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Some experimental facts and our interpretation

Experiments on La(Al,Ti)O3/SrTiO3 oxide interfaces reveal:
� the formation of a two-dimensional electron gas (2DEG)

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

several evidences of electron inhomogeneity
• Ariando, et al., Nat. Commun. 2, 188 (2011);
• J. A. Bert, et al., Nat. Phys. 7, 767 (2011);
• L. Li, et al., Nat. Phys. 7, 762 (2011);
• Z. Ristic, et al., EPL 93, 17004 (2011).
a sizable Rashba spin-orbit coupling (RSOC)
• A. D. Caviglia, et al., PRL 104, 126803 (2010).
gate-tunable superconductivity (SC).
• N. Reyren, et al., Science 317, 1196 (2007);
• D. Caviglia, et al., Nature 456, 624 (2008);
• J. Biscaras, et al., Nat. Commun. 1, 1 (2010);
• J. Biscaras, et al., PRL 108, 247004 (2012).
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Some experimental facts and our interpretation

Feng Bi et al., arXiv: 1302.0204, 2013

>

(Caprara, Grilli, Benfatto and Castellani, Phys. Rev. B ,
014514 (2011))

−

Biscaras et al., PRL
, 247004 (2012)

Piezoforce microscopy (& capacitance measurements)
• Feng Bi, et al., arXiv: 1302.0204 (2013).
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Some experimental facts and our interpretation

the corresponding quantities for typical semiconductors,
the diffusive regime holds for fields up to 4 T. As the MF
theory is based on a perturbative expansion, we have also
checked that the magnetoresistance and magnetoconduc-
tance are still equal in absolute value up to 4 T. For the
range of fields and gate voltages (up to 100 V [23]) that
we analyzed, weak localization corrections dominate
Coulomb interaction contributions. The best fits are pre-
sented in Fig. 2(a), where we observe a remarkable agree-
ment between theory and experiments. This analysis
allows us to trace the electric field dependence of the
parameters Hi;so, presented in Fig. 2(b), and !. Analyses
of the magnetoconductance performed using expressions
derived by Punnoose [24] provide the same evolution of
the characteristic fields. To extract from these parameters
the relaxation times "i;so and the electrons g factor, we need
to determine the electric field dependence of the diffusion
coefficient. For this purpose we measured the electric field
modulation of the sheet carrier concentration n2D by means
of Hall effect and by capacitance measurements [11]. An
estimate of the Fermi velocity vF and of the elastic scat-
tering time using a parabolic dispersion relation with an
effective mass m! " 3me [21] (me is the bare electron
mass), and data collected at the temperature T " 1:5 K,
allows the diffusion coefficient to be derived as D "
v2
F"=2. D as a function of V is plotted in Fig. 1(c).
The gate voltage dependence of the g factor is presented

in Fig. 2(c). One observes a large increase from a small
value, around 0.5 for negative voltages, towards the typical
value of 2 for bare electrons at positive voltages. An
electric field control of the g factor has been previously
predicted [25] and experimentally demonstrated [26] in

semiconductor heterostructures. We now turn to the issue
of the gate voltage dependence of the parameters Hi;so that
will allow us to discern the modulation of spin-orbit cou-
pling brought about by the electric field. The relaxation
times "i;so are plotted against gate voltage in Fig. 3(a). For
large negative gate voltages we observe that the inelastic
scattering time is shorter than the spin relaxation time,
indicating that the effect of the spin-orbit interaction is
weak compared with the orbital effect of the magnetic
field. In this regime, the quantum correction to the con-
ductivity can be ascribed to weak localization, in agree-
ment with the observed temperature evolution of the
conductivity [11]. Above a critical voltage the spin relaxa-
tion time becomes shorter than the inelastic scattering time
and decreases sharply, by 3 orders of magnitude, as the
voltage is increased. By contrast, the inelastic scattering
time remains fairly constant as we increase the voltage.
Here a weak antilocalization regime appears, characterized
by a strong spin-orbit interaction. As previously discussed,
the nature of the spin-orbit mechanism can be discerned by
examining the dependence of the spin relaxation time on
the elastic scattering time. In Fig. 3(a) we show the gate
voltage dependence of the spin relaxation time predicted
by the Elliott relation, calculated using the electrons g
factor presented in Fig. 2(c). Clearly, the EY mechanism
fails to estimate the spin relaxation time by 3 orders of
magnitude at #300 V and its predicted variation with V is
opposite to that observed. In fact, as can be seen in
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FIG. 2 (color online). Analysis of the magnetoconductivity of
the LaAlO3=SrTiO3 interface. (a) Best fits according to the
Maekawa-Fukuyama theory of the variation of conductance
!#, normalized with respect to e2=$h, for different gate volt-
ages. (b) Gate voltage dependence of the fitting parameters Hi

(red dots) and Hso (blue squares). The lines are a guide to the
eye. (c) Left axis, purple diamonds: gate voltage dependence of
the electrons g factor g. The line is a guide to the eye. Right axis,
blue triangles: superconducting critical temperature Tc as a
function of gate voltage for the same sample.
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FIG. 3 (color online). Rashba control of the LaAlO3=SrTiO3

interface electronic phase diagram. (a) Inelastic relaxation time
"i (red circles) and spin relaxation time "so (blue squares) as a
function of gate voltage plotted on a logarithmic time scale. The
lines are a guide to the eye. Prediction of the spin relaxation time
as a function of gate voltage based on the Elliott relation (open
circles). (b) Spin relaxation time vs elastic scattering rate show-
ing consistency with the D’yakonov-Perel’ mechanism. (c) Left
axis, red triangles: field effect modulation of the Rashba spin
splitting !. Right axis, gray diamonds: field effect modulation of
the Rashba coupling constant %. (d) Superconducting critical
temperature Tc as a function of gate voltage for the same sample.
Note that the crossing of the inelastic and spin relaxation times
occurs at the quantum critical point.

PRL 104, 126803 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
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126803-3

• A. D. Caviglia, et al., PRL 104, 126803 (2010).
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Some experimental facts and our interpretation

Feng Bi et al., arXiv: 1302.0204, 2013

>

(Caprara, Grilli, Benfatto and Castellani, Phys. Rev. B ,
014514 (2011))

−

Biscaras et al., PRL
, 247004 (2012)

• J. Biscaras, et al., PRL 108, 247004 (2012). • Collaborators
(Theory):
D. Bucheli, M. Grilli @Rome, F. Peronaci @Trieste,
G. Seibold @Cottbus
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Some experimental facts and our interpretation

� The superconducting state is inhomogeneous:
Resistance, superfluid density, and tunneling curves are well
described by the effective medium theory (EMT)

� Multicarrier transport & SC
� Multiple quantum critical behavior
� Possible origin of electron inhomogeneity: strong RSOC
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A glance at the structure of the interface

Two stacked insulators:
La(Al,Ti)O3 (charged slabs) vs. SrTiO3 (neutral slabs)
⇒ polarity catastrophe
⇒ (partial) charge redistribution
⇒ 2DEG (no consensus).

LaAlO        

SrTiO        

Oxide Interfaces
polar catastrophe : possible origin of two-dimensional electron gas (2DEG)

diverging electrostatic potential electronic reconstruction of interface

el. density tunable with gate voltage

experimental setup 

→ energetically unfavorable → formation of  2DEG

density-dependent el. phase:

insulator - metal - superconductor
paramagnet - ferromagnet 

3

3

in reality : n  ~ 0.02 0
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A glance at the structure of the interface

The density of the 2DEG can be tuned by (back)gating.
SC appears above a threshold density.

g

La(Al,Ti)O

SrTiO

2DEG

3

3

V
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Superconductivity in a non-homogeneous 2DEG

� Hall effect measurements reveal TWO kinds of carriers
(with LOW and HIGH mobility: LMC & HMC).
• J. Biscaras, et al., PRL 108, 247004 (2012).

Superconductivity appears along with HMC.
• C. Bell, et al., PRL 103, 226802 (2009);
• J. Biscaras, et al., PRL 108, 247004 (2012).
Superconducting puddles in a (weakly localizing) metallic
background:
percolative character of the superconducting transition &
multi-carrier/band SC.
• SC, et al., PRB 88, 020504(R) (2013).
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Superconductivity in a non-homogeneous 2DEG
Figure 1.9: Sheet resistance of the SrTiO3-LaTiO3 interface as a function of
temperature for selected gate voltages.

Figure 1.10: Top panel: density of total charges (ns), LMC (n1), HMC (n2),
and apparent (nHall) of the 2DEG, calculated by analyzing the Hall effect at
high field in a model with two types of carriers. Bottom panel: LMC (µ1)
HMC (µ2) and apparent (µHall) mobilities [15].

13
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� Hall effect measurements reveal TWO kinds of carriers
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� Superconductivity appears along with HMC.
• C. Bell, et al., PRL 103, 226802 (2009);
• J. Biscaras, et al., PRL 108, 247004 (2012).

� Superconducting puddles in a (weakly localizing) metallic
background:
percolative character of the superconducting transition &
multi-carrier/band SC.
• SC, et al., PRB 88, 020504(R) (2013).
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Superconductivity in a non-homogeneous 2DEG

Tailish resistivity curves: Random resistor network, resulting
from superconducting puddles embedded in a metallic matrix.
(⇑=decreasing gate voltage Vg, i.e., decreasing electron density).

RAPID COMMUNICATIONS

S. CAPRARA et al. PHYSICAL REVIEW B 88, 020504(R) (2013)
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FIG. 1. (Color online) (a) Sheet resistance as a function of
temperature in a LTO/STO sample for various values of the gate
voltage. From top to bottom Vg = !10, 10, 30, 50, 70, 100, 150,
200 V. Thick lines are experimental data from Ref. 4, while the
dashed lines are the EMT fits (see text). (b) From top to bottom
Vg = 50, 70, 100, 150, 200 V. Thick lines are experimental data from
Ref. 4, while the dashed lines are the theoretical fits using the RRN
(see text). Inset: sketch of an inhomogeneous RRN system with a SC
filamentary + superpuddles cluster. The shaded region is a closed loop
contributing to the diamagnetic response. (c) SC fraction w extracted
from the fits of the sheet resistance within EMT (filled circles, solid
line) and within the RRN (open diamonds). (d) Width of the Gaussian
distribution of Tc used to fit the sheet resistance within the EMT (filled
circles, solid line) and within the RRN (open diamonds).

