresponding to a carrier density
nc of 1.9 ⇥ 1013 cm 2 , Rxy versus µ0 H (Rxy (µ0 H )) exhibits two
nonlinearities with opposite curvatures (Fig. 4a): one at low field
(µ0 H ⇡ 3 T) and another at high field (µ0 H > 8 T).
The high-field nonlinearity, characterized by a decrease in the
slope of Rxy (µ0 H ), can be attributed to multi-band transport, and in
particular to the filling, besides the 3d xy band, of 3d xz,yz bands above
nc (see Supplementary Fig. 7). A similar nonlinear Hall effect has
been observed in LAO/STO at a comparable critical carrier density,
and interpreted as evidence of a Lifshitz transition25 .
The low-field nonlinear component, on the other hand, cannot
be attributed to a multiple-carrier contribution (see Supplementary Information) and has a close resemblance to that shown in
ref. 26 in the case of FM EuTiO3 films. Following ref. 26, the lowfield nonlinearity can be quantified by the value of the anomalous
resistance RAN
xy , obtained by extrapolating to zero field the linear part
measured between 4 T and 7 T (Fig. 4a). We find that RAN
xy depends
on the gate voltage: it is non-zero in a substantial fraction of the gate
voltage range investigated, whereas it becomes null in depletion for
Vg  30 V—that is, at and below a carrier density n2D = nc (Fig. 4b).
As shown in Fig. 4c, the temperature dependence of RAN
xy mimicks
that of the XMCD signal (Fig. 2c) and that of 2D (Fig. 3c); in particular, RAN
xy becomes zero above TFM . Moreover, as shown in Fig. 4d, the
low-field nonlinear part of Rxy follows closely the Eu2+ out-of-plane

ID (mA)

© 2016 Macmillan Publishers Limited. All rights reserved

GS

279

J. Mannhart, and D. G. Schlom, Science 327, 1607 (2010)
Charge transfer

P. Zubko, S. Gariglio, M. Gabay, P. Ghosez, and J.-M.
Triscone, Annu. Rev. Condens. Matter Phys. 2, 141
(2011)

AN (Ω)
Rxy

Vg = +32 V
5

0
−30

0
Vg (V)
J.

d

al. 20
30 R. Jany
5
10 et 15
(K) Stuttgart
Mannhart - TMPI

AN
]/Rxy

1
m

/m

(6 T)

Charge

Frustration

+

Orbital

–

Strain

Spin

281

Lattice

H. Y. Hwang, Y. Iwasa, M. Kawasaki, B. Keimer, N.
Nagaosa, and Y. Tokura, Nature Materials 11, 103 (2012)

10

m−2

2009 UNIGE

Reviews

te voltage. a, Rsq versus T for gate voltages Vg from 60 V to +30 V. Rsq is strongly modulated
V 2016 | www.nature.com/naturematerials
0.8
NATURE MATERIALS
| VOLV15 |=0
MARCH
4 | Hall-e�ect
as a function
of the gate
andattemperature.
Rxy versus
µ0inH the
measured at 1.8 K for selected© gate
voltages
from
41 V
2016 Macmillan
Publishers Limited.
All rights reserved
dure
e�ect
sensitivitydata
compared
to LAO/STO.
The voltage
downturn
Tc = 7.5 K is a,
clearly
visible
13 cm 2 ) to 32 V (n = 2.9 ⇥ 1013 cm 2 ). For V > 30 V a negative curvature can be observed at low field (µ H ⇡ 3 T). The linear
= 1.8 ⇥ 10regime
g a log–log scale for gate voltages Vg
D
0
ondo-like
sets in at Vg2D< 20 V. b, Rsq versus T on
0.4
AN
rapolation
to the
zeroHamman–Kondo-scattering
field of Rxy (orange dashed line)
is thewhich
anomalous
component
RAN
lines) using
model,
considers
Kondo scattering
asvoltage
the dependence of the anomalous coe�cient Rxy .
xy . b, Gate
AN vanishes above the FM transition. The errors bars in b and c are estimated
emperature
of RAN
Vgrange
= +32between
V, showing
xy measured
xy 25 V) and 20 K
fit
we obtaindependence
a Kondo temperature,
TK , inat
the
15 Kthat
(VgR=
0.0
m
the linear
of Rxy (µ0showing
H) in thereduced
4 T < µ0scattering
H < 7 T range.
red conductance)
lines are guidesbelow
for eyes.
nonlinear
part of the
2 the low-field
4
6
positive
gatefitvoltages
(thatDashed
is, higher
thed, Comparison0 between
(V)
DS 6 T and normalized to
data measured for various gate voltages in the FM phase—that is, Rxy corrected by the linear contribution H(dRxy /dH)Vat
N —and the out-of-plane Eu magnetization (open circles) extracted from Eu XMCD data at zero gate with the field perpendicular to the interface.

b | MARCH 2016 | www.nature.com/naturematerials
c
TURE MATERIALS | VOL 15

1947 Bell Labs

Stefano Gariglio, Marc Gabay and Jean-Marc Triscone
APL Materials 4, 060701 (2016)

Symmetry
breaking
Electrostatic
coupling

