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Signatures of unconventional superconductivity in the LaAlO3/SrTiO3 two-dimensional system
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We study the superconducting state of the two-dimensional electron gas (2DEG) at the LaAlO3/SrTiO3 interface
using Josephson junctions as spectroscopic probes. The transport properties of these devices reveal the presence
of two superconducting gap structures and of an unconventional superconducting π channel. These features
provide evidence of an unconventional superconducting ground state, possibly related to the interplay between
superconductivity and the large Rashba spin-orbit coupling in the 2DEG.

DOI: 10.1103/PhysRevB.95.140502

I. INTRODUCTION

In the quest for exotic superconductivity, artificial super-
conductors have been pursued by coupling BCS s-wave su-
perconductors and ferromagnetic materials, obtaining a triplet
superconducting order parameter [1], while spinless p-wave
superconductivity can be obtained in nanostructures hosting
spin-orbit interactions, such as a semiconducting nanowire
connected to superconducting electrodes [2]. The latter hybrid
structures were used, for instance, to pursue excitations
behaving as Majorana fermions [3]. In the two-dimensional
electron gas (2DEG) at the LaAlO3/SrTiO3 (LAO/STO)
interface, the combination of 2D superconductivity and Rashba
spin-orbit coupling (SOC) is expected to give rise to an
unconventional superconducting ground state [4,5], including
a mix of spin-singlet and spin-triplet components [6,7]. The
nature of superconductivity in LAO/STO and its interplay with
SOC are, however, still largely unexplored. Scanning super-
conducting quantum interference device (SQUID) microscopy
was used to evaluate the superfluid density as a function of
the temperature, and the experimental results were interpreted
using the standard BCS theory [8]. A recent work reports
the observation of superconducting pairing in LAO/STO well
above the superconducting critical temperature [9]. Moreover,
tunneling spectroscopy along the interface normal direction
in micrometer-sized Au-insulating (LAO)-superconducting
(2DEG) junctions showed evidence of a gap with a BCS-
like temperature dependence evolving into a pseudogap in
the underdoped region of the phase diagram [10]. Here, we
use nanoscale Josephson junctions (JJs) as an ultrasensitive
spectroscopic tool to probe the superconducting gap and the
order parameter symmetry of the 2DEG.

II. DEVICE DESIGN AND FABRICATION

We realized LAO/STO JJs using the Dayem bridge layout,
where weak coupling between two superconducting banks is
achieved through a constriction whose size is comparable to
the superconducting coherence length ξ [11] (for LAO/STO
ξ ≈ 50–70 nm [12]). A TiO2 terminated STO single crystal
was partially covered by an amorphous STO mask using e-
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beam lithography and a lift-off technique. Subsequently, a
10 unit cell (u.c.) LAO film was deposited using pulsed laser
deposition, with a deposition temperature of 800 ◦C and 10−4

mbar of oxygen. Immediately after, the sample was annealed
in oxygen. This technique has been previously employed to
realize high-quality LAO/STO nanobridges and nanodevices
[13,14]. Figure 1(a) shows a sketch of the geometry of our
devices and Fig. 1(b) shows an atomic force microscope image
of a typical JJ realized.

III. GENERAL PROPERTIES

The nanoscale JJs were measured down to dilution temper-
atures using low noise electronics (see Supplemental Material
[15]) and their properties were tuned using electric field effect
in the back gate configuration. Typical current versus voltage
(I -V ) characteristics are shown in Fig. 1(c). They refer to
device 1, having w = L = 200 nm (with w and L being the
nominal width and length of the constriction, respectively) and
were recorded at T = 50 mK for different values of the gate
voltage Vg , which tunes the magnitude of the critical current
Ic, as well as the normal state resistance RN . In these curves,
the switching from the superconducting to the normal state is
markedly rounded, as a consequence of thermal fluctuations,
which are particularly relevant in low critical current JJs
[16,17]. As shown in Fig. 1(d), the field effect tuned IcRN

product increases up to 45 μV at Vg = 11 V, then shows a
saturation, followed by a slight decrease, thus reflecting the
the superconducting dome of LAO/STO. A similar behavior is
found on different devices, as shown in the following.

IV. DIFFERENTIAL CONDUCTANCE AND MAGNETIC
PATTERN MEASUREMENTS

Spectroscopic measurements on JJs can give direct access
to the superconducting gap. With this aim, we performed
differential conductance measurements as a function of the
temperature and of the gate voltage. Figure 2 shows typical
dI/dV vs V curves measured for two different devices.
Figures 2(a) and 2(b) show measurements performed on device
1 keeping the gate voltage Vg fixed at 12 V and changing the
temperature. Figure 2(c) shows measurements on device 2
performed keeping the temperature fixed at T = 50 mK and
changing the gate voltage. We point out that device 2 has
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FIG. 1. Structure and general properties of LAO/STO JJs.
(a) shows a sketch of the constriction layout used to realize the
junctions. An atomic force microscope image of a typical constriction
is shown in (b). W and L indicate the width and the length of the
constriction, respectively, with the current flowing along the x axis.
Typical I -V characteristics of a LAO/STO JJ (w = L = 200 nm)
acquired at T = 50 mK are shown in (c). (d) shows IcRN vs Vg

extracted from these measurements (using a V = 5 μV criterion for
the Ic).

a larger L/w ratio compared to that of device 1, hence it
shows a different gate voltage response. All the data shown
in Fig. 2 exhibit a double-peak structure, indicated by the
arrows, evolving with the temperature and with Vg . Since
we performed measurements on JJs with a slightly different
geometry and using two different cryogenic and acquisition
setups (see the Supplemental Material), we can confidently
exclude geometrical and/or instrumental artifacts as the source
of the observed behaviors.