EMT curves. Vg changes the electron density at the interface
thereby changing the distribution of the SC regions. From the
fits we extract the average intrapuddle critical temperature T c

[corresponding to the temperature of maximal slope of R(T )
within EMT], which is reported in Fig. 3(a) as a function of
Vg (red solid line and open circles). The fits also provide
the fraction of SC regions w [displayed in Fig. 1(c) as a
function of Vg]. Since EMT disregards spatial correlations, the
simultaneous request of a percolating SC cluster and the tailish
shape of the resistance near percolation forces the fraction of
SC puddles to be w " 1

2 [Fig. 1(c), see also Refs. 17 and 18].
Figure 1(d) reports the width ! of the Gaussian distribution
of Tc, which strongly increases as the fraction w of the SC
puddles goes to zero. This is rather natural because the density
decrease emphasizes the effects of disorder so that fluctuations
of the local superconductivity increase, leading to a substantial
broadening of the Tc distribution. We will give later a more
precise description of this phenomenon within the two-band
model.

Superfluid density. The superfluid density Js was measured
in LAO/STO interfaces using a scanning SQUID probe
averaging over micrometric regions.11 This technique is not
sensitive to submicrometric inhomogeneities, but revealed a
distribution of Js on the micrometric scale within a given
sample, thereby supporting the idea of inhomogeneous 2DEG
at these interfaces. Since the sheet resistance curves of these
systems are similar to those of LTO/STO interfaces, we assume
that our percolative EMT analysis also applies in this case and
that the measured local Js is an average over an inhomogeneous
state of submicrometric puddles.19

To capture this effect, we extend the EMT to small but
finite frequency ". We model the metallic regions with a
Drude-like complex conductivity #N (") = B/(A + i") and
the SC regions with a purely reactive conductivity #S(") =
B/(i"). We define $S(") = 1/#S(") = i"/B and $N (") =
1/#N (") = $0 + $S("), with $0 = A/B. At high temperature,
the system is metallic and $(") = 1/# (") = $N (") every-
where. However, within the SC puddles, $0 vanishes as soon
as the local critical temperature is reached. The solution of the
EMT equation, neglecting higher frequency terms # "2, is

$(") " $0(wN ! wS)%(wN ! wS) + $S(")
|wN ! wS |

,

where %(x) is the Heaviside step function, wS is the fraction
of puddles that have become SC (at a given temperature
T ), and wN = 1 ! wS is the metallic fraction (resulting both
from puddles that have not yet become SC and from the
metallic background). Evidently, when wN > wS , the system
displays a Drude-like complex conductivity. However, below
the percolation temperature Tp (if any), wS > wN , and we find
a purely reactive conductivity

# (") = 1
$(")

= A(wS ! wN )
i"

.

Therefore, for T < Tp and w given by Eq. (1), the superfluid
density of the percolating network is

Js $ wS ! wN = w ! 1 ! w erf
!

T ! T c%
2!

"

= w

#
erf

!
Tp ! T c%

2!

"
! erf

!
T ! T c%

2!

"$
.

(2)

Figure 2(a) reports this micrometrically averaged superfluid
density together with our EMT fits [Eq. (2)] at various gate
voltages Vg . Remarkably, the T dependence of Js(T )/Js(T =
0) mimics the qualitative behavior of the BCS prediction, but
may quantitatively deviate from it. The slope at the transition,
for instance, is ruled by the width ! of the distribution of Tc.
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FIG. 2. (Color online) (a) EMT fits of the superfluid density
in LAO/STO (lines) as a function of temperature for various gate
voltages. The experimental data (symbols) are extracted from Ref. 11.
(b) SC fraction w responsible for the diamagnetic response. (c) Width
of the Gaussian distribution of Tc used to fit Js .
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Effective Medium Theory

[• SC, et al., PRB 84, 014514 (2011); NJP 15, 023014 (2013).]
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Effective Medium Theory
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Effective Medium Theory

[• SC, et al., PRB 84, 014514 (2011); NJP 15, 023014 (2013).]
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Effective Medium Theory

[• SC, et al., PRB 84, 014514 (2011); NJP 15, 023014 (2013).]
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Effective Medium Theory

R(T ) = R∞

�
(1− w) + w erf

�
T − T c

γ
√
2

��
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Effective Medium Theory
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FIG. 1. (Color online) (a) Sheet resistance as a function of
temperature in a LTO/STO sample for various values of the gate
voltage. From top to bottom Vg = !10, 10, 30, 50, 70, 100, 150,
200 V. Thick lines are experimental data from Ref. 4, while the
dashed lines are the EMT fits (see text). (b) From top to bottom
Vg = 50, 70, 100, 150, 200 V. Thick lines are experimental data from
Ref. 4, while the dashed lines are the theoretical fits using the RRN
(see text). Inset: sketch of an inhomogeneous RRN system with a SC
filamentary + superpuddles cluster. The shaded region is a closed loop
contributing to the diamagnetic response. (c) SC fraction w extracted
from the fits of the sheet resistance within EMT (filled circles, solid
line) and within the RRN (open diamonds). (d) Width of the Gaussian
distribution of Tc used to fit the sheet resistance within the EMT (filled
circles, solid line) and within the RRN (open diamonds).

EMT curves. Vg changes the electron density at the interface
thereby changing the distribution of the SC regions. From the
fits we extract the average intrapuddle critical temperature T c

[corresponding to the temperature of maximal slope of R(T )
within EMT], which is reported in Fig. 3(a) as a function of
Vg (red solid line and open circles). The fits also provide
the fraction of SC regions w [displayed in Fig. 1(c) as a
function of Vg]. Since EMT disregards spatial correlations, the
simultaneous request of a percolating SC cluster and the tailish
shape of the resistance near percolation forces the fraction of
SC puddles to be w " 1

2 [Fig. 1(c), see also Refs. 17 and 18].
Figure 1(d) reports the width ! of the Gaussian distribution
of Tc, which strongly increases as the fraction w of the SC
puddles goes to zero. This is rather natural because the density
decrease emphasizes the effects of disorder so that fluctuations
of the local superconductivity increase, leading to a substantial
broadening of the Tc distribution. We will give later a more
precise description of this phenomenon within the two-band
model.

Superfluid density. The superfluid density Js was measured
in LAO/STO interfaces using a scanning SQUID probe
averaging over micrometric regions.11 This technique is not
sensitive to submicrometric inhomogeneities, but revealed a
distribution of Js on the micrometric scale within a given
sample, thereby supporting the idea of inhomogeneous 2DEG
at these interfaces. Since the sheet resistance curves of these
systems are similar to those of LTO/STO interfaces, we assume
that our percolative EMT analysis also applies in this case and
that the measured local Js is an average over an inhomogeneous
state of submicrometric puddles.19

To capture this effect, we extend the EMT to small but
finite frequency ". We model the metallic regions with a
Drude-like complex conductivity #N (") = B/(A + i") and
the SC regions with a purely reactive conductivity #S(") =
B/(i"). We define $S(") = 1/#S(") = i"/B and $N (") =
1/#N (") = $0 + $S("), with $0 = A/B. At high temperature,
the system is metallic and $(") = 1/# (") = $N (") every-
where. However, within the SC puddles, $0 vanishes as soon
as the local critical temperature is reached. The solution of the
EMT equation, neglecting higher frequency terms # "2, is

$(") " $0(wN ! wS)%(wN ! wS) + $S(")
|wN ! wS |

,

where %(x) is the Heaviside step function, wS is the fraction
of puddles that have become SC (at a given temperature
T ), and wN = 1 ! wS is the metallic fraction (resulting both
from puddles that have not yet become SC and from the
metallic background). Evidently, when wN > wS , the system
displays a Drude-like complex conductivity. However, below
the percolation temperature Tp (if any), wS > wN , and we find
a purely reactive conductivity

# (") = 1
$(")

= A(wS ! wN )
i"

.

Therefore, for T < Tp and w given by Eq. (1), the superfluid
density of the percolating network is

Js $ wS ! wN = w ! 1 ! w erf
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Figure 2(a) reports this micrometrically averaged superfluid
density together with our EMT fits [Eq. (2)] at various gate
voltages Vg . Remarkably, the T dependence of Js(T )/Js(T =
0) mimics the qualitative behavior of the BCS prediction, but
may quantitatively deviate from it. The slope at the transition,
for instance, is ruled by the width ! of the distribution of Tc.
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FIG. 2. (Color online) (a) EMT fits of the superfluid density
in LAO/STO (lines) as a function of temperature for various gate
voltages. The experimental data (symbols) are extracted from Ref. 11.
(b) SC fraction w responsible for the diamagnetic response. (c) Width
of the Gaussian distribution of Tc used to fit Js .
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EMT extended to finite frequencies ⇒ superfluid density.
Js = ns/m (seemingly non BCS-like).
Filaments needed to explain large diamagnetic fraction
(compatible with poor long-distance connectivity).
• SC, et al., PRB 88, 020504(R) (2013)
NO strong coupling.
[• J. A. Bert, et al., PRB 86, 060503(R) (2012)].
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FIG. 1. (Color online) (a) Sheet resistance as a function of
temperature in a LTO/STO sample for various values of the gate
voltage. From top to bottom Vg = !10, 10, 30, 50, 70, 100, 150,
200 V. Thick lines are experimental data from Ref. 4, while the
dashed lines are the EMT fits (see text). (b) From top to bottom
Vg = 50, 70, 100, 150, 200 V. Thick lines are experimental data from
Ref. 4, while the dashed lines are the theoretical fits using the RRN
(see text). Inset: sketch of an inhomogeneous RRN system with a SC
filamentary + superpuddles cluster. The shaded region is a closed loop
contributing to the diamagnetic response. (c) SC fraction w extracted
from the fits of the sheet resistance within EMT (filled circles, solid
line) and within the RRN (open diamonds). (d) Width of the Gaussian
distribution of Tc used to fit the sheet resistance within the EMT (filled
circles, solid line) and within the RRN (open diamonds).

