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The two-dimensional electron gas at the LaTiO3/SrTiO3 or LaAlO3/SrTiO3 oxide interfaces becomes

superconducting when the carrier density is tuned by gating. The measured resistance and superfluid density reveal

an inhomogeneous superconductivity resulting from percolation of filamentary structures of superconducting

“puddles” with randomly distributed critical temperatures, embedded in a nonsuperconducting matrix. Following

the evidence that superconductivity is related to the appearance of high-mobility carriers, we model intrapuddle

superconductivity by a multiband system within a weak coupling BCS scheme. The microscopic parameters,

extracted by fitting the transport data with a percolative model, yield a consistent description of the dependence

of the average intrapuddle critical temperature and superfluid density on the carrier density.
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The discovery of superconductivity in the two-dimensional

electron gas (2DEG) formed at certain oxide interfaces such as

LaAlO3/SrTiO3 (LAO/STO) or LaTiO3/SrTiO3 (LTO/STO)1–4

has attracted great interest and stimulated intense research. The

possibility of tuning the carrier density by means of electro-

static gating in these extremely two-dimensional superconduc-

tors (the Fermi wavelength being smaller than the thickness of

the gas4) opens new opportunities to study fundamental issues

in quantum fluids.5 These 2DEGs are rich quantum matter

systems displaying magnetism6–11 and strong tunable spin-

orbit coupling.12,13 Recent magnetotransport measurements

revealed the existence of two kinds of carriers in LTO/STO,

with high and low mobility respectively.4 It has been suggested

that superconductivity is related to the appearance of the

high-mobility carriers4,14 with an inhomogeneous character,

i.e., superconducting “puddles” embedded in a (weakly lo-

calizing) metallic background.5 Direct superfluid density11

and magnetic7 measurements detect strong inhomogeneity at

micrometric scales. Recent current distribution15 and surface

potential studies16 reveal striped structures at these interfaces.

Given all these evidences for inhomogeneities, one has first to

analyze the role of disorder. Our aim is, on the one hand,

to infer a more detailed structure of the inhomogeneous

state and, on the other hand, to provide a description for

superconductivity in an inhomogeneous system with different

kinds of carriers. We first show that resistance measurements4

and the topographic mapping of the superfluid density at

micrometric scale11 can be phenomenologically accounted

for within a scheme of a percolative inhomogeneous 2DEG

with poor long-distance connectivity, but substantial super-

conducting (SC) current loops to warrant a high fraction of

diamagnetic response. We then show that the properties of the

SC puddles (e.g., their fraction, and critical temperatures) can

be extracted from experiments and used within a microscopic

model for intrapuddle multicarrier pairing, gaining insight

about the pairing mechanism. Although some features of

the diamagnetic response are seemingly related to strong

SC coupling,11 we show that inhomogeneities and multiband

superconductivity fully account for the behavior of these

systems within a standard weak coupling BCS scheme.

Sheet resistance. We have recently shown that the percola-

tive SC transition in inhomogeneous systems, such as the oxide

interfaces, is well described by the effective medium theory

(EMT).17 For samples exhibiting a resistance drop due to

superconductivity, the measured sheet resistance of LTO/STO

is well fitted by the EMT with a SC fraction w < 1 (the SC

puddles). Each puddle has a random local critical temperature

Tc, which we assume to have a Gaussian distribution, with

mean T c and width γ . The weight w of the Tc distribution

represents the fraction of SC puddles and the non-SC fraction

1 − w represents the metallic background (see Ref. 17 for

details). The sheet resistance at temperature T is

R(T ) = R∞
[

w erf

(

T − T c√
2γ

)

+ 1 − w

]

,

with fitting parameters R∞ (high-temperature sheet resis-

tance), w, T c, and γ . The percolative SC transition, marked

by a vanishing R, takes place at a temperature Tp � T c, such

that

erf

(

Tp − T c√
2γ

)

= 1 −
1

w
(1)

This equation has a solution for Tp only if w � 1
2
, i.e., if the SC

fraction can percolate in the two-dimensional system. When

Tp is negative or not defined, the system remains resistive

down to T = 0, although a significant reduction of R(T ) may

still occur, witnessing the presence of a sizable (though not

percolating) SC fraction.

Figure 1(a) reports the measured sheet resistance as a

function of T already reported in Ref. 4 for various values

of the gate voltage Vg in a LTO/STO sample, and the fitting
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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 γ 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 ω. We model the metallic regions with a

Drude-like complex conductivity σN (ω) = B/(A + iω) and

the SC regions with a purely reactive conductivity σS(ω) =
B/(iω). We define ρS(ω) = 1/σS(ω) = iω/B and ρN (ω) =
1/σN (ω) = ρ0 + ρS(ω), with ρ0 = A/B. At high temperature,

the system is metallic and ρ(ω) = 1/σ (ω) = ρN (ω) every-

where. However, within the SC puddles, ρ0 vanishes as soon

as the local critical temperature is reached. The solution of the

EMT equation, neglecting higher frequency terms ∼ ω2, is

ρ(ω) ≈ ρ0(wN − wS)ϑ(wN − wS) +
ρS(ω)

|wN − wS |
,

where ϑ(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

σ (ω) =
1

ρ(ω)
=

A(wS − wN )

iω
.

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√
2γ

)

= w

[

erf

(

Tp − T c√
2γ

)

− erf

(

T − T c√
2γ

)]

.

(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 γ 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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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 γ of the Tc distribution. Despite the differences in

material and physical quantities, γ has a similar behavior to the

γ 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 γ of the

Gaussian distribution of Tc obtained within the tree model

(diamonds). One can see that γ 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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be triggered by the presence of the HMC. A similar behavior

seems to occur in LAO/STO.26 We recall that the 2DEG

formed at the oxide interface may be described as a multiband

system,4,27–31 arising from the electronic confinement in the z

direction perpendicular to the interface (see inset in Fig. 3).

Thus the LMCs occupy lower states in the multilevel structure

and their more marked two-dimensional character accounts

for their lower mobility. On the other hand the carriers

occupying the higher sub-bands are less confined along z and

more mobile. According to this scenario the occurrence of

superconductivity may be captured by means of a multiband

BCS-like Hamiltonian18: We represent the whole set of low-

lying bands with one single sub-band [εℓ(kx,ky,) with ℓ = 1]

collecting all the LMC with vanishingly small Tc, while the

occupation by HMC of the upper sub-band(s) εℓ(kx,ky,) with

ℓ = 2 gives rise to a finite Tc. This scenario can now be

related to the inhomogeneous structure of the system on the

xy interface by assuming that the SC puddles are regions

where the sub-band ℓ = 2 is locally filled, whereas the (weakly

localized) metallic background corresponds to regions where

the sub-band ℓ = 2 is empty.

To reproduce the experimental results, we are led to a

suitable choice of the pairing amplitudes gℓℓ′ (intraband for

ℓ = ℓ′, interband, for ℓ �= ℓ′): g11 ≪ (g12,g21) ≪ g22 (this

condition is consistent with the analysis of a two-band model

in Ref. 32). According to the standard BCS approach, the

pairing amplitudes are only effective in a window |εℓ(k) −
μ|,|εℓ′(k′) − μ| � h̄ω0, where ω0 is a characteristic frequency

of the pairing mediator and μ is the chemical potential.

We assume that the bottoms of the two sub-bands are well

separated, ε̄2 − ε̄1 ≫ h̄ω0, and take ε̄2 = 0 as the reference

energy level.

While more general (though standard) expressions are

derived in the Supplemental Material,18 here we only report

the expressions obtained for g11 = g12 = g21 = 0, so that

the system is not SC until the carrier density reaches the

value such that μ = 0. For 0 < μ < h̄ω0, Tc increases with

increasing μ

Tc ≈ 1.14
√

h̄ω0μ e−1/λ2 ,

where we merged into the single dimensionless coupling

λ2 ≡ N0
2 g22 the intraband g22 coupling and the density of states

N0
2 of ε2(k). For μ > h̄ω0, Tc saturates to its maximum (BCS)

value T max
c ≈ 1.14 h̄ω0 e−1/λ2 . Thus, Tc(μ) ≃ 0, for μ < 0,

Tc(μ) = T max
c

√
μ/h̄ω0, for 0 � μ � h̄ω0, Tc(μ) = T max

c , for

μ � h̄ω0, and the range of variation of μ, which corresponds

to an increasing Tc is a direct measure of the characteristic

energy scale of the pairing mediator, h̄ω0.

We now proceed to fit the curve T c(Vg) extracted from the

experimental data by means of EMT, with our theoretical curve

Tc(μ). The relation between Vg and μ is only approximately

linear and its determination is described in detail in the

Supplemental Material.18 The resulting critical temperature

for various values of Vg is reported in Fig. 3 (blue dashed

line and crosses). From the fit, we finally obtain the di-

mensionless coupling constant λ2 ≈ 0.25 (which, consistently

with our assumption, is in the weak coupling regime) and

h̄ω0 ≈ 23 meV, which is the typical energy of phonons in

STO.33

In conclusion, we describe superconductivity in LAO/STO

and LTO/STO oxide interfaces within a scenario in which SC

puddles form a percolating network. In this framework, the

sheet resistance of LTO/STO interfaces is very well described

by EMT or by a tree model of RRN for an inhomogeneous

2DEG with a substantial filamentary character. Fitting the

experiments, we are able to extract the random distribution

of Tc at various carrier densities (or Vg). A similar approach

is also adopted to fit the micrometrically averaged superfluid

density in LAO/STO.11 Assuming an effective two-band model

with superconductivity triggered by the presence of few

high-mobility carriers in a higher band, we account for the

density dependence of the intrapuddle Tc within a simple BCS

weak coupling scheme. As an important byproduct, we find

that the range of variation in Vg of the (average) intrapuddle Tc

is directly related (via the chemical potential μ) to the typical

energy scale of the pairing mediator h̄ω0, compatible with

phonon-mediated superconductivity.
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Phys. Rev. B 87, 014510 (2013).
33C. S. Koonce, M. L. Cohen, J. F. Schooley, W. R. Hosler, and E. R.

Pfeiffer, Phys. Rev. 163, 380 (1967).

020504-5