The presence of two peaks in the conductance data indicates
a two-gap superconducting state. We fit the conductance curves
using a superconducting two-gap model [solid red lines in
Figs. 2(b) and 2(c), discussed in detail in the Supplemental
Material]. In Figs. 3(a) and 3(b) we show the results of
the fits as a function of the temperature. The temperature
behavior of the lowest-energy gap �1 [Fig. 3(b)] is consistent
with that of a BCS-like superconducting gap (solid red line)
[11] having �1(T = 0)/kBT1 = 1.7 and T1 = 110 mK. The
second gap �2 [Fig. 3(a)] shows a marked decrease around
90–100 mK but does not close at T1. At the same time, the
conductance curves measured for T > T1 still show a clear
peak at zero bias [Fig. 2(a)], associated with the persistence
of a superconducting channel we attribute to �2. The fit
of the conductance curves using a two-superconducting-gap
model is in good agreement with the temperature behavior
of Ic extracted from the I -V curves, shown in Fig. 3(c). The
Ic(T ) data can be reproduced assuming the presence of two
superconducting channels with two different energy scales:
one associated with �1 with T1 = 110 mK and a second one
(contributing about 16% to the total critical current at 50 mK),
associated with �2 with T2 = 250 mK (solid red line; more
details on the fitting procedure and parameters can be found
in the Supplemental Material).

FIG. 2. Conductance dI/dV vs voltage V curves of LAO/STO
JJs. The data in (a) were acquired for device 1 keeping fixed the
gate voltage at Vg = 12 V and changing the temperature. The same
data after subtraction of the background are reported in (b) (see
Supplemental Material for details). (c) shows dI/dV vs V curves
of device 2 acquired at T = 50 mK as a function of Vg , after
subtraction of the background. Red lines in (b) and (c) are the fit
of the conductance curves performed using a two-gap model. The
data in (b) and (c) are plotted starting from V = 26 μV as the fit
cannot take into account the Josephson peak in the conductance.

Figures 3(d) and 3(e) show the values of �2 and �1

respectively as a function of the gate voltage extracted from
the fit in Fig. 2(c) (referring to device 2 measured at T = 50
mK). Interestingly, both gap values increase with decreasing
gate voltage, thus not following the phase diagram traced by
the IcRN product in the underdoped region [i.e.. for Vg < 0
V, Fig. 3(f)]. The same behavior was found for the single gap
reported in Ref. [10] (see Ref. [18]). In the optimally and
slightly overdoped region, on the other hand, �1 and �2 scale
in accordance with the IcRN product. In summary, the analysis
of the conductance data and of the Ic vs T behavior indicates
that both features are real superconducting gaps.

From the two-gap fit model, we can also extract the
ratio between the partial density of states at the Fermi
level, associated to the two gaps ν = N2(0)/N1(0) = �12/�21

[19], where �12 and �21 are the interchannel scattering rates
obtained from the conductance curve fits (Fig. 2). The inset
of Fig. 3(d) shows that ν increases with the gate voltage; this
means that the electric field effect increases the density of
states N2 more than N1. We point out that the field effect tuned
Rashba SOC in the 2DEG at the LAO/STO interface increases
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FIG. 3. Temperature and gate voltage behavior of the gap struc-
tures. (a) and (b) show the gap values as a function of the temperature
as extracted from the fit of the dI/dV curves shown in Fig. 2(b)
(device 1). The solid red line in (b) is the BCS fit of �1 vs T . (c)
shows the Ic vs T data, extracted using a V = 5 μV criterion, from the
I -V curves measured at Vg = 9 V. The solid red line is a fit performed
using a two-gap model. (d) and (e) show the gap values as a function
of Vg extracted from the fit of the dI/dV curves shown in Fig. 2(c)
(device 2) and (f) shows the IcRN product for the corresponding Vg .
In the inset of (d) we show the evolution of ν = N2(0)/N1(0) (with
N1 and N2 the density of states at the Fermi level related to �1 and
�2, respectively) as a function of the gate voltage Vg .

as well with the increase of the carrier density. This similar
behavior could indicate a link between the Rashba SOC and
�2.

