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After half a century of debate, superconductivity in doped SrTiO; has come to the fore again with the discovery
of interfacial superconductivity in the LaAlOs /SrTiO; heterostructures. While these interfaces share the inter-
esting properties of bulk SrTiO; , quantum confinement generates a complex band structure involving bands with
different orbital symmetries whose occupancy is tunable by electrostating doping. Multigap superconductivity
has been predicted to emerge in LaAlO; /SrTiO; at large doping, with a Bose-Einstein condensation character
at the Lifshtiz transition. In this article, we report on the measurement of the upper critical magnetic field He,
of superconducting (110)-oriented LaAlO3 /SrTiOs heterostructures and evidence a two-gap superconducting
regime at high doping. Our results are quantitatively explained by a theoretical model based on the formation of
an unconventional s.-wave superconducting state with a repulsive coupling between the two condensates.
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I. INTRODUCTION

In a superconductor, the formation of Cooper pairs involv-
ing two electrons in a spin-singlet state (k 1,-k |), opens a
gap in the excitation spectrum. When several bands cross the
Fermi level, multigap superconductivity can take place and
favor exotic superconducting orders that have no equivalent
in a single-band picture. For instance, the s.-wave supercon-
ducting state, characterized by a w phase difference between
two superconducting order parameters is realized in iron-
based superconductors [1-3]. In two-band superconductors,
the constraint on the spin state is also lifted and spin-triplet
s-wave superconductivity was predicted in the presence of
strong Rashba spin-orbit coupling [4], leading to topological
superconductivity in some cases [5]. Over the last decades,
an increasing number of materials (e.g., MgB, [6], iron-
based superconductors [7-10], and heavy fermions [11,12])
were found to be multiband superconductors, providing fertile
ground to test theoretical predictions beyond conventional
superconductivity.

In this context, n-doped-SrTiO3 , the first oxide super-
conductor to be discovered, can be regarded as a singular
case [13]. Depending on the electron density, one, two, or
three bands can be filled while superconductivity extends
over more than three orders of magnitude in carrier concen-
tration [14]. In 1980, Binnig et al. reported a double-gap
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structure in Nb-doped bulk SrTiO; for a carrier density n3p =~
5 x 10" cm~3 [15]. However, while multiband occupancy in
SrTiO;3 is now firmly established experimentally [14], recent
tunneling spectroscopy and microwave conductivity measure-
ments were consistent with single-gap superconductivity, in
apparent contradiction to the seminal experiment [16,17].
Half a century after its discovery, the origin of supercon-
ductivity in SrTiO; is still a matter of intense debate. The
recent development of superconducting heterostructures, such
as LaAlO3 /SrTiO; [18] or LaTiO3 /SrTiO3 [19], has renewed
interest in this material and triggered important efforts to
elucidate the pairing mechanism behind the superconductiv-
ity [20-22].

In oxide interfaces, electrons are trapped in a quantum well
that extends into SrTiO3; and form a two-dimensional electron
gas (2-DEG). They occupy a set of two-dimensional (2D)
subbands resulting from the splitting of Ti #,, bands [23-26].
With respect to the bulk material case, crystal orienta-
tion [27-30] and electrostatic gating [31-33] offer extra
degrees of freedom to explore multiband superconductivity in
SrTiO3 -based 2-DEG. Here, we study the temperature depen-
dence of the upper critical field H.,(T") of the (110)-oriented
LaAlO; /SrTiOj; interface as a function of gate-tunable car-
rier density. Depending on doping, we observe two distinct
behaviors that, consistent with the Hall effect, correspond to
single-gap and two-gap superconductivity. A two-band super-
conductivity model based on the diffusive Usadel equations is
used to fit experimental data, extract the superconducting gaps
and the coupling parameters for both bands. Surprisingly, the
superconducting critical temperature 7; is suppressed at the
transition between the two regimes. We ascribe this behavior
to a pair-breaking interband scattering in the presence of a