EMT curves. Vg changes the electron density at the interface
thereby changing the distribution of the SC regions. From the
fits we extract the average intrapuddle critical temperature T c

[corresponding to the temperature of maximal slope of R(T )
within EMT], which is reported in Fig. 3(a) as a function of
Vg (red solid line and open circles). The fits also provide
the fraction of SC regions w [displayed in Fig. 1(c) as a
function of Vg]. Since EMT disregards spatial correlations, the
simultaneous request of a percolating SC cluster and the tailish
shape of the resistance near percolation forces the fraction of
SC puddles to be w " 1

2 [Fig. 1(c), see also Refs. 17 and 18].
Figure 1(d) reports the width ! of the Gaussian distribution
of Tc, which strongly increases as the fraction w of the SC
puddles goes to zero. This is rather natural because the density
decrease emphasizes the effects of disorder so that fluctuations
of the local superconductivity increase, leading to a substantial
broadening of the Tc distribution. We will give later a more
precise description of this phenomenon within the two-band
model.

Superfluid density. The superfluid density Js was measured
in LAO/STO interfaces using a scanning SQUID probe
averaging over micrometric regions.11 This technique is not
sensitive to submicrometric inhomogeneities, but revealed a
distribution of Js on the micrometric scale within a given
sample, thereby supporting the idea of inhomogeneous 2DEG
at these interfaces. Since the sheet resistance curves of these
systems are similar to those of LTO/STO interfaces, we assume
that our percolative EMT analysis also applies in this case and
that the measured local Js is an average over an inhomogeneous
state of submicrometric puddles.19

To capture this effect, we extend the EMT to small but
finite frequency ". We model the metallic regions with a
Drude-like complex conductivity #N (") = B/(A + i") and
the SC regions with a purely reactive conductivity #S(") =
B/(i"). We define $S(") = 1/#S(") = i"/B and $N (") =
1/#N (") = $0 + $S("), with $0 = A/B. At high temperature,
the system is metallic and $(") = 1/# (") = $N (") every-
where. However, within the SC puddles, $0 vanishes as soon
as the local critical temperature is reached. The solution of the
EMT equation, neglecting higher frequency terms # "2, is

$(") " $0(wN ! wS)%(wN ! wS) + $S(")
|wN ! wS |

,

where %(x) is the Heaviside step function, wS is the fraction
of puddles that have become SC (at a given temperature
T ), and wN = 1 ! wS is the metallic fraction (resulting both
from puddles that have not yet become SC and from the
metallic background). Evidently, when wN > wS , the system
displays a Drude-like complex conductivity. However, below
the percolation temperature Tp (if any), wS > wN , and we find
a purely reactive conductivity
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Therefore, for T < Tp and w given by Eq. (1), the superfluid
density of the percolating network is
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Figure 2(a) reports this micrometrically averaged superfluid
density together with our EMT fits [Eq. (2)] at various gate
voltages Vg . Remarkably, the T dependence of Js(T )/Js(T =
0) mimics the qualitative behavior of the BCS prediction, but
may quantitatively deviate from it. The slope at the transition,
for instance, is ruled by the width ! of the distribution of Tc.
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FIG. 2. (Color online) (a) EMT fits of the superfluid density
in LAO/STO (lines) as a function of temperature for various gate
voltages. The experimental data (symbols) are extracted from Ref. 11.
(b) SC fraction w responsible for the diamagnetic response. (c) Width
of the Gaussian distribution of Tc used to fit Js .
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FIG. 1. (Color online) (a) Sheet resistance as a function of
temperature in a LTO/STO sample for various values of the gate
voltage. From top to bottom Vg = !10, 10, 30, 50, 70, 100, 150,
200 V. Thick lines are experimental data from Ref. 4, while the
dashed lines are the EMT fits (see text). (b) From top to bottom
Vg = 50, 70, 100, 150, 200 V. Thick lines are experimental data from
Ref. 4, while the dashed lines are the theoretical fits using the RRN
(see text). Inset: sketch of an inhomogeneous RRN system with a SC
filamentary + superpuddles cluster. The shaded region is a closed loop
contributing to the diamagnetic response. (c) SC fraction w extracted
from the fits of the sheet resistance within EMT (filled circles, solid
line) and within the RRN (open diamonds). (d) Width of the Gaussian
distribution of Tc used to fit the sheet resistance within the EMT (filled
circles, solid line) and within the RRN (open diamonds).

EMT curves. Vg changes the electron density at the interface
thereby changing the distribution of the SC regions. From the
fits we extract the average intrapuddle critical temperature T c

[corresponding to the temperature of maximal slope of R(T )
within EMT], which is reported in Fig. 3(a) as a function of
Vg (red solid line and open circles). The fits also provide
the fraction of SC regions w [displayed in Fig. 1(c) as a
function of Vg]. Since EMT disregards spatial correlations, the
simultaneous request of a percolating SC cluster and the tailish
shape of the resistance near percolation forces the fraction of
SC puddles to be w " 1

2 [Fig. 1(c), see also Refs. 17 and 18].
Figure 1(d) reports the width ! of the Gaussian distribution
of Tc, which strongly increases as the fraction w of the SC
puddles goes to zero. This is rather natural because the density
decrease emphasizes the effects of disorder so that fluctuations
of the local superconductivity increase, leading to a substantial
broadening of the Tc distribution. We will give later a more
precise description of this phenomenon within the two-band
model.

Superfluid density. The superfluid density Js was measured
in LAO/STO interfaces using a scanning SQUID probe
averaging over micrometric regions.11 This technique is not
sensitive to submicrometric inhomogeneities, but revealed a
distribution of Js on the micrometric scale within a given
sample, thereby supporting the idea of inhomogeneous 2DEG
at these interfaces. Since the sheet resistance curves of these
systems are similar to those of LTO/STO interfaces, we assume
that our percolative EMT analysis also applies in this case and
that the measured local Js is an average over an inhomogeneous
state of submicrometric puddles.19

To capture this effect, we extend the EMT to small but
finite frequency ". We model the metallic regions with a
Drude-like complex conductivity #N (") = B/(A + i") and
the SC regions with a purely reactive conductivity #S(") =
B/(i"). We define $S(") = 1/#S(") = i"/B and $N (") =
1/#N (") = $0 + $S("), with $0 = A/B. At high temperature,
the system is metallic and $(") = 1/# (") = $N (") every-
where. However, within the SC puddles, $0 vanishes as soon
as the local critical temperature is reached. The solution of the
EMT equation, neglecting higher frequency terms # "2, is

$(") " $0(wN ! wS)%(wN ! wS) + $S(")
|wN ! wS |

,

where %(x) is the Heaviside step function, wS is the fraction
of puddles that have become SC (at a given temperature
T ), and wN = 1 ! wS is the metallic fraction (resulting both
from puddles that have not yet become SC and from the
metallic background). Evidently, when wN > wS , the system
displays a Drude-like complex conductivity. However, below
the percolation temperature Tp (if any), wS > wN , and we find
a purely reactive conductivity

# (") = 1
$(")

= A(wS ! wN )
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.

Therefore, for T < Tp and w given by Eq. (1), the superfluid
density of the percolating network is
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Figure 2(a) reports this micrometrically averaged superfluid
density together with our EMT fits [Eq. (2)] at various gate
voltages Vg . Remarkably, the T dependence of Js(T )/Js(T =
0) mimics the qualitative behavior of the BCS prediction, but
may quantitatively deviate from it. The slope at the transition,
for instance, is ruled by the width ! of the distribution of Tc.
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in LAO/STO (lines) as a function of temperature for various gate
voltages. The experimental data (symbols) are extracted from Ref. 11.
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020504-2

S. Caprara, Inhomogeneous superconductivity at oxide interfaces ... 6/15



Effective Medium Theory

RAPID COMMUNICATIONS

S. CAPRARA et al. PHYSICAL REVIEW B 88, 020504(R) (2013)

0 0.1 0.2
T [K]

0

500

1000

1500

2000

2500

R
 [

]

0 0.1 0.2
T [K]

0

0.2

0.4

0.6

w

0 100 200
Vg [V]

0

0.05

0.1

 [
]

(a)

(b)

(c)

(d)

FIG. 1. (Color online) (a) Sheet resistance as a function of
temperature in a LTO/STO sample for various values of the gate
voltage. From top to bottom Vg = !10, 10, 30, 50, 70, 100, 150,
200 V. Thick lines are experimental data from Ref. 4, while the
dashed lines are the EMT fits (see text). (b) From top to bottom
Vg = 50, 70, 100, 150, 200 V. Thick lines are experimental data from
Ref. 4, while the dashed lines are the theoretical fits using the RRN
(see text). Inset: sketch of an inhomogeneous RRN system with a SC
filamentary + superpuddles cluster. The shaded region is a closed loop
contributing to the diamagnetic response. (c) SC fraction w extracted
from the fits of the sheet resistance within EMT (filled circles, solid
line) and within the RRN (open diamonds). (d) Width of the Gaussian
distribution of Tc used to fit the sheet resistance within the EMT (filled
circles, solid line) and within the RRN (open diamonds).

EMT curves. Vg changes the electron density at the interface
thereby changing the distribution of the SC regions. From the
fits we extract the average intrapuddle critical temperature T c

[corresponding to the temperature of maximal slope of R(T )
within EMT], which is reported in Fig. 3(a) as a function of
Vg (red solid line and open circles). The fits also provide
the fraction of SC regions w [displayed in Fig. 1(c) as a
function of Vg]. Since EMT disregards spatial correlations, the
simultaneous request of a percolating SC cluster and the tailish
shape of the resistance near percolation forces the fraction of
SC puddles to be w " 1

2 [Fig. 1(c), see also Refs. 17 and 18].
Figure 1(d) reports the width ! of the Gaussian distribution
of Tc, which strongly increases as the fraction w of the SC
puddles goes to zero. This is rather natural because the density
decrease emphasizes the effects of disorder so that fluctuations
of the local superconductivity increase, leading to a substantial
broadening of the Tc distribution. We will give later a more
precise description of this phenomenon within the two-band
model.