The two superconducting gaps observed could be associ-
ated with the different electronic bands contributing to the
transport of LAO/STO, in analogy with the interpretation of
two-gap superconductivity reported in the tunneling studies of
doped bulk STO [20]. However, there are several important
differences between the electronic properties of bulk STO
and those of LAO/STO 2DEG. Firstly, superconductivity in
doped STO has been found for three-dimensional (3D) carrier
concentrations spanning more than two orders of magnitude,
from 1 × 1018 cm−3 to 4 × 1020 cm−3 [21], whereas super-
conductivity in LAO/STO 2DEG appears only for carrier
concentrations above 1019 cm−3 (taking into account 2D-
to-3D carrier concentration conversion) and is restricted to
a much smaller range of carrier concentrations [22]. Sec-
ondly, the LAO/STO 2DEG is characterized by an inversion
of the Ti 3d-t2g orbital bands compared to bulk STO, with
the bottom of the dxy band lying 50 meV below the dxz/yz

ones [23,24]. Moreover, in LAO/STO, the large Rashba SOC
energy, exceeding the characteristic superconducting scale
of the system (Tc), should have a deep influence on the
superconducting properties of the 2DEG. In particular, the
presence of a multicomponent order parameter arising from
the interplay between superconductivity and Rashba SOC is
predicted [25]. We notice that the Ic(T ) data shown in Fig. 3(c)
bear a close resemblance to those measured for heavy-fermion
superconductor-based Josephson junctions [26]. In that work,

FIG. 4. Magnetic field behavior of LAO/STO junctions. (a) shows
the differential resistance dV/dI , plotted as a function of the bias
current and applied magnetic field, measured for device 1 at T =
50 mK and Vg = 9 V. (b) shows the extracted Ic(H ) pattern. A local
minimum of the Ic at H = 0 is clearly visible. The solid red line is the
classical Fraunhofer pattern whereas the blue line is the fit performed
assuming the combination of a 0 and a π channel (see Supplemental
Material for details).

the peculiar behavior of Ic was related to the presence of a
complex order parameter.

In order to obtain further insight in the superconducting
pairing state, we measured the magnetic patterns of the
junctions. In Fig. 4(a) we show the differential resistance
dV/dI in a color scale as a function of current bias and
applied magnetic field measured for device 1 at Vg = 9 V and
T = 50 mK. A general discussion on the magnetic behavior
of the devices is reported in the Supplemental Material; here,
we focus on the low field region where a local minimum
of the dV/dI (hence, of the Ic) at H = 0 can be clearly
distinguished. This feature was observed for different values
of Vg; in all cases, the magnetic patterns are symmetric with
respect to zero field and show no hysteresis upon reversal of the
magnetic field sweep direction (see Supplemental Material).
This excludes that the zero field minimum of Ic can be ascribed
to the presence of a ferromagnetic (FM) barrier, in agreement
with the absence of FM order demonstrated by x-ray magnetic
circular dichroism on LAO/STO samples grown in the same
conditions [27]. A zero field minimum of the Ic can be, on the
other hand, explained with the interference, inside the junction,
between channels characterized by order parameters with
different internal phase shifts [28], namely, a 0 and a π channel.
A fit of the Ic(H ) pattern assuming such a combination is
shown as a solid blue line in Fig. 4(b) and is in excellent
agreement with the experimental data. The depth of the zero
field dip suggests a contribution of the π part of about 10% of
the total supercurrent. It is worth noting that the two-channel
fit of the Ic vs T behavior shown in Fig. 3(c) leads to a similar
estimation for the unconventional channel contribution to the
total Ic. The formation of a π channel in our LAO/STO
JJs can be explained assuming an unconventional order
parameter [29], in agreement with the prediction of a Rashba
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SOC-induced multicomponent order parameter, where a sin-
glet and a triplet component, of the p-wave type, are mixed.
Supercurrent sign reversal, hence a π shift, is expected in a
junction between p-wave superconductors in the presence of
time reversal symmetry (TRS) breaking mechanisms [30]. In
our case, TRS could be either spontaneous [31] or due to local
inhomogeneity of the superconducting order parameter [32],
as induced, for instance, by the predicted intrinsic segregation
of high SOC regions at the LAO/STO interface [33]. Another
scenario involves the existence of protected transport channels
as recently inferred from transport measurements in LAO/STO
[34,35] and proposed by theoretical calculations [36,37].

V. CONCLUSIONS

In conclusion, our study of LAO/STO JJs gives evidence
of unconventional superconductivity in this system. The
conductance spectra and the Ic vs T behavior indicate the
presence of two superconducting gap structures, and the Ic vs
H patterns show anomalies that can be accounted for only by
assuming the presence of an unconventional order parameter.

Although more experimental work is needed in order to firmly
establish the details of the superconducting state of LAO/STO,
we point out that our results are in agreement with theoretical
predictions of mixed singlet-triplet superconducting order
parameters in 2D systems hosting Rashba SOC and pave the
way to a deeper understanding of these systems. The ability
to create and study elusive unconventional superconducting
states is a confirmation of the fascinating possibilities offered
by engineered oxides for the study of exotic excitations and
the realization of novel quantum electronics [38].
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