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Correlation between superconductivity, band filling, and electron confinement
at the LaAlO;/SrTiO; interface
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By combined top- and backgating, we explore the correlation of superconductivity with band filling and electron
confinement at the LaAlO5/SrTiO; interface. We find that the top- and backgate voltages have distinctly different
effects on the superconducting critical temperature, implying that the confining potential well has a profound
effect on superconductivity. We investigate the origin of this behavior by comparing the gate dependence of T.
to the corresponding evolution of the band filling with gate voltage. For several backgate voltages, we observe
maximum 7, to consistently coincide with a kink in tuning the band filling for high topgate voltage. Self-consistent
Schrodinger-Poisson calculations relate this kink to a Lifshitz transition of the second d., subband. These results
establish a major role for confinement-induced subbands in the phase diagram of SrTiO; surface states, and

establish gating as a means to control the relative energy of these states.
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Electron-doped strontium titanate (SrTiO3) is the first oxide
and the first semiconductor reported to become superconduct-
ing [1], stimulating many research efforts to understand and
utilize this superconductivity. Bulk SrTiO3 can be doped either
through reduction by formation of oxygen vacancies [1], or by
cation substitution [2,3]. With a maximum superconducting
critical temperature 7, around 400 mK, bulk SrTiO3 supercon-
ductivity persists down to carrier densities as low as 107 cm 3
[4,5]. Besides by bulk doping, superconductivity has also
been achieved in the quasi-two-dimensional electron system
(q-2DES) formed at the surface of stoichiometric SrTiO3, by
either ionic-liquid gating [6] or by deposition of a selected
overlayer such as LaAlOj3 [7].

In these surface states, superconductivity is two -
dimensional with an in-plane superconducting coherence
length of ~50 nm and a thickness of ~10 nm [8]. The superfluid
density is on the order of 10''—10'> cm~2 [9], enabling
electrostatic control of the superconducting state, a major topic
in correlated electron physics [10]. This was demonstrated
almost simultaneously on bare SrTiO3 surfaces by ionic-liquid
gating [6], and at the interface between LaAlO; and SrTiO3
by backgating through the insulating SrTiO3 substrate [11].
Using the LaAlO;3 layer as gate dielectric (topgating), the
latter system was used for metal-oxide-semiconductor field-
effect transistor (MOSFET)-like devices to locally switch
superconductivity [12] and to create devices with different
functionality [13,14].

In many unconventional superconductors, 7, has a domelike
dependence on an externally controlled parameter, for example
hydrostatic pressure [15,16] and doping by chemical [17,18]
or electrostatic [19,20] means. Both in the bulk and in surface
states of SrTiO3, a comparable dependence of 7. on either
chemical or electrostatic doping was revealed [4—6,11], show-
ing similarities to other unconventional superconductors. At
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SrTiO3-based interfaces, the low superfluid density should en-
able exploration of this entire phase diagram using electrostatic
gating.

In such gating experiments, the maximum 7, was reported
to occur at different values for the carrier density n,p [21-23],
suggesting that n,p is not the sole factor determining the phase
diagram. This led to proposals to base the phase diagram on
the sheet conductivity [24-27], which also does not provide a
universal result. Almost all these experiments were done in a
backgate geometry, whereas topgating has a different effect on
carrier mobility [28—-30] and on the band structure [31]. This
difference is due to the opposite direction of the applied electric
field, resulting in a disparate effect on the shape of the confining
potential well. A combination of both gating geometries would
allow us to control separately both the carrier density and the
shape of the potential well, revealing their individual effects
on superconductivity at SrTiO3-based interfaces.

In this work, we explore the effect of simultaneous top- and
backgating on superconductivity and on the band filling at the
(001) LaAlO3/SrTiOs5 interface. We reveal a striking asymme-
try in the top- and backgate dependence of T, indicating that
the shape of the confining potential well strongly affects super-
conductivity at the surface of SrTiO3;. We investigate this effect
further by measuring the corresponding effect of both gate
voltages on the band filling, in subsequent magnetotransport
experiments above 7. In these measurements, we demonstrate
tuning the carrier density of the d,. ,, Lifshitz transition,
and tuning of the topgate-dependent superconducting dome
by a backgate voltage. At the topgate voltage where 7, is
maximized, we observe a kink in the gate dependence of the
dy, carrier density. By Schrodinger-Poisson calculations, we
attribute this kink to depleting the second d,, subband with
increasing carrier density.