©2022 American Physical Society
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FIG. 1. Sketch of the band structure in the quantum well of
(a) (110)-oriented LaAlO; /SrTiO; oxide interfaces at low doping
for Vg < 0 and (b) high doping for V; > 0. The sketches show the
confinement energy E. in SrTiO; as a function of the distance to the
interface d, the Fermi energy (Er) and the position of the different t,,
bands at the I" point. Insets show the Fermi contours in the [k, ([001]),
ky([1-10])] plane. Hall resistance (opened symbols) as a function of
magnetic field measured at (¢c) Vg = —100V and (d) Vg = +100 V.
The black full line is a linear fit of the low field Hall resistance.
(d) Sheet resistance normalized by its value R, at T = 0.45 K in color
scale as a function of Vi and T (right axis). The black dashed line
corresponds to T (right axis) which is defined as 80% of R,. Carrier
density in the d; . (n;)y;) and dy, (n,, multiplied by a factor of 10)
bands, and total carrier density (n,p), extracted from the Hall effect
and the gate capacitance measurements with a two-carrier model
(Appendix A), plotted as a function of Vi at T = 3 K (left axis).

repulsive coupling between the two condensates [34,35] and
derive a model for s.-wave superconductivity in the presence
of disorder that quantitatively explains our results. Finally, we
discuss the signature of a Bose-Einstein condensation (BEC)
in the vicinity of the Lifshitz transition.

II. SUPERCONDUCTING PHASE DIAGRAM AND
HALL EFFECT

The samples considered here were obtained by pulsed laser
deposition of ten-monolayers-thick LaAlO3 films on (110)-
oriented SrTiOj substrates [27,33]. Figures 1(a) and 1(b) show
a sketch of the band structure inside the interfacial quantum

well and the associated Fermi contours for two different val-
ues of electrostatic doping [27]. In this crystal orientation, the
band hierarchy is reversed with respect to the conventional
(001)-orientation: at the I' point, the d,, band has higher en-
ergy than the degenerate d,,/,, band [27,33]. After growth, the
LaAlOj /SrTiOj3 structure is mounted on the mixing chamber
plate of a dilution refrigerator and cooled down to 3 K. The
gate voltage Vg is first increased to a maximum value Vi =
4100V, to suppress hysteresis and ensure that transport mea-
surements will be fully reversible in gate voltage [36].

Two transport regimes are clearly identified in the Hall
effect since the two bands have different electronic mo-
bilities [33]. While for negative gate voltages the Hall
resistance Ry, shows a linear variation with magnetic field
[Fig. 1(c)], associated with filling the low-energy degenerate
dy;/y. band, for positive gate voltages, Ry, exhibits a non-
linearity [Fig. 1(d)], which is consistent with the additional
filling of the d,, band. Figure 1(e) shows the gate evolution
of the carrier density in each band, n,./,. and n,,, and the
total carrier density n,p, deduced from a two-carrier analysis
of the Hall effect combined with gate capacitance measure-
ments [37]. The procedure to extract both the mobilities and
the carrier densities is detailed in Appendix A. The d,, band,
which starts to be populated at Vg =~ 0V, accommodates less
than 10% of the total carrier density n,p at maximum doping.
At lower temperature, the 2-DEG undergoes a superconduct-
ing transition to a zero-resistance state in the entire doping
range [Fig. 1(e)]. The superconducting T clearly identifies
two distinct regions in gate voltage: an underdoped (UD)
regime [—120V, 0 V] where T is almost constant and an
overdoped (OD) regime [0 V, +100 V] where a sharp decrease
in 7; is observed. The transition between the two regimes oc-
curs at an optimal doping voltage Véjpt =~ 0V, which suggests
that the OD region is associated with the two-band transport
regime observed by the Hall effect in the normal state.