Superfluid density. The superfluid density Js was measured
in LAO/STO interfaces using a scanning SQUID probe
averaging over micrometric regions.11 This technique is not
sensitive to submicrometric inhomogeneities, but revealed a
distribution of Js on the micrometric scale within a given
sample, thereby supporting the idea of inhomogeneous 2DEG
at these interfaces. Since the sheet resistance curves of these
systems are similar to those of LTO/STO interfaces, we assume
that our percolative EMT analysis also applies in this case and
that the measured local Js is an average over an inhomogeneous
state of submicrometric puddles.19

To capture this effect, we extend the EMT to small but
finite frequency ". We model the metallic regions with a
Drude-like complex conductivity #N (") = B/(A + i") and
the SC regions with a purely reactive conductivity #S(") =
B/(i"). We define $S(") = 1/#S(") = i"/B and $N (") =
1/#N (") = $0 + $S("), with $0 = A/B. At high temperature,
the system is metallic and $(") = 1/# (") = $N (") every-
where. However, within the SC puddles, $0 vanishes as soon
as the local critical temperature is reached. The solution of the
EMT equation, neglecting higher frequency terms # "2, is

$(") " $0(wN ! wS)%(wN ! wS) + $S(")
|wN ! wS |

,

where %(x) is the Heaviside step function, wS is the fraction
of puddles that have become SC (at a given temperature
T ), and wN = 1 ! wS is the metallic fraction (resulting both
from puddles that have not yet become SC and from the
metallic background). Evidently, when wN > wS , the system
displays a Drude-like complex conductivity. However, below
the percolation temperature Tp (if any), wS > wN , and we find
a purely reactive conductivity
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Figure 2(a) reports this micrometrically averaged superfluid
density together with our EMT fits [Eq. (2)] at various gate
voltages Vg . Remarkably, the T dependence of Js(T )/Js(T =
0) mimics the qualitative behavior of the BCS prediction, but
may quantitatively deviate from it. The slope at the transition,
for instance, is ruled by the width ! of the distribution of Tc.
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FIG. 2. (Color online) (a) EMT fits of the superfluid density
in LAO/STO (lines) as a function of temperature for various gate
voltages. The experimental data (symbols) are extracted from Ref. 11.
(b) SC fraction w responsible for the diamagnetic response. (c) Width
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Tunneling: • D. Bucheli, SC, ..., SUST 28, 045004 (2015)
Data on LAO/STO • C. Richter, et al., Nature 502, 528 (2013)
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Effective Medium Theory

Tunneling
dI
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Tunneling: D. Bucheli, SC, ..., SUST 28, 045004 (2015)
Data on LAO/STO • C. Richter, et al., Nature 502, 528 (2013)
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T -independent fitting parameters
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Effective Medium Theory

T -dependent wcoh = w (1− x), winc = w x ⇒ proximity effect
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Outline
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Multi-carrier/band superconductivity

Intra-puddle superconductivity ⇒ multi-band model.
See, e.g.:
• A. Ricci, ..., SC, ..., PRB 82, 184528 (2010);
• D. Innocenti, SC, ..., SST 24, 015012 (2011).

gBCS �= 0 only in the HMC band: ωDebye ≈ 25meV (typical
phonon frequency); gBCS ·DOS ≈ 0.125 (weak coupling).
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We can thus account for the deviations from standard BCS
observed in Ref. 11, which were attributed to a tendency
to strong coupling. Our alternative explanation for these
deviations is that the system is in a weak coupling regime
(see below), but the percolative superfluid density is ruled by
the submicrometric distribution of inhomogeneities averaged
at the micron scale by the SQUID pickup loop used in
Ref. 11. Although not directly measured, the typical size of
SC inhomogeneities has been estimated by scaling arguments
to be in the 100 nm range.5 Moreover the properties of
channels down to 500 nm wide are similar to the large-scale
materials.20 Therefore a mean-field approach is fully justified
here. The fits yield the fraction w of SC puddles extracted
from diamagnetic measurements which is reported in Fig. 2(b).
It ranges from 1

2 to 1, and is therefore always larger than
the fraction obtained from transport measurements. This is
fully consistent within a percolative description of the system:
resistance measurements mainly probe the direct percolative
path, regardless of dead ends and disconnected SC regions,21

while screening measurements are sensitive to all SC loops,
even when not connected to the backbone. In this case, the
diamagnetic fraction can be nearly one, while the connectivity
for macroscopic transport can be very small (or even vanishing)
if many SC puddles or loops are disconnected [see the sketch
in the inset of Fig. 1(b)]. Figure 2(c) displays the behavior of
the width ! of the Tc distribution. Despite the differences in
material and physical quantities, ! has a similar behavior to the
! from transport in LTO/STO [Fig. 1(d)] and is of comparable
magnitude.

Of course, a complete proof of these arguments would
require a model where space correlations, distinguishing
closed loops (relevant for diamagnetism) and connected paths
(relevant for transport), are considered. While a RRN model
for transport has been found (see below), a similar model to
describe the diamagnetic response is presently not available.
However, our scenario could be experimentally tested by
detecting different diamagnetic responses in field-cooled
and zero-field-cooled samples. In the first case one expects
substantially smaller diamagnetic fraction, since a substantial
flux would be trapped in the normal part encircled by the SC
loops [see the shaded region in the sketch inset of Fig. 2(b)].

Effect of space correlations. The explanation of the above
discrepancy between the SC weight w in transport and
magnetic experiments rests on the filamentary structure of the
SC fraction at the oxide interfaces, which is one of the two
main outcomes of our work. However, the above results (and
fits) have been obtained within the EMT, which is a mean-
field-like approach neglecting space correlations. Therefore,
to substantiate the above interpretation, it is important to test
how robust is the finding that the SC fraction involved in
transport is rather small, w ! 1

2 , within a model, which takes
into account the space correlations inherent to the filamentary
structure. To this purpose, we solve a random resistor network
(RRN) where the SC regions only occur on a cluster with
strong space correlations embedded in a metallic matrix.
Based on a preliminary analysis,22 showing that the tailish
sheet resistance implies both a dense SC cluster at short
distances and a filamentary structure at larger distance, we
numerically generate a fractal-like structure.22,23 Due to the
poor long-distance connectivity, percolation only occurs when

the resistance of almost all bonds has been switched off. For
a Gaussian distribution of critical temperatures, the system
is thus forced to explore the low-temperature asymptotic of
the distribution, thereby producing a tailish resistance.24 On
the other hand, a purely filamentary structure, although dense
at short distance due to the fractal-like cluster, is still too
faint (w � 0.3) and fails to reproduce accurately the high-
temperature part of the R(T ) curves. Thus, in order to vary
the density of the SC cluster without crucially changing the
long-range connectivity, we decorate the filamentary tree with
randomly distributed circular broader superconducting regions
[see inset of Fig. 1(b)], henceforth called “superpuddles”, their
number being chosen to yield RRNs with weights w ranging
from 0.3 to 0.7.25 Figure 1(b) reports fits of the sheet resistance
using resistivity curves calculated on such trees. Noticeably,
even though the SC weight w is not forced to 1

2 like in EMT,
we still find that the sheet resistance only acquires a tailish
behavior if 0.5 � w � 0.65 [diamonds in Fig. 1(c)], where
the lower bound is imposed by the high slope at intermediate
temperatures and the upper bound is due to the tailish behavior
close to percolation. Figure 1(d) reports the width ! of the
Gaussian distribution of Tc obtained within the tree model
(diamonds). One can see that ! follows the same qualitative
behavior as in the EMT case with a substantial increase upon
lowering the voltage. As a conclusion, EMT and RRN models
lead to very close results about the Tc distribution and its
variation with the gate voltage provided a filamentary tree
structure is used for the RRN.

Multiband BCS scenario. The inhomogeneous character of
the oxide interfaces, clearly apparent both in the normal-state
[R(T )] and in the SC [Js(T )] properties, entails a distribution
of local critical temperatures with an average depending on
the overall density (i.e., gating) T c(Vg). This dependence can
be extracted from the resistance fits (Fig. 3) and provides
insight on the intrapuddle pairing mechanism. A recent
magnetotransport analysis4 demonstrated the coexistence of
a rather large density of low-mobility carriers (LMCs) with a
smaller density of high-mobility carriers (HMCs) in the SC
regime of LTO/STO. In particular, superconductivity seems to

FIG. 3. (Color online) T c extracted from the EMT fit to exper-
imental data (red solid line and open circles) and the theoretical Tc

calculated within the two-band model (see text), as a function of
the gate voltage Vg (blue dashed line and crosses). Inset: schematic
sub-band structure of the 2DEG arising from the confining potential
at the interface.
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describe the diamagnetic response is presently not available.
However, our scenario could be experimentally tested by
detecting different diamagnetic responses in field-cooled
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Effect of space correlations. The explanation of the above
discrepancy between the SC weight w in transport and
magnetic experiments rests on the filamentary structure of the
SC fraction at the oxide interfaces, which is one of the two
main outcomes of our work. However, the above results (and
fits) have been obtained within the EMT, which is a mean-
field-like approach neglecting space correlations. Therefore,
to substantiate the above interpretation, it is important to test
how robust is the finding that the SC fraction involved in
transport is rather small, w ! 1
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(RRN) where the SC regions only occur on a cluster with
strong space correlations embedded in a metallic matrix.
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sheet resistance implies both a dense SC cluster at short
distances and a filamentary structure at larger distance, we
numerically generate a fractal-like structure.22,23 Due to the
poor long-distance connectivity, percolation only occurs when

the resistance of almost all bonds has been switched off. For
a Gaussian distribution of critical temperatures, the system
is thus forced to explore the low-temperature asymptotic of
the distribution, thereby producing a tailish resistance.24 On
the other hand, a purely filamentary structure, although dense
at short distance due to the fractal-like cluster, is still too
faint (w � 0.3) and fails to reproduce accurately the high-
temperature part of the R(T ) curves. Thus, in order to vary
the density of the SC cluster without crucially changing the
long-range connectivity, we decorate the filamentary tree with
randomly distributed circular broader superconducting regions
[see inset of Fig. 1(b)], henceforth called “superpuddles”, their
number being chosen to yield RRNs with weights w ranging
from 0.3 to 0.7.25 Figure 1(b) reports fits of the sheet resistance
using resistivity curves calculated on such trees. Noticeably,
even though the SC weight w is not forced to 1

2 like in EMT,
we still find that the sheet resistance only acquires a tailish
behavior if 0.5 � w � 0.65 [diamonds in Fig. 1(c)], where
the lower bound is imposed by the high slope at intermediate
temperatures and the upper bound is due to the tailish behavior
close to percolation. Figure 1(d) reports the width ! of the
Gaussian distribution of Tc obtained within the tree model
(diamonds). One can see that ! follows the same qualitative
behavior as in the EMT case with a substantial increase upon
lowering the voltage. As a conclusion, EMT and RRN models
lead to very close results about the Tc distribution and its
variation with the gate voltage provided a filamentary tree
structure is used for the RRN.

Multiband BCS scenario. The inhomogeneous character of
the oxide interfaces, clearly apparent both in the normal-state
[R(T )] and in the SC [Js(T )] properties, entails a distribution
of local critical temperatures with an average depending on
the overall density (i.e., gating) T c(Vg). This dependence can
be extracted from the resistance fits (Fig. 3) and provides
insight on the intrapuddle pairing mechanism. A recent
magnetotransport analysis4 demonstrated the coexistence of
a rather large density of low-mobility carriers (LMCs) with a
smaller density of high-mobility carriers (HMCs) in the SC
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Quantum criticality

• J. Biscaras, ..., SC, ...
Nat. Mat. 12, 542 (2013);
J. Phys.: Conf. Series 449, 012035 (2013).

Hints of inhomogeneous SC:
� TWO quantum critical regimes in magnetic field, separated

by a crossover:
zν ≈ 2/3 (higher T ) and zν ≈ 3/2 (lower T ).
If, e.g., z = 1 (LR Coulomb):
ν = 2/3 (XY-model) and ν = 3/2,
clean vs. dirty (Harris criterion: ν ≥ 1 in D = 2).

� TWO characteristic magnetic fields:
B× (higher T ) and BC (lower T ), with BC ≥ B× !!!,
that merge at low electron density.

R�
R×,C

= F±
×,c

�
B −B×,C

T 1/zν

�

S. Caprara, Inhomogeneous superconductivity at oxide interfaces ... 8/15



Quantum criticality
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Figure 1 | Superconductor–insulator transition induced by a magnetic field. a, Sheet resistance RS as a function of temperature for di!erent magnetic
fields from 0 to 0.3 T. Inset: Tc and GS = 1/RS as a function of the gate voltageVG . b, Zoom on the same data showing the characteristic magnetic fieldBX ,
for which RS is constant between 0.12 and 0.22 K. c, Zoom on the same data showing the characteristic magnetic fieldBC , which separates the two regimes
at the lowest temperatures.
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Figure 1 | Superconductor–insulator transition induced by a magnetic field. a, Sheet resistance RS as a function of temperature for different magnetic

fields from 0 to 0.3 T. Inset: Tc and GS = 1/RS as a function of the gate voltage VG. b, Zoom on the same data showing the characteristic magnetic field BX,
for which RS is constant between 0.12 and 0.22 K. c, Zoom on the same data showing the characteristic magnetic field BC, which separates the two regimes

at the lowest temperatures.

tuned by electrostatic gating from its maximum value of ∼200mK
to 0, and that superconductivity coincides with the presence of
highly mobile carriers (HMCs) at the edge of the quantum well
formed by the 2DEG at the interface12. It is therefore possible to
prepare the system with a given Tc by controlling the gate voltage
VG (Fig. 1a, inset), and to study how the superconducting state
is destroyed by a perpendicular magnetic field in this situation.
Samples are grown by pulsed laser deposition of 15 unit cells of
LaTiO3 on TiO2-terminated (001) SrTiO3 substrate (see ref. 10
for details). A metallic back gate is evaporated at the rear of the
500-µm-thick SrTiO3 substrate and connected to a voltage source
(VG). Standard four-probe resistance measurements are made with
a current sufficiently low to avoid any heating of the electrons
at the lowest temperature. The polarization scheme described
previously26 is applied to ensure a reversible behaviour of the
superconducting 2DEG.

The normal state exhibits the logarithmic temperature depen-
dence of the conductivity characteristic of weak localization in
two dimensions10. Magnetoresistance measurements beyond the
superconducting critical field or above Tc can be analysed within
the framework of the standard localization theory27 for the whole
range of parameters (magnetic field, temperature and gate volt-
age) used in this study28. Hence, the magnetic field turns the
2D superconductor into a 2D weakly localizing metal as shown
in Fig. 1a for VG = +80V, where the resistance per square RS
is plotted as a function of temperature T for different perpen-
dicular magnetic fields B. A close-up view of the data reveals a
critical field BX that separates the two regimes, and for which

RS is constant (Fig. 1b). The same set of data plotted as RS
versus B for different temperatures in Fig. 2a exhibits a cross-
ing point (RX = 372.4��−1, BX = 0.185 T) where the resistivity
does not depend on temperature. This is a first signature of
a continuous QPT.

In such zero-temperature transitions, the ground state of
the Hamiltonian is changed by an external parameter, such
as the magnetic field for instance. Close to the transition the
correlation length ξ in the space dimensions and the dynamical
correlation length ξτ in the imaginary time dimension of the
quantum fluctuations diverge with a power-law dependence of
the distance from the transition δ = (B − BX) (refs 13,15). At
T = 0 the correlation-length exponent ν defined as ξ ∝ |δ|−ν

and the dynamical scaling exponent z defined as ξτ ∝ ξ z are
believed to be independent of the microscopic details of the
transition and depend on only a few properties of the system,
such as the dimensionality and the range of the interactions,
which define universality classes for the QPTs (ref. 13). The
effective dimensionality of the system is d + z , where d is the
spatial dimensionality. At finite temperature, the imaginary time
dimension is limited by the temperature fluctuations so that the
dimensionality of the system is d+ z only at T = 0, and d at finite
temperature15. More precisely, the finite temperature limits the size
of the temporal direction by the thermal cutoff Lτ = h̄/kBT , which
is now an upper bound for the dynamical correlation length ξτ

near the critical point. It follows that in the spatial dimensions the
quantum fluctuations lose phase coherence over a temperature-
dependent dephasing length LΦ ∝ 1/T 1/z (ref. 13). This leads to
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LaTiO3 on TiO2-terminated (001) SrTiO3 substrate (see ref. 10
for details). A metallic back gate is evaporated at the rear of the
500-µm-thick SrTiO3 substrate and connected to a voltage source
(VG). Standard four-probe resistance measurements are made with
a current sufficiently low to avoid any heating of the electrons
at the lowest temperature. The polarization scheme described
previously26 is applied to ensure a reversible behaviour of the
superconducting 2DEG.

The normal state exhibits the logarithmic temperature depen-
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superconducting critical field or above Tc can be analysed within
the framework of the standard localization theory27 for the whole
range of parameters (magnetic field, temperature and gate volt-
age) used in this study28. Hence, the magnetic field turns the
2D superconductor into a 2D weakly localizing metal as shown
in Fig. 1a for VG = +80V, where the resistance per square RS
is plotted as a function of temperature T for different perpen-
dicular magnetic fields B. A close-up view of the data reveals a
critical field BX that separates the two regimes, and for which

RS is constant (Fig. 1b). The same set of data plotted as RS
versus B for different temperatures in Fig. 2a exhibits a cross-
ing point (RX = 372.4��−1, BX = 0.185 T) where the resistivity
does not depend on temperature. This is a first signature of
a continuous QPT.

In such zero-temperature transitions, the ground state of
the Hamiltonian is changed by an external parameter, such
as the magnetic field for instance. Close to the transition the
correlation length ξ in the space dimensions and the dynamical
correlation length ξτ in the imaginary time dimension of the
quantum fluctuations diverge with a power-law dependence of
the distance from the transition δ = (B − BX) (refs 13,15). At
T = 0 the correlation-length exponent ν defined as ξ ∝ |δ|−ν

and the dynamical scaling exponent z defined as ξτ ∝ ξ z are
believed to be independent of the microscopic details of the
transition and depend on only a few properties of the system,
such as the dimensionality and the range of the interactions,
which define universality classes for the QPTs (ref. 13). The
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dimension is limited by the temperature fluctuations so that the
dimensionality of the system is d+ z only at T = 0, and d at finite
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is now an upper bound for the dynamical correlation length ξτ

near the critical point. It follows that in the spatial dimensions the
quantum fluctuations lose phase coherence over a temperature-
dependent dephasing length LΦ ∝ 1/T 1/z (ref. 13). This leads to

2 NATUREMATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials

S. Caprara, Inhomogeneous superconductivity at oxide interfaces ... 9/15



Quantum criticality

0.2 K

BX

B  (T)

0.1 K

ba

0.92

0.96

1.00

R S
/ R

X

01.010.0
|B-BX| t

0.12

0.16
0.20

T (
K)

t

z  = 0.66
BX = 0.185 T

0.01
|B -BC| t

0.98

0.99

1.00
R S

/R
C

d

0.04

0.05
0.06
0.07

T 
(K

)

t

z  = 1.5
BC = 0.235 T372

376

380

B (T)

0.04 K

0.07 K

BC

c

340

350

360

370

380

R S
 (

!
   

 -1
)

R S
 (

!

   
 -1 )

Figure 2 | FSS analysis for VG =+ 80 V. a, Sheet resistance RS as a function of magnetic fieldB for di!erent temperatures from 0.1 to 0.2 K. The crossing
point is (BX = 0 .185 T, RX = 372.4 ! 1). b, FSS plot of RS/RX as a function of |B! BX |t (see text for the definition of t). Inset: temperature behaviour of the
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). b, FSS plot of RS/RX as a function of |B−BX|t (see text for the definition of t). Inset: temperature behaviour of the

scaling parameter t. The power-law fit gives zν =0.66. c, RS as a function of B for different temperatures from 0.04 to 0.07K. The crossing point is

(BC =0.235 T, RC = 376.6��−1
). d, FSS plot of RS/RC as a function of |B−BC|t. Inset: temperature behaviour of the scaling parameter t. The power-law fit

gives zν = 1.5.

a so-called FSS of the observables of the system. For instance, the
resistance takes the form:

RS

RX
= F

�
B−BX

T 1/zν

�

where F is an arbitrary function with F(0)=1 (ref. 29).
The critical exponents can then be retrieved by a scaling proce-

dure as follows15. The resistance is rewritten as RS(δ,t )=RXF(δt ),
with t being an unknown parameter that depends only on T .
The parameter t is then found at each temperature T by opti-
mizing the collapse around the critical point between the curve
RS(δ, t (T )) at temperature T and the curve RS(δ, t (T0)) at the
lowest temperature considered T0, with t (T0) = 1. The depen-
dence of t with temperature should be a power law of the form
t = (T/T0)−1/zν to have a physical sense, thus giving the critical
exponent product zν. The interest of this procedure is to perform
the scaling without knowing the critical exponent beforehand. The
result of this procedure applied to the data in Fig. 1a shows that
data collapse onto a single (bi-valued) curve in Fig. 2b, and yields
zν = 0.66 (Fig. 2b, inset).

In the literature, zν = 2/3 has been observed for transitions
driven by a perpendicular magnetic field in conventional 2D
disordered superconductors such as a-NbSi (refs 30,31) or a-
bismuth15,32. The exponent ν ∼2/3 corresponds to the clean 3DXY

universality class according to series expansion calculations33,34 or
numerical simulations35,36. This also corresponds to a (2+1)D XY
for a 2D superconductor, where the extra dimension refers to the
imaginary time in the quantum transition, provided the dynamical
exponent z is set to 1 (refs 13,29). In that case, long-range
superconducting correlations are destroyed by quantum phase
fluctuations. In general, the dynamical exponent z is found to
be 1, corresponding to long-range Coulomb interaction between
charges13,29, as has been measured in a-MoGe for instance37. In the
absence of a specific screening or dissipation mechanism38, there is
no reason to invoke short-range interactions, whichwould set z �=1,
but this remains to be experimentally proved. Therefore, if z = 1,
then ν =2/3, which means that ν ≤2/d , with the spatial dimension
d = 2. According to the very general Harris criterion14, the system
is in the clean limit at the relevant scale for the transition, namely
the dephasing length LΦ . In 2D disordered systems, that is, in the
dirty regime, ν is expected to increase beyond 1 (ref. 36), following
theHarris criterion, as observed in a-MoGe (ref. 37), InOx (ref. 39),
ultrathin high-Tc superconductors40 or more recently in graphene–
metal hybrids41 for instance.

We now focus on the same RS versus T curves below 0.1 K
(VG = +80V). A close-up view in Fig. 1c evidences another critical
field BC for which the resistance is constant in a restricted range of
temperature and ∂R/∂T changes sign. Reported in Fig. 2c,RS versus
B curves exhibit a crossing point (BC = 0.235 T, RC = 376.6��−1),
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(BC =0.235 T, RC = 376.6��−1
). d, FSS plot of RS/RC as a function of |B−BC|t. Inset: temperature behaviour of the scaling parameter t. The power-law fit

gives zν = 1.5.

a so-called FSS of the observables of the system. For instance, the
resistance takes the form:

RS

RX
= F
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B−BX

T 1/zν
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where F is an arbitrary function with F(0)=1 (ref. 29).
The critical exponents can then be retrieved by a scaling proce-

dure as follows15. The resistance is rewritten as RS(δ,t )=RXF(δt ),
with t being an unknown parameter that depends only on T .
The parameter t is then found at each temperature T by opti-
mizing the collapse around the critical point between the curve
RS(δ, t (T )) at temperature T and the curve RS(δ, t (T0)) at the
lowest temperature considered T0, with t (T0) = 1. The depen-
dence of t with temperature should be a power law of the form
t = (T/T0)−1/zν to have a physical sense, thus giving the critical
exponent product zν. The interest of this procedure is to perform
the scaling without knowing the critical exponent beforehand. The
result of this procedure applied to the data in Fig. 1a shows that
data collapse onto a single (bi-valued) curve in Fig. 2b, and yields
zν = 0.66 (Fig. 2b, inset).

In the literature, zν = 2/3 has been observed for transitions
driven by a perpendicular magnetic field in conventional 2D
disordered superconductors such as a-NbSi (refs 30,31) or a-
bismuth15,32. The exponent ν ∼2/3 corresponds to the clean 3DXY

universality class according to series expansion calculations33,34 or
numerical simulations35,36. This also corresponds to a (2+1)D XY
for a 2D superconductor, where the extra dimension refers to the
imaginary time in the quantum transition, provided the dynamical
exponent z is set to 1 (refs 13,29). In that case, long-range
superconducting correlations are destroyed by quantum phase
fluctuations. In general, the dynamical exponent z is found to
be 1, corresponding to long-range Coulomb interaction between
charges13,29, as has been measured in a-MoGe for instance37. In the
absence of a specific screening or dissipation mechanism38, there is
no reason to invoke short-range interactions, whichwould set z �=1,
but this remains to be experimentally proved. Therefore, if z = 1,
then ν =2/3, which means that ν ≤2/d , with the spatial dimension
d = 2. According to the very general Harris criterion14, the system
is in the clean limit at the relevant scale for the transition, namely
the dephasing length LΦ . In 2D disordered systems, that is, in the
dirty regime, ν is expected to increase beyond 1 (ref. 36), following
theHarris criterion, as observed in a-MoGe (ref. 37), InOx (ref. 39),
ultrathin high-Tc superconductors40 or more recently in graphene–
metal hybrids41 for instance.

We now focus on the same RS versus T curves below 0.1 K
(VG = +80V). A close-up view in Fig. 1c evidences another critical
field BC for which the resistance is constant in a restricted range of
temperature and ∂R/∂T changes sign. Reported in Fig. 2c,RS versus
B curves exhibit a crossing point (BC = 0.235 T, RC = 376.6��−1),
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Figure 3 | FSS for VG = −15V. a, Sheet resistance RS as a function of temperature for different magnetic fields from 0 to 0.2 T. Inset: corresponding RS as a
function of the magnetic field for different temperatures from 0.07 to 0.12 K. The crossing point is (BX =0.1 T, RX = 2,176��−1

) . b, Temperature

behaviour of the scaling parameter t: two distinct slopes are evidenced, 0.64 at high temperature and 1.4 at low temperature. c, FSS plot of RS/RX as a

function of |B−BX|t corresponding to the high-temperature regime, with zν =0.64. d, FSS plot of RS/RC as a function of |B−BC|t corresponding to the
low-temperature regime, with zν = 1.4.

and the FSS analysis shows a good collapse of the curves, leading

to a critical exponent product zν ∼ 1.5 (Fig. 2d). This is clearly

greater than 1. The system is in the dirty limit of the Harris

criterion at the scale LΦ .
As a conclusion for VG = +80V, the system seems to exhibit a

clean critical behaviour (zν ∼ 2/3) that can be seen between 120

and 220mK, and a dirty one (zν ∼ 3/2) at lower temperature.

At first sight, this is contradictory because the finite-temperature

scaling behaviour of a QPT is expected to hold down to the lowest

temperatures. It was already noticed
19,42

that FFS can be performed

in 2D superconductors under a magnetic field in a restricted

range of finite temperatures. These authors argued that this can be

understood if the low-temperature phase is inhomogeneous. We

will come back to this point later on.

When the gate voltage is tuned to lower or even negative

values, the system is driven towards a more resistive state, and

Tc decreases (Fig. 1a, inset). In Fig. 3a, RS is shown as a function

of the temperature for different magnetic fields and for a gate

voltage VG = −15V. A plateau is clearly seen down to the lowest

temperature for a critical field BX = 0.1 T (RX = 2176��−1
), as

confirmed by the presence of a crossing point (Fig. 3a, inset). The

FSS analysis reveals that two regimes take place as shown in Fig. 3b.

Indeed, two distinct zν values can be extracted: at high temperature

(70–120mK) zν ∼2/3 and at the lowest temperatures zν ∼3/2. The

corresponding collapses of the data depicted in Fig. 3c,d confirm the

existence of the quantum critical behaviour.

We made the same analysis for all of the gate voltages between

VG = −40V and VG = +100V. The results are shown in Fig. 4. For

VG ≥ +10V, two distinct critical fields BX and BC (BC > BX) can

be found (Fig. 4a, region II), whereas for VG ≤ +10V, they merge

into a unique value (region I). Two important observations need to

be made: BX increases with VG and then saturates when BX �= BC

to a value Bd; BC matches Tc defined as the temperature where

the normal-state resistance drops by 10% (ref. 12). BC is therefore

the critical field that fully destroys superconductivity in the system.

The critical exponent products zν extracted from the FSS analysis

around both critical fields are reported as a function ofVG in Fig. 4b.

zν corresponding to BX is constant and equals ∼2/3: the quantum
critical behaviour is in the (2+ 1)D XY clean limit. For BC, zν
changes with VG, with rather important error bars due to the finite

scaling range in temperature, but is always larger than 1, indicating

that the QPT is in the dirty limit.

To account for these observations, we propose the following

scenario based on the XY model where superconductivity is

destroyed by phase fluctuations in a 2D superconductor. We

suppose that the system consists of superconducting islands coupled

by non-superconducting metallic regions (see Fig. 5 for a sketch).

Indeed, as shown previously
12
, the superconducting 2DEG is made
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are smaller than the size of the circle symbols). zν is between 1.5 and 2.3 for the dirty one. The dashed lines correspond to zν = 2/3 and zν = 3/2. c, BC as a

function of GS on a log scale (G0 = 356 µS is the conductance at VG = −45V, where BC goes to 0). Dashed lines have slopes 1 and 1/4 respectively as

expected from the model of ref. 17.

of two types of carrier, a few HMCs and a majority of low
mobile carriers. We argued that the presence of HMCs triggers
superconductivity in the system. The density of HMCs (ref. 12;
in the 1012 cm−2 range) and its evolution with the gate voltage is
very similar to the superfluid density directly measured in ref. 43
in LaAlO3/SrTiO3 interfaces. We therefore assume that HMCs
form the superfluid with intrinsic inhomogeneity due to its very
low average density and the associated density fluctuations, and
that low mobile carriers form the metal that provides long-range
coupling. The system is therefore described as a disordered array of
superconducting puddles of size Ld coupled by a metallic 2DEG.
Such a situation has been studied previously17. Superconducting
phase coherence is governed by the transport properties of the
metallic part through the proximity effect, and depends on the
2DEG conductance G2DEG. If the coupling is strong enough (high
G2DEG), puddles can develop full local superconductivity and two
critical behaviours can be observed corresponding respectively to
the puddles themselves and to the disordered array of puddles.
In the opposite case (low G2DEG), decoupled puddles are always
in a fluctuating regime, and only the full array transition can be
seen at low temperature. These two regimes can be observed in
LaTiO3/SrTiO3 interfaces, and the transition from one to the other
can be controlled by the gate voltage. Indeed, the conductance
GS = 1/RS increases with VG (Fig. 1a, inset), and so does the
coupling. Region I is therefore the low coupling regime with
a single transition (BX = BC), whereas region II refers to the

high coupling one with two transitions (BC > BX). In the latter
case, BX is the critical field for the puddle transition and BC the
one for the whole array: as a consequence Tc scales with BC as
observed experimentally.

The model described in ref. 17 develops a full analysis of the
long-range coupling between puddles. It introduces the concept of
an optimal puddle17 to account for the statistical distribution of
puddle sizes, and shows that the criticalmagnetic fieldBC scales with
the coupling parameter G2DEG. At low conductance, BC ∝ G2DEG,
whereas at high conductance, BC ∝ G1/4

2DEG. To test the model in
more detail, we plotted the critical field BC as a function of the
conductance GS on a log-scale in Fig. 4c. The data are in good
agreement with the theory. Not only can the two regimes be clearly
identified, but also the values of the slopes correspond to the
calculated one. This is a strong indication that themodel of ref. 17 is
a good representation of the physics involved in these experiments.

On this basis, we can now analyse the QPT, remembering that
the thermal dephasing length behaves as LΦ ∼ T−1/z (z = 1 here).
A schematic illustrating the situation is shown in Fig. 5a. Let us
first focus on region II as defined in Fig. 4. At high temperature,
the phase dephasing length LΦ is smaller than the superconducting
puddle size Ld, and the intra-puddle physics dominates. The critical
field BX corresponds to the dephasing field Bd on a puddle of
size Ld (Bd ∼Φ0/L2d, where Φ0 is the flux quantum)17,18, and does
not depend on the microscopic parameters of the system tuned
by VG. This is why it is constant as a function of VG (BX = Bd)
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of two types of carrier, a few HMCs and a majority of low
mobile carriers. We argued that the presence of HMCs triggers
superconductivity in the system. The density of HMCs (ref. 12;
in the 1012 cm−2 range) and its evolution with the gate voltage is
very similar to the superfluid density directly measured in ref. 43
in LaAlO3/SrTiO3 interfaces. We therefore assume that HMCs
form the superfluid with intrinsic inhomogeneity due to its very
low average density and the associated density fluctuations, and
that low mobile carriers form the metal that provides long-range
coupling. The system is therefore described as a disordered array of
superconducting puddles of size Ld coupled by a metallic 2DEG.
Such a situation has been studied previously17. Superconducting
phase coherence is governed by the transport properties of the
metallic part through the proximity effect, and depends on the
2DEG conductance G2DEG. If the coupling is strong enough (high
G2DEG), puddles can develop full local superconductivity and two
critical behaviours can be observed corresponding respectively to
the puddles themselves and to the disordered array of puddles.
In the opposite case (low G2DEG), decoupled puddles are always
in a fluctuating regime, and only the full array transition can be
seen at low temperature. These two regimes can be observed in
LaTiO3/SrTiO3 interfaces, and the transition from one to the other
can be controlled by the gate voltage. Indeed, the conductance
GS = 1/RS increases with VG (Fig. 1a, inset), and so does the
coupling. Region I is therefore the low coupling regime with
a single transition (BX = BC), whereas region II refers to the

high coupling one with two transitions (BC > BX). In the latter
case, BX is the critical field for the puddle transition and BC the
one for the whole array: as a consequence Tc scales with BC as
observed experimentally.

The model described in ref. 17 develops a full analysis of the
long-range coupling between puddles. It introduces the concept of
an optimal puddle17 to account for the statistical distribution of
puddle sizes, and shows that the criticalmagnetic fieldBC scales with
the coupling parameter G2DEG. At low conductance, BC ∝ G2DEG,
whereas at high conductance, BC ∝ G1/4

2DEG. To test the model in
more detail, we plotted the critical field BC as a function of the
conductance GS on a log-scale in Fig. 4c. The data are in good
agreement with the theory. Not only can the two regimes be clearly
identified, but also the values of the slopes correspond to the
calculated one. This is a strong indication that themodel of ref. 17 is
a good representation of the physics involved in these experiments.

On this basis, we can now analyse the QPT, remembering that
the thermal dephasing length behaves as LΦ ∼ T−1/z (z = 1 here).
A schematic illustrating the situation is shown in Fig. 5a. Let us
first focus on region II as defined in Fig. 4. At high temperature,
the phase dephasing length LΦ is smaller than the superconducting
puddle size Ld, and the intra-puddle physics dominates. The critical
field BX corresponds to the dephasing field Bd on a puddle of
size Ld (Bd ∼Φ0/L2d, where Φ0 is the flux quantum)17,18, and does
not depend on the microscopic parameters of the system tuned
by VG. This is why it is constant as a function of VG (BX = Bd)
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Figure 5 | Sketch of the role of mesoscopic disorder on the QPT and phase diagrams. a, The dephasing length LΦ diverges with decreasing temperature,

and reaches the size of the superconducting puddles Ld at Td. The insets show a piece of material in the two regimes. At high temperature (bottom),

LΦ < Ld and the system is in the clean limit, whereas at low temperature (top), LΦ > Ld, and the system is in the dirty limit. In this drawing, superconducting

puddles (blue) are coupled through a 2DEG (yellow). The arrows symbolize the local phase of the superconductor. b, Phase diagram in the B–T plane for

VG = +80V. The derivative ∂R/∂T is plotted as a colour scale (blue for negative values, orange for positive ones and white around 0), as a function of the

magnetic field B and the temperature T (log scale). The two critical fields BX and BC are reported, together with the different phases: WLM refers to weakly

localizing metal, puddle SC to the region where complete superconductivity within the puddles can be observed, array SC where the whole array is

superconducting. c, Phase diagram in the B–T plane for VG = −15V. A single critical field BC is observed corresponding to the transition of the whole array.

as shown in Fig. 4a. From the value of Bd, we can estimate Ld to
be of the order of 100 nm. As LΦ < Ld, the system is in the clean
limit, and zν ∼ 2/3< 1 (Fig. 4b). When lowering the temperature,
LΦ crosses Ld at Td, and the whole array undergoes the transition
with a critical field BC. In that case, phase fluctuations extend over
wide disordered regions and the dirty (2+1)D XY model applies
as expected from the Harris criterion (zν > 1 as shown in Fig. 4b).
In region I, only the array exhibits a transition with a single critical
field BC. However, as the temperature is lowered, LΦ also crosses Ld,
and we therefore observe a transition from a clean (zν = 2/3< 1)
to a dirty (zν > 1) (2+1)D XY limit. At this point, it is worthwhile
mentioning that, strictly speaking, the transition at BC is the only
trueQPT, because the scaling holds down to the lowest temperature.
However, at sufficiently high temperature, the transition at BX
exhibits fluctuations corresponding also to a real QPT that is never
reached. Indeed, the diverging dephasing length crosses Ld, which
acts as a cutoff length for the intra-puddle physics. BX is therefore a
crossover field17 marking the change of quantumcritical behaviour.

Such an analysis reveals that the tunable LaTiO3/SrTiO3 epitaxial
interface is a unique system to study the superconducting QPT in
two dimensions, which is well described by the (2+1)D XY model
as expected. The role of disorder on the critical exponents is clearly
evidenced, together with the possibility of observing multiple phase
transitions as previously proposed theoretically16–18.

Our study sheds light on the critical role of superfluid density
fluctuations and intrinsic inhomogeneities when approaching
the phase transition. A traditional view of the QPT in 2D
superconductors is based on the so-called fermionic scenario44,
where superconductivity disappears because Cooper pairs are
destroyed, as opposed to the dirty boson scenario29, where they
localize and form an insulator. In the latter case, phase fluctuations
dominate and the QPT takes place for critical resistances RC
close to the quantum resistance RQ = h/4e2 � 6.5 k��−1 and
ν > 1. Experiments reveal that the situation is more complex15, in
particular when inhomogeneities play a role19. Ref. 39 compiled
experimental results in the literature and clearly evidenced two
behaviours: the QPT separates a superconducting phase from a
weakly localizing metal in the less disordered systems (RC ≤ RQ),
and from an insulator in strongly disordered materials (RC ∼ RQ).
Our data (0.04 ≤ (RC/RQ) ≤ 0.4) fully agree with this picture,

and the non-superconducting phase is indeed always a weakly
localizing metal. New theoretical scenarios emerged16–18 based on
superconducting puddles in a 2D metal, where phase fluctuations
play a crucial role (the XY model applies), compatible with critical
resistances lower than RQ, and leading to new phase diagrams. Our
results show the relevance of this approach. Moreover, we evidence
that the phase diagram is not universal, because it can be changed
by the gate voltage, as shown in Fig. 5b,c, which presents the B–T
phase diagrams corresponding to VG = +80V and VG = −15V,
respectively. In contrast, the critical exponent for high-temperature
scaling ν ∼ 2/3 always corresponds to the clean (2 + 1)D XY ,
showing that the transition is driven by phase fluctuations in a 2D
superconductor. The low-temperature value of ν is always greater
than 1, indicating that disorder ultimately controls the QPT. If
its value is close to zν = 3/2 in most of the phase diagram, the
limited range of temperature for the FFS analysis prevents one
from drawing strong conclusions. One cannot exclude that the
universality class refers to classical percolation (ν = 4/3) between
superconducting puddles. Quantum percolation (ν = 7/3) could
also take place in some part of the phase diagram (see ref. 39 for
a discussion on this point for example). More work is needed to
clarify this important point.

We have showed that the superconducting 2DEG at the
LaTiO3/SrTiO3 interface undergoes a QPT from a superconductor
to a weakly localizing metal on applying a perpendicular magnetic
field, driven by phase fluctuations and well described by the
(2+ 1)D XY model, as expected. By tuning the gate voltage, it
is possible to explore the clean and dirty regimes according to
the Harris criterion, with a critical exponents product zν = 2/3
in the former case, in agreement with previous evaluations in
the parent system LaAlO3/SrTiO3 (refs 11,45), and greater than 1
otherwise. The system is well described by a disordered array of
superconducting puddles coupled by a 2DEG, which can exhibit
two critical behaviours, one related to regional or local ordering,
and another one corresponding to long-range phase coherence, as
proposed theoretically16–18. The key parameter, that is, the coupling
constant (the 2DEG conductance), can be tuned at will to explore
the phase diagram of the system. This is important in the context
of recent studies of strongly disordered 2D superconductors where
intrinsic inhomogeneities appear at mesoscopic scales17,46,47, with
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as shown in Fig. 4a. From the value of Bd, we can estimate Ld to
be of the order of 100 nm. As LΦ < Ld, the system is in the clean
limit, and zν ∼ 2/3< 1 (Fig. 4b). When lowering the temperature,
LΦ crosses Ld at Td, and the whole array undergoes the transition
with a critical field BC. In that case, phase fluctuations extend over
wide disordered regions and the dirty (2+1)D XY model applies
as expected from the Harris criterion (zν > 1 as shown in Fig. 4b).
In region I, only the array exhibits a transition with a single critical
field BC. However, as the temperature is lowered, LΦ also crosses Ld,
and we therefore observe a transition from a clean (zν = 2/3< 1)
to a dirty (zν > 1) (2+1)D XY limit. At this point, it is worthwhile
mentioning that, strictly speaking, the transition at BC is the only
trueQPT, because the scaling holds down to the lowest temperature.
However, at sufficiently high temperature, the transition at BX
exhibits fluctuations corresponding also to a real QPT that is never
reached. Indeed, the diverging dephasing length crosses Ld, which
acts as a cutoff length for the intra-puddle physics. BX is therefore a
crossover field17 marking the change of quantumcritical behaviour.

Such an analysis reveals that the tunable LaTiO3/SrTiO3 epitaxial
interface is a unique system to study the superconducting QPT in
two dimensions, which is well described by the (2+1)D XY model
as expected. The role of disorder on the critical exponents is clearly
evidenced, together with the possibility of observing multiple phase
transitions as previously proposed theoretically16–18.

Our study sheds light on the critical role of superfluid density
fluctuations and intrinsic inhomogeneities when approaching
the phase transition. A traditional view of the QPT in 2D
superconductors is based on the so-called fermionic scenario44,
where superconductivity disappears because Cooper pairs are
destroyed, as opposed to the dirty boson scenario29, where they
localize and form an insulator. In the latter case, phase fluctuations
dominate and the QPT takes place for critical resistances RC
close to the quantum resistance RQ = h/4e2 � 6.5 k��−1 and
ν > 1. Experiments reveal that the situation is more complex15, in
particular when inhomogeneities play a role19. Ref. 39 compiled
experimental results in the literature and clearly evidenced two
behaviours: the QPT separates a superconducting phase from a
weakly localizing metal in the less disordered systems (RC ≤ RQ),
and from an insulator in strongly disordered materials (RC ∼ RQ).
Our data (0.04 ≤ (RC/RQ) ≤ 0.4) fully agree with this picture,

and the non-superconducting phase is indeed always a weakly
localizing metal. New theoretical scenarios emerged16–18 based on
superconducting puddles in a 2D metal, where phase fluctuations
play a crucial role (the XY model applies), compatible with critical
resistances lower than RQ, and leading to new phase diagrams. Our
results show the relevance of this approach. Moreover, we evidence
that the phase diagram is not universal, because it can be changed
by the gate voltage, as shown in Fig. 5b,c, which presents the B–T
phase diagrams corresponding to VG = +80V and VG = −15V,
respectively. In contrast, the critical exponent for high-temperature
scaling ν ∼ 2/3 always corresponds to the clean (2 + 1)D XY ,
showing that the transition is driven by phase fluctuations in a 2D
superconductor. The low-temperature value of ν is always greater
than 1, indicating that disorder ultimately controls the QPT. If
its value is close to zν = 3/2 in most of the phase diagram, the
limited range of temperature for the FFS analysis prevents one
from drawing strong conclusions. One cannot exclude that the
universality class refers to classical percolation (ν = 4/3) between
superconducting puddles. Quantum percolation (ν = 7/3) could
also take place in some part of the phase diagram (see ref. 39 for
a discussion on this point for example). More work is needed to
clarify this important point.

We have showed that the superconducting 2DEG at the
LaTiO3/SrTiO3 interface undergoes a QPT from a superconductor
to a weakly localizing metal on applying a perpendicular magnetic
field, driven by phase fluctuations and well described by the
(2+ 1)D XY model, as expected. By tuning the gate voltage, it
is possible to explore the clean and dirty regimes according to
the Harris criterion, with a critical exponents product zν = 2/3
in the former case, in agreement with previous evaluations in
the parent system LaAlO3/SrTiO3 (refs 11,45), and greater than 1
otherwise. The system is well described by a disordered array of
superconducting puddles coupled by a 2DEG, which can exhibit
two critical behaviours, one related to regional or local ordering,
and another one corresponding to long-range phase coherence, as
proposed theoretically16–18. The key parameter, that is, the coupling
constant (the 2DEG conductance), can be tuned at will to explore
the phase diagram of the system. This is important in the context
of recent studies of strongly disordered 2D superconductors where
intrinsic inhomogeneities appear at mesoscopic scales17,46,47, with
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A mechanism for electron inhomogeneity
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Sizable RSOC + density dependent electric field ⇒ EPS
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A mechanism for electron inhomogeneity

Electronic Phase Separation
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Model for a 2DEG with density dependent RSOC

2DEG with sub-bands (� = 1, 2, 3, ..., e.g., t2g bands of Ti: dxy
and dxz, dyz) and RSOC:
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Model for a 2DEG with density dependent RSOC
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g ∝ δn.

� Ez
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while n0 ∼ δn ≈ 5× 1012 cm−2.

� Density dependent RSOC ⇒ non-rigid
band structure ⇒ EPS signaled by a
negative compressibility:
∂µ

∂n
< 0 ⇒ Maxwell construction.
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Electronic phase separation

SC, et al., PRL 109, 196401 (2012).
D. Bucheli, ..., SC, PRB 89, 195448 (2014).
αMAX ≈ 10−11 eVm
[cfr. A. D. Caviglia, et al., PRL 104, 126803 (2010)]

Effect of gate voltage Vg at T = 0.
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Electronic phase separation

SC, et al., PRL 109, 196401 (2012).
D. Bucheli, ..., SC, PRB 89, 195448 (2014).
αMAX ≈ 10−11 eVm
[cfr. A. D. Caviglia, et al., PRL 104, 126803 (2010)]

Thermal smoothening at T > 0: δµ ∼ κBT .
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Electronic phase separation

SC, et al., PRL 109, 196401 (2012).
D. Bucheli, ..., SC, PRB 89, 195448 (2014).
αMAX ≈ 10−11 eVm
[cfr. A. D. Caviglia, et al., PRL 104, 126803 (2010)]
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Effect of a magnetic field B parallel to the interface

(Zeeman coupling, NO orbital effects).
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Effect of a magnetic field B parallel to the interface

(Zeeman coupling, NO orbital effects).
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Effect of a magnetic field B parallel to the interface

(Zeeman coupling, NO orbital effects).

T = 0: LINE OF QUANTUM CRITICAL POINTS
in the B vs. Vg plane
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Conclusions and perspectives

� Compelling evidence of inhomogeneity at oxide interface
� EMT for multi-carrier Hall effect

• SC, et al., SUST 28, 014002 (2015)
� RSOC-based mechanism for electron inhomogeneity
� Effect of electron-electron interaction, local impurities,

coupling to phonons, ... (F. Finocchiaro)
� Interplay with superconductivity (F. Finocchiaro)
� Lateral extension of the 2DEG

(self-consistent potential well) (N. Scopigno)
� Perpendicular magnetic field (orbital effects included)⇒

inhomogeneous QHE (N. Bovenzi)
� Tuning of superconductivity and RSOC with TOP gating

• S. Hurand, ..., SC, ..., arXiv:1503.00967 (2015)
� SHE (with G. Seibold, M. Grilli, and R. Raimondi)
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