The fabrication of the topgated Hall bar devices is described
in Ref. [31]. Here, we present the results for a 50-pm-wide Hall
bar; a second device showed similar behavior. All measure-
ments were performed in a dilution refrigerator with 10 mK
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FIG. 1. Tuning the superconducting transition with individual top-

and backgate voltages. Resistivity vs temperature as function of (a)

backgate voltage, (b) topgate voltage below the point where 7, is maximized, (c) topgate voltage above this point. Insets: semilogarithmic plots
of the same data, showing more clearly the multistep transition. In (a), the extraction of 7, for a backgate voltage of —15 V is illustrated by the

dashed line.

base temperature, using a lock-in amplifier with an excitation
current of 1 nA, far below the critical current for superconduc-
tivity in our samples (~500 nA). The topgate leakage current
was kept below 100 pA during the measurements, the backgate
leakage current was always below the measurement limit of
~1 pA.

The gate voltages were applied with respect to the grounded
current drain, and the silver paste gluing the sample to a copper
plate served as the backgate electrode. To ensure reproducible
gate sweeps [32], the topgate (backgate) voltage was swept
to +1.5 V(0 V), to —0.7 V (=20 V), and back to O V prior
to measurement, at 7 = 500 mK. During measurement, the
topgate voltage was always swept from positive to negative
values. Between measurements, the zero-gate-voltage data
were measured several times, which always overlapped with
the curve measured at the start of the experiment. All R(T)
curves were taken first, after which the magnetotransport was
measured above T, at T = 500 mK.

As recently reported for modulation-doped SrTiOj3 inter-
faces [33], we find that the SrCuQO, capping enhances the
effect of a backgate voltage compared to samples without
this capping. Both modulation doping and SrCuO, capping
suppress the formation of scattering centers at the interface,
which increases the mobility [34,35]. In samples with a higher
density of scattering centers, these impurities can screen the
electric field of the backgate, thus suppressing its gate effect.
In our samples, the enhanced gate effect has an important
implication. The gate-voltage range is limited because the
contacts become insulating already below a backgate voltage
of —20 V. Compared to SrCuO,-capped interfaces without a
topgate, we also find that depositing the Au topgate electrode
reduces the mobility and raises the carrier density to values
reported for uncapped LaAlO3/SrTiO; interfaces [28,29].

Figure 1 shows the effect of an individual topgate (Vyg) or
backgate (V) voltage on the superconducting transition upon
cooldown, with the other gate voltage set to O V. Figures 1(a)
and 1(b) show that the two gate voltages have an opposite
effect on the transition temperature. From the ungated situation
(VB = Vg = 0V), the transition shifts to higher temperature

with increasing topgate voltage, or with decreasing backgate
voltage. A positive voltage on either gate increases the car-
rier density at the interface, so the total 2D carrier density
cannot be the sole factor determining superconductivity at the
LaAlO3/SrTiO; interface. Instead, the difference between top-
and backgating suggests that details of the electrostatics play
an important role.

Above Vrg = +0.5 V, the transition temperature starts to
decrease and the shape of the R(T') curve changes considerably.
It shows multiple steps towards the zero resistance state, and a
partial transition for the highest topgate voltages. This behavior
indicates multiple superconducting transitions, suggesting a
percolative superconducting transition resulting from inhomo-
geneity [36-38]. For SrTiOz-based q-2DESs, inhomogeneity
due to electronic phase separation is predicted to be an intrinsic
property [39,40], depending on an applied gate voltage [40,41].
Another property that can cause inhomogeneity at the surface
of SrTiOj3 is tetragonal domain formation with gate voltage,
which drives local variations in current density and critical
temperature [42—45].

We observe the resistive-transition steps to be close together
in temperature for all gate voltages. In the remainder of this
paper, we therefore omit the details of the transition and use
the global transition temperature 7, to describe the effect of
the gate voltages on superconductivity. We define 7, through
the relation R(7.) = 0.5x R (500 mK). Figure 2(a) shows a
domelike dependence of T, on the topgate voltage, in line
with previous experiments [11,21,23,46]. The backgate data
in Fig. 2(b) do not show a full domelike dependence of T, but
a qualitative comparison to previous results [11,21] suggests
that 7, would be maximized just below the minimum gate
voltage of this measurement.