III. CRITICAL MAGNETIC FIELDS

To investigate multiband superconductivity, we measured
the sheet resistance of the 2-DEG under a magnetic field H
perpendicular to the interface plane for each gate voltage.
Figures 2(a) and 2(b) show examples of the temperature de-
pendence of the sheet resistance R for different critical fields
and two gate voltages: Vg = —100V in the UD regime and
Vo = 460V in the OD one. In the following, we define the
critical magnetic field H,, as the value of H at which the
sheet resistance recovers 80% of the normal state value. Note
that the main conclusions of our analysis are insensitive to
this criterion. Figure 2(c) shows the normalized critical field
hey = Ho(T)/H (T = 0) plotted as a function of the reduced
temperature t = T /T;.. The graph highlights two distinct gate
voltage regimes. In the UD, all curves collapse onto a sin-
gle curve, with a temperature dependence that is consistent
with the Werthamer-Helfand-Hohenberg (WHH) model for
single-gap superconductivity, considering only the orbital pair
breaking [38]. In the OD region, the curvature in the A (7)
curves changes from downward to upward. This is empha-
sized by the sign change in the second derivative of A, that

occurs at ng ~ 0V [Fig. 2(e), inset]. The upward curvature
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FIG. 2. Sheet resistance of the 2-DEG as a function of tem-
perature under constant magnetic field applied perpendicular to the
interface plane for (a) Vg = —100V and (b) V5 = 60 V. Measure-
ments were performed with the current aligned along the (001)
direction. (c) Normalized critical magnetic field h. = Zizz((g)) as a
function of the reduced temperature ¢ = % for different gate volt-
ages. The critical magnetic field H,, is defined as the value of H
for which the sheet resistance recovers 80% of the normal state
value. The black line corresponds to the WHH model for single gap
superconductivity [38]. Inset: "Z’;“ as a function of Vi (left axis) that
emphasizes the change in curvature of 4. (¢) curves in the OD regime
att = 0.7. The critical field extrapolated at 7 = 0 K is shown on the
right axis.

in the OD regime is characteristic of multiband superconduc-
tors, as already discussed in other materials (e.g., MgB, [39]
and Fe-based superconductors [40]) [41]. A similar behav-
ior has sometimes been attributed to the presence of nodes
in the superconducting gap, but this later possibility does
not apply to LaAlO3 /SrTiOj3, for which superfluid stiffness
measurements and tunneling spectroscopy show a nodeless
gap structure [42—44]. This nodeless pairing might seem at
odds with the presence of a substantial spin-orbit interaction
in LaAlOj /SrTiO; interfaces [37,45-47], which is expected
to induce a mixing of singlet-triplet pairing [48]. However,
the triplet pairing necessarily involves a p-wave-like character
of the pair wave function, which is much more sensitive to
disorder than the s-wave component. Since the interfaces in-
vestigated in this work are characterized by moderate/strong
disorder, the triplet component due to spin-orbit coupling will
be substantially suppressed, thereby accounting for the node-
less character of pairing in these systems. In addition, we also

note that, in contrast to the (001)-oriented case, the Rashba
spin-orbit coupling in (110)-oriented LaAlO; /SrTiOz 2-
DEG was found to be rather gate-independent, which is
inconsistent with the sudden change in behavior observed in
our system at optimal doping [33]. We therefore focus our
analysis on the s-wave component only thereby neglecting
the effect of the spin-orbit coupling on the superconducting
phase. The results on the critical magnetic field shown in
Fig. 2(a) are consistent with recent microwave measurements
of superfluid stiffness, which suggest that a single-gap to
two-gap superconductivity transition takes place at optimal
doping [49]. Multiband superconductivity was also predicted
in the conventional (001)-oriented LaAlO; /SrTiOs; het-
erostructures [35,50] whose band structure differs from that
of the present case. However, it remains to be demonstrated
experimentally in this orientation.

We analyzed more quantitatively the h,(T) curves by
following the approach proposed by Gurevich, in which lin-
earized two-band Usadel equations are solved as a function
of both the external magnetic field and the temperature [51].
We introduce the intraband (A11(22)) and interband (A;2021))
dimensionless coupling constants that determine the super-
conducting critical temperature

T. >~ 1.14Tpexp [(Ao — A1 — A22)/2(A11A22 — A12A21)],
ey
where )\-0 = [()\.1] — )\.22)2 + 4)\]2)\21]1/2 and TD is the Debye
temperature. The interband coupling constants must satisfy
the symmetry relation Ao Nj= Ay Na, where Nj(y) is the den-
sity of states in band 1 (band 2). The critical field H., is
obtained numerically as the root of the equation

1 T U 1 r U
ao[ n T + (g)][ n T + (ng)}
T T
+a1|:lnF+U(g)}+a2|:ln?+U(ng)}:0, 2)

where U (x) = W(% +x) — 1//(%), ¥ (x) is the digamma func-
tion, g = H D /2¢0T is the reduced critical magnetic field,
and n=D,/D; is the ratio of the diffusivity in each
band (the subscripts 1 and 2 refer to the dy,y, and dyy
bands, respectively). The coefficients g; are related to the
coupling constants, ayg = 2(A;jAz — Ai2ho1)/re, a1 =1+
()»11 — )»22)/)\.0, and ap = 1-— ()»11 — )»22)/)»0.Th€ supercon-
ducting gaps A are then deduced from the coupling
constants as described in Appendix B.

Experimental data were fitted (solid lines) with Eq. (2),
using the dimensionless coupling constants and the diffusiv-
ities as free parameters. Figure 3 shows the results of the
fitting procedure for a selection of gate voltages spanning both
doping regimes. In the UD regime, we assume that super-
conductivity only takes place in the low energy dy,/y, band,
which is formally equivalent to the WHH model. As seen in
Figs. 3(a) to 3(f), a good agreement between the model and
experimental data is obtained for a coupling constant A;; ~
0.135 [inset Fig. 4(a)]. An almost gate-independent super-
conducting gap Ay,/y, >~ 40 uV is deduced [Fig. 4(a)], whose
value is consistent with tunneling spectroscopy measurements
on (001)-LaAlO3; /SrTiO3; heterostructures of equivalent
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FIG. 3. Normalized critical field h, = H.(T)/H(0) as function
of temperature (symbols) fitted by the solutions of Eq. (2) (full lines)
for a selection of gate voltages spanning both the (a)—(f) UD and
(g)—(1) OD regimes. In panels (a)—(f), corresponding to the single
gap regime, we assume Ay = Ajp = Ay = 0.

T. [44] and superfluid density ones in the (110) orienta-
tion [49]. In the OD regime, the dyy band is also populated and
hey curves are well described by a two-gap model [Figs. 3(g)
to 3(1)]. The coupling constant A,, in the high-energy band is
found to be slightly larger than A [inset Fig. 4(a)], and so is
the second gap associated with Ay compared to [Fig. 4(a)].
In the entire doping regime the average interband coupling
constant A. = +/A2Ao; is much smaller than Aq; and A,,
showing that intraband coupling dominates [Fig. 4(a), inset].
Note that the fitting procedure only gives access to the product
of the interband coupling constants X34, and not to their rel-
ative sign. The experimental values of the coupling constants
determined here are consistent with that previously found in
superfluid density measurements [49].

In Fig. 4(b), we compare the gate dependence of the dif-
fusion coefficients Dy, y, and Dy, obtained from the Usadel
fits to that extracted from a simple two-carrier analysis of the
Hall effect and gate capacitance data (see Appendix B). A
qualitative agreement is observed both in the single-band and
the two-band regime, showing the consistency of the results
between the normal state and the superconducting one. In our
analysis, the suppression of the gap in the two-band regime
is reproduced by introducing an artificial decrease of the in-
traband coupling constants which is not physical [Fig. 4(a)].
As we will see in the following, a more detailed microscopic
model that includes the effect of disorder is needed to fully
explain our data.
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FIG. 4. (a) Evolution of the superconducting gap energies A, ,,
and A,, with gate voltage, extracted from the Usadel fitting proce-
dure of h.(T) [Eq. (2)]. Inset: Intraband coupling constant A2,
(left axis) and average interband coupling constant A, = /A12Az;
(right axis) extracted from the fits. (b) Diffusion constants in the
two bands D, ,. and Dy, extracted from the fits and compared to
the calculation derived from a two-band model analysis of the Hall
effect (Appendix C).

IV. TWO-GAP S.-WAVE SUPERCONDUCTIVITY
DISORDER MODEL

The phase diagram in Fig. 1(e) shows a suppression of su-
perconductivity in the two-gap regime, which is not expected
within a simple Bardeen-Cooper-Schrieffer (BCS) approach
since, at the Lifshitz transition, an increase in the number
of electronic states available should enhance 7.. However,
such weakening of superconductivity was predicted in multi-
band superconductors in the presence of disorder when the
order parameters associated with each superconducting con-
densate have opposite sign because of a repulsive coupling
(A 1221y < 0) [34,35,52]. In this situation, referred to as s.-
wave superconductivity, the suppression of 7; reflects a strong
pair-breaking effect due to interband scattering. To describe
quantitatively our experimental data, we developed a theo-
retical framework based on Golubov and Mazin’s article for
anisotropic multiband superconductors [34]. They showed
that, in the presence of interband scattering, nonmagnetic
impurities have a strong pair-breaking effect when the con-
densates have opposite signs. For s-wave superconductors,
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FIG. 5. Band structure considered in the two-band model. The
solid grey lines show the clean case (no disorder), while the blue
and red symbols show the dirty case for both bands, with an inverse
scattering time 7! = 0.4 meV. The shaded blue area corresponds to
the experimental accessible chemical potential window.

this situation is analogous to single-band d-wave ones, and
T. decreases the same way when the scattering rate is in-
creased. The BCS approach of Ref. [34] focuses on metallic
three-dimensional (3D) systems having bands at half-filling
with a large and constant density of state (DOS). Trevisan
et al. adapted this calculation to oxide interfaces, introducing
their 2D character, and the progressive filling of the bands
by doping [35]. It is worth noticing that when the chemical
potential u reaches the second band upon doping [53], the
energy difference with the bottom of the band is much lower
than the energy of the superconducting glue €2 (the Debye en-
ergy in case of phonon-mediated superconductivity), leading
to strongly coupled Cooper pairs as in the BEC limit.

We propose a realistic model based on the experimentally
determined parameters and the two following ingredients: (i)
we consider that the lower band is in the BCS limit, while
the second one in the BEC one [53]; (ii) we take into account
the broadening of the DOS by disorder in both bands, which
smoothes the BEC character of the second one. A sketch of
the band structure is shown in the inset of Fig. 5. We consider
two bands with constant DOS, N; and N,. Indicating with w;
the thresholds of the two bands with respect to the chemical
potential y, and with A; the top of the two bands, we have
w; = —w, wr =¢— u and A; = L; — p (L; being the top
of the corresponding band), where & is the energy difference
between the bottoms of the two bands. Note that, while the
gate voltage ranges from —120V to +100 V, the correspond-
ing p varies approximately from 50 meV to 95 meV. We take
the Debye frequency 2 = 34.5meV [54] and the ultraviolet
cutoffs Aj, > leV. Then, in the gate voltage range of our
experiments, the first band stays in the BCS regime, while the
second band, even when it starts to be involved in supercon-
ductivity, remains in the BEC regime.

The critical temperature is extracted from the linearized
equation for the superconducting gaps in the presence of dis-
order in the Born approximation ([34])

At _ (A A2\ (A A (A 3)
Ay Ai o A )\Axn AnJ\A)

where
M;; & d§
Aij = keT Z ] 2 2
DetM) J,, @2 + & +hy)

n

v; = Max(—Q, w;), E; = Max(£2, w;), when u < L;, &, and
h,, are calculated self-consistently as

- Dy
wn:a)n+E E fﬂ,jv

j=12
= Y @
n — 4_[ ' gn,],
j=1,2

w, = (2n+ 1)wkgT, are the Matsubara frequencies, f, ; =

1 A, de 1 A _(E+hy)dE
T w; DG+’ gn,j = 7 Jw; @HE+Hm)?? and
1 1
M- 1 — 2o fu 3 Snn
= | | :
whe 1= gfe

For simplicity, in this model we consider a single scattering
time t. Equation (4) displays the disorder-induced self-energy
corrections to the Matsubara frequency and to the band en-
ergy, while the term M/Det(M) in Eq. (3) enforces the
disorder-induced vertex corrections to the coupling constants
A’s.

Finding the zero of the determinant of the homoge-
neous linear problem set by Eq. (3), we obtain T. versus u
and, using the relation n(u, T) = [ de [Ni(¢) + N2(e)] f(¢),
where ﬁl,z(s) are the disorder-broadened DOS and f(¢) =
{exp[(e — w)/kgT] + 1}~ is the Fermi distribution function,
together with the experimental relation np (Vi ), we finally ob-
tain T; versus V. In order to map the chemical potential u into
the gate voltage V;, we have to first calculate the correction
to the DOS due to disorder by solving self-consistently the
following equations:

N O
N, = Im /w e dE=NIME), )

‘C_l e—w,»—E,»
Ei(e):ZEIHE—A,‘—E,"

i

‘L'_l

o= = 6
=i (6)
Then the chemical potential n is mapped into the number of
particles following

n
mw =Y [ M. )

i=1,2Y"

The DOS Ny =1.05x 10°m—2meV~! and N, = 1.3 x
10"°m—2meV~! are taken from angle-resolved photoe-
mission spectroscopy (ARPES) studies on (110)-oriented
SrTiOj crystals [55]. We assume that the interband super-
conducting coupling constants are independent of doping and
take the experimental values Aj; = 0.135 and A, = 0.14 at
the Lifshitz transition. For the interband coupling, we take
M2 = Ao - N /Ny = £A411/10, which leads to a A, a bit larger
than that determined through Usadel fits as expected since
the second band is in the BEC limit (4 and — signs refer
respectively to attractive and repulsive interbank pairing).
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FIG. 6. (a) Calculated 7. normalized to the bare single-band
superconducting critical temperature Ty, in the clean limit, as a
function of the chemical potential p for different scattering rates
=1 in the repulsive interband pairing case (s.). (b) Experimental
(green circles) and calculated superconducting 7 as a function of the
gate voltage Vi both in the case of attractive (black diamonds) and
repulsive (orange diamonds) interband coupling, with the variance
of the chemical potential disorder & = 7meV and ! = 0.4 meV.
Dashed line shows the computed curve in absence of mesoscale
disorder in the s;. scenario (6 = O meV).

The scattering rate 7' is a key ingredient, which first

sets the depairing effect by band mixing and second, makes
the BEC effect more visible. From transport measurements,
we estimate an upper bound value of 7=! = 0.4 meV that we
keep constant (Appendix C). Figure 6(a) shows the evolution
of T, with the chemical potential & in the repulsive case for
different scattering rates, assuming &y ~ 90 meV. The dra-
matic drop of 7. at the Lifshitz transition is enhanced for
increasing 7~!. The “V-shaped” curve is characteristic of the
BEC scenario.

In Fig. 6(b), we compare the experimental data (green sym-
bols) with the gate evolution of 7; calculated in the repulsive
case (dashed line). The two overlap quantitatively up to Vg =~
0V, but the V-shape well is not seen in the data. The agree-
ment between our theoretical results and the experimental data
is further improved considering small fluctuations of the local
chemical potential due to mesoscale disorder at SrTiO3 -based

interfaces as already widely documented [56—61]. We there-
fore consider the average value

_ 1 +o0 ’r_
Tc<u)=;/ du’TC(M/)G(MOM>,

oo

where G is a standard Gaussian distribution, u is the average
value of the chemical potential, and o is its variance. A good
agreement with experimental data is obtained for ¢ = 7 meV
[solid diamonds symbols in Fig. 6(b)]. Unfortunately, this pre-
vents us from clearly seeing the occurrence of the BEC-BCS
cross-over in this system. The very same calculation using
an attractive interband pairing constant cannot reproduce the
experimental data [s-wave case in Fig. 6(b)]. Our analysis
clearly supports a s;-wave multigap superconductivity in the
overdoped regime of (110)-oriented LaAlO3; /SrTiOs inter-
faces.

V. CONCLUSION

In summary, our results demonstrate that multiconden-
sate superconductivity can take place in doped SrTiO; as
suggested by the seminal experiment of Binnig et al.. The
(110)-orientated LaAlO3 /SrTiOj3 interface considered in this
work is an ideal system since its interfacial quantum well
accommodates two bands of rather large DOS, sufficiently
decoupled in the k-space and real space to give rise to an
observable two-gap superconductivity. This is in contrast to
the more conventional (001)-oriented LaAlO; /SrTiOs; for
which experiments are more consistent with single-gap super-
conductivity. In this case, the weak DOS of the low-energy
dyy bands preclude the formation of superconductivity at low
doping and single gap superconductivity only occurs when the
high DOS dy,/y, band is populated. However, a recent work
suggested that the decrease of 7, in the high-doping regime
of (001)-oriented LaAlOs /SrTiO; interfaces could also be
due to the formation of a si-superconducting state when a
high-energy replica of the dyy band starts to be filled [62]. This
is supported by recent experiments on LaAlO3 /SrTiO3 junc-
tions which demonstrated the presence of 7-shift Josephson
channels, consistent with the formation of such a state in this
system [63]. The presence of a repulsive coupling between
the two condensates has strong implications on the possi-
ble origin of superconductivity in SrTiO; , which has been
attributed to a variety of mechanisms, including plasmon-
mediated pairing [22], ferroelectric fluctuations [20,64,65],
and polar optical phonons [21].
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APPENDIX A: TWO-CARRIER ANALYSIS OF HALL
EFFECT AND GATE CAPACITANCE MEASUREMENTS

A two-carrier analysis of Ry, versus field for different gate
voltages Vg gives access to the carrier densities and mobilities
in the entire phase diagram, providing the variation of the total
carrier density in the gate voltage range is known. The gate
evolution of the total carrier density with gate voltage can
be retrieved from the integral of the gate capacitance C(Vg)
[37], as

1
nop(Vg) = npp(Vg = —120V) + —/
eA J_i1ov

c\v)av,

(AD)
where A is the area of the sample and e is the elemen-
tary charge. Here C(Vg) was determined from the complex
impedance measurement of the gate capacitor Z(w) = 17 as
a function of gate Voltage The value nop(Vg = —120V) is
matched to ny,; = ERH - for Vg = —120V in the single-band
regime. In the multiband transport regime (for Vg 2 0 V),
the Hall resistance has been fitted with a two-band model,
Eq. (A2), corresponding to two populations of electrons (den-
Sity ni2), moblhty /1,1(2)),

nlltl + nzﬂ%

R H T+12H? 1+u2H?
Hall = e [ i + o s ]2 + [ ny 2H + nzu.%H ]2 ’
1+utH? 1+u3H? 14+u?H? 14+u3H?

(A2)
where n; + ny = nop. The results of the ﬁtting procedure are
shown in Fig. 7 (densities only). For Vg 2 0V, the majority of
electrons has a low mobility ppy ~ 100 cm2 /(V x s). These
electrons are associated to the dy, y, band. A second popula-
tion of high-mobility electrons (uyn) representing less than
10% of the total carrier density emerges around Vg >~ 0V and
is associated to the higher-energy dy, band.

APPENDIX B: SUPERCONDUCTING GAP CALCULATION

For a two-gap superconductor, the gaps A,—;, can
be deduced from the coupling constants by solving self-
consistently the two following equations [66]:

Av= )" kA, ( —|—ln——A>

n=1,2

= 1 - 9
n + = A 2 1 2
n=0 2 \/(2nk’;T) +(n+7)
2(A1iron—A1nAa1) ]
AMit+Ain— \/(111}»27)2-"-4)»12)01
critical temperature is given by 7, >~ 1.147p exp(— 7)

BI)

(B2)

where A =

The superconducting
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FIG. 7. (a) Gate voltage dependence of the carrier density of
the low-mobility npy and high-mobility ngy population of electrons
extracted from the two-carrier analysis of the Hall effect at 7 = 3 K.
Red circles indicate the Hall carrier density measured in the limit
of zero-magnetic field, ny, (B — 0), which only gives the correct
electron density in the single band regime, i.e., for V5 < 0V. The
total carrier density of the 2-DEG n,p was obtained by integration
of the gate capacitance and by matching it to ny,; in the one-band
regime [Eq. (8)]. (b) Mobility of the less mobile carriers 111y and the
more mobile ones uyy as a function of the gate voltage.

APPENDIX C: DIFFUSION CONSTANTS

In Fig. 4(b) of the article, we show the evolution of the
diffusion constants Dy = Dx,/y, and D, = D,y with gate volt-
age extracted from the Usadel fits of H.,(T) curves, Eq. (2).
While Dy,/y, only weakly evolves with gate voltage, Dyy
strongly increases in the two-band regime as already noticed
in the gate dependence of the mobility. Using the two-band
model presented above we extracted the carrier density and
scattering time associated with each band in a simple Drude
picture and evaluated the corresponding diffusion constant
Dy = %”1%1(2)771(2) (subscripts 1 and 2 refer to the dx, y, and
dyy bands, respectively). 71, = ém’bu],z is the Drude elastic
time. Assuming parabolic bands the Fermi velocity is given by
fke12 where kp12 = /2mny 5 is the Fermi wave vector.

] 2

As seen in Fig. 3(b) of the main text, the diffusion constants
calculated with this crude approach reproduces qualitatively
that extracted from Usadel fits, in particular, the strong in-
crease of Dy, with gate voltage, taking in-plane effectives

VF1,2 =
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masses mj ~ 2 and mj ~ 3. Theses values are reasonably
consistent with data in the literature [55]. From these data, we
can compute the scattering rates 7, U and 7, ! corresponding
to the above-mentioned diffusion constants D; and D,. In
the single-band regime, rl_ll can be unambiguously calculated
(ry I = 1:1’11). In the two-band regime, the situation is more
complex with intraband 15%22) and interband 7172%21) scattering
rates. The diffusion constants we can extract from the Usadel
fits of the data are combinations of these individual scattering
rates. Given the additivity of the scattering rates, we know that

individual scattering rates are smaller than the rl._l (i=12)
we extracted from the Usadel fit. For instance, in the second
band, 7,,' < 7, 'and 7, < 7,'. The most relevant scattering
rate is the interband one (11_2') that mainly controls the depair-
ing effect. We can estimate its maximum value by taking the
minimum value of 7, '. The highest diffusion constant value
reported in Fig. 4(b) of the article is ~5cm?/Vs~!, corre-
sponding to the scattering rate expressed in scattering energy
7, ' ~0.4meV.Asa consequence, this is the maximum value
of rl_zl and in our model we will take 7~! = 0.4 meV.
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