To better understand the gate tuning of 7., we now
investigate the effect of simultaneous top- and backgating
on the band filling. The carrier density and mobility were
extracted from magnetotransport data; see the Supplemental
Material [47] for details. Like in Refs. [21,22,30,31], fitting
the magnetotransport data required using two carrier types with
distinct mobility. At the lowest gate voltages, only one carrier
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FIG. 2. Tuning of 7, by individual top- and backgate voltages.
(a),(b) Color plot of normalized resistance vs temperature as function
of individual (a) topgate voltage and (b) backgate voltage. The critical
temperature, extracted as described in the text, is indicated by the
black line.

type can be distinguished. Since the d,, band lies lower in
energy than the d,; ,. bands [48,49], these carriers are most
likely of the dy, type; the other carriers reside in the d,. .
bands.

Figure 3 displays the topgate-voltage dependence of the
carrier density per band (band filling of d., and d. ,.), for
four different backgate voltages. In all panels, we observe d, ;.
carriers to start contributing to transport upon increasing the
topgate voltage. This emergence of d,; . carriers marks the
appearance of additional electron pockets in the Fermi surface.
Such a change in the topology of the Fermi surface defines a
Lifshitz transition [50]. Gate tuning through this d, ,. Lifshitz
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FIG. 3. Comparison of the evolution of 7, and band filling with
topgate voltage, for varying backgate voltage. The applied backgate
voltageis (a) —15V, (b) =10V, (c) =5V, and (d) 0 V. Lines connecting
data points are guides to the eye. For ease of comparison, all axes have
the same limits. The dashed, vertical lines indicate the characteristic
topgate voltages: the black one marks the topgate voltage where 7 is
maximized, the red line indicates the d,. ,, Lifshitz transition.

transition has been firmly established: it has been reported for
several SrTiOs-based interfaces, using either back- [21,22] or
topgating [31,51]. However, since these papers report different
values for the corresponding carrier density, referred to as the
dy.,y, Lifshitz density of n; below, it may depend on factors
other than the band structure alone. Note from Fig. 3 that
superconductivity persists far below n;, where only the d,,
subbands are populated.

In line with Refs. [31,51], Fig. 3 shows that n,, decreases
when the d, ,. bands start to be populated. In a simple model
proposed by Maniv et al. [52], this behavior is attributed to
electron-electron interactions. In the model, these interactions
are proposed as a Hubbard-type repulsion between electrons in
different orbitals in the same unit cell. Therefore, the strength of
these interactions is modeled as a phenomenological Coulomb
screening parameter, U. The interactions push d, subbands,
with a lower density of states (DOS), upwards in energy when
a band with large DOS (d,;, ;) crosses the Fermi level. This
results in a strong decrease of n,, upon increasing the total
carrier density; these carriers are redistributed into the d, .
bands.

Based on Fig. 3, we can directly compare the effect of both
gate voltages on the band filling to the corresponding evolution
of T.. For the latter, we observe that the backgate voltage
affects the topgate dependence of T, in shape, height, and
peak position. In the following, we focus on the gate effect on
the peak position, because it marks the conditions for optimal
superconductivity.

A closer look at the topgate dependence of the band filling
around this peak position reveals a surprising feature: there
is a kink in tuning the carrier density per band with topgate
voltage. This kink is most pronounced for Vgg = —15 V.
Therefore, we will focus first on the results for this backgate
voltage, and consider the effect of changing the backgate
voltage afterwards. To gain insight into the origin of this
kink, we performed self-consistent Schrodinger-Poisson (S-P)
calculations, using a slight adaptation of the code used in
Ref. [31]. The two adaptations made are (i) changing the
thickness of the bound background charge layer to 50 nm, and
(ii) adding the effect of a backgate voltage as described in the
Supplemental Material [47].

Figure 4(a) shows the result of these calculations for
the band filling as function of the total carrier density, for
a backgate voltage of —15 V, a background charge den-
sity n, = 6.1x10'3 cm™2, and Coulomb screening parameter
U = 1.8 eV. This background charge density is in good agree-
ment with thermodynamic approaches to defect chemistry
[53,54] and with previous Schrodinger-Poisson calculations
[55]. The Coulomb screening parameter also corresponds
well with previous reports [52,56]. We find a remarkably
good fit between the experimental data and the calculations,
reproducing both the d,, ,, Lifshitz transition and the kink in
the filling coinciding with maximum 7. For the other backgate
voltages, using the same parameters results in reasonable fits,
which are discussed in the Supplemental Material [47]. Based
on the quality of these fits, we take the results of these calcu-
lations as the basis for further discussion of our experimental
data.

Both in the experimental results and in the calculations, for
Veg = — 15V, the kink feature occurs at a total carrier density
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FIG. 4. Results of the self-consistent Schrodinger-Poisson cal-
culations as function of total carrier density n., for a backgate
voltage of —15 V. Input parameters are discussed in the main text.
(a) Comparison of measured and calculated band filling vs total
carrier density. Open symbols represent the measured values, closed
symbols (connected by a line as guide to the eye) depict the calculated
values. The vertical dashed line indicates the experimentally found
filling where T, is maximized for Vg = —15 V. (b) Self-consistently
calculated potential well for a total carrier density of 3.39x 10" cm 2,
with probability functions |¥|? indicated within the well for each
subband. The displayed potential V corresponds to the d,, ; subband,
the effective potentials for the other bands differ from this one by
a few meV through the effective interaction model. Energies are
defined relative to the SrTiO; bulk conduction band. (c) Calculated
subband dispersion corresponding to the potential well in (b), atn,,, =
3.39x10"* cm™2: just below the filling corresponding to maximum
T.. (d) Same as (c), for a total carrier density of 3.59x10'* cm~2:
just above the filling corresponding to maximum 7,. The legend in
(b) applies to (c) and (d) as well.

of ~3.5%x10'3 cm~2. Using the Schrodinger-Poisson calcula-
tions, we can investigate the band structure for a total carrier
density just below and just above this point. Figures 4(b)—4(d)
show the calculated potential well, its bound states, and the
band dispersions along k., for n = 3.39%10'* cm~? in pan-
els (b) and (c) and 3.59x 10'3 cm~2 in panel (d). A comparison
of panel (c) to panel (d) shows that the second-order subband
of the d,, type is pushed above the Fermi level at this point.
Therefore, we ascribe the kink feature in tuning the carrier
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FIG. 5. Effect of a backgate voltage on the topgate-induced d,. .
Lifshitz transition. (a) Experimentally extracted d,. . carrier density
as function of total carrier density n,y, for topgate sweeps at varying
backgate voltage. The d,, . Lifshitz density n; is extracted as the
total carrier density at which the linear fits to low n,, . cross the
x axis. (b) Extracted d,. ,, Lifshitz density n; vs backgate voltage.
Closed symbols represent the experimental data, open symbols are

results of the self-consistent Schrodinger-Poisson calculations.

density to pushing this second-order d,, subband, denoted
in the following as d., », above the Fermi level. Similar to
crossing the bottom of the d, ,. bands, this can be considered
a Lifshitz transition. Note that this Lifshitz transition removes
an electron pocket from the Fermi surface, upon increasing the
carrier density.

In the Bardeen-Cooper-Schrieffer (BCS) theory, the im-
plications of a Lifshitz transition on superconductivity in a
g-2DES would be mediated through the density of states. In
a g-2DES, the density of states of every subband depends
stepwise on the energy. Therefore, crossing a Lifshitz transition
would abruptly change the density of states at the Fermi level.
If all carriers contribute equally to superconductivity, the BCS
theory predicts an equally abrupt change of T, in this case.
Instead, T, evolves smoothly with gate voltage, also across
the d. ,; and the d,,, Lifshitz transitions. This does not
correspond to the BCS description of a superconductor with a
stepwise density of states. In real systems however, the density
of states may not depend perfectly stepwise on energy. For
instance, in the presence of strong spin-orbit coupling (SOC),
the density of states of the dy ,,-band minimum is smeared
out, and therefore changes more smoothly with energy [21].
Despite this smearing, the density of states still increases by
about an order of magnitude across the d, . Lifshitz transition
in a relatively small energy range. Therefore, the smooth
gate dependence of T, across the Lifshitz transitions suggests
that, in a BCS scenario, not all carriers contribute equally to
superconductivity.

We now turn to the effect of a backgate voltage. Empirical
modeling suggests that its primary action is to control the
width of the potential well, which becomes narrower with
decreasing backgate voltage [28,30]. This should lead to an
increased splitting between the energy levels of the states in the
well [31,40,57]. With a larger level splitting, more carriers can
fill the d,, band until the Fermi level touches the d, ,.-band
minimum. Figure 5 shows the effect of a negative backgate
voltage on ny. In Fig. 5(a), linear fitting of the data up to
the d,, > transition defines n,: it is the total carrier density
where n,, ,, becomes zero. The resulting values for n; are
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depicted as the closed, black symbols in panel (b) and show
a clear increase of n;, with negative backgate voltage. This is
supported by the Schrédinger-Poisson calculations, for which
the same procedure was performed for all backgate voltages.
The n; values extracted from the calculations are depicted by
the open, red symbols in Fig. 5(b).

Besides increasing the level splitting between d, and dy .
as depicted in Fig. 5, a narrower potential well also increases
the splitting between the d,, subbands. This can be extracted
from Fig. 3, where n,, at the d,, , Lifshitz transition increases
with decreasing backgate voltage. We also observe that the
two Lifshitz transitions are spaced closer together in topgate
voltage with decreasing backgate voltage. The second-order
subband is thus depleted more rapidly with stronger confine-
ment. In the electron-electron interaction model considered
here, this does not imply a change in U, which was taken
constant across the Schrodinger-Poisson calculations. This
suggests that in this model, the effect of the same U is enhanced
by a more narrow well.

The results presented above reveal that top- and backgating
have profoundly different effects on the ground state of the q-
2DES at the LaAlO3/SrTiOj3 interface. Besides the previously
reported disparate effect on the carrier mobility [29], the gating
geometry also affects the band structure and superconductivity
differently. In line with predictions based on band structure
modeling [40,57,58] and on previous experimental findings
[31], we attribute this to the effect of the changing confining
potential well shape with gate voltage.

We observe that the optimal conditions for superconductiv-
ity are not necessarily coupled to a single carrier density, sheet
conductivity, or gate voltage. This means that SrTiO3 surface
states cannot be described in a universal phase diagram based
on such parameters. Rather, the relative band occupation and
the number of subbands contributing to transport appear to
determine the electronic phase of the q-2DES. In the approx-
imation of uncoupled, orthogonal orbitals we consider here,
there are multiple subbands originating from the d,, orbital.
The d,, and d,, orbitals have a much smaller effective mass
in the out-of-plane direction and therefore, their higher-order
subbands are much higher up in energy: so much higher, that
the theoretical limit of 0.5 el/u.c. [59] will be reached before
these subbands are populated. Therefore, in the orthogonal
orbital approximation, all but two subbands contributing to
transport in SrTiO3 surface states are of d,, character.

For a full theoretical description of the system, the effects of
Rashba SOC should also be taken into account [21,58,60-62].
Rashba SOC induces interorbital coupling, giving rise to band

hybridization and avoided crossings in the band structure.
This results in a complex Fermi surface with large spin
splittings around these avoided crossings. The occurrence
of multiple subbands complicates the description of these
avoided crossings [58,63]. This is especially the case at weakly
confined, i.e., high-mobility, interfaces—the spacing in energy
between the individual subbands is small [64] and the effect
of orbital hybridization is therefore relatively strong. Despite
these findings, we find a good correspondence of calculations
based on uncoupled bands with the experimental results. For
interfaces with a narrower potential well, we therefore propose
that orbital hybridization only has a minor effect on the
evolution of the band filling with gate voltage.

In summary, we have used simultaneous top- and backgat-
ing to study the relation between superconductivity and the
band structure at the (001) LaAlO3/SrTiO; interface. First, we
revealed that the individual gate voltages affect the critical tem-
perature differently. To understand this behavior, we mapped
the evolution of the critical temperature with a combination of
the two gate voltages and compared this to the corresponding
gate dependence of the band filling. Besides the emergence
of a second carrier type, previously established as a Lifshitz
transition of the d, ,. bands, we observe a second distinct fea-
ture in tuning the carrier density at higher topgate voltages. By
self-consistent Schrodinger-Poisson calculations, we related
this feature to electron-electron interactions pushing the second
d., subband above the Fermi level. We therefore attributed this
point to a second Lifshitz transition in the subband structure
of the LaAlO3/SrTiO; interface. Application of a backgate
voltage changes the carrier density corresponding to both
Lifshitz transitions, showing that tuning the confining potential
well has profound effects on the energy levels in the well.

Surprisingly, the Lifshitz transition of the second d,, sub-
band correlates consistently with maximum 7, thus indicating
the optimal conditions for superconductivity. We therefore
conclude that confinement-induced subbands are a crucial
element in the phase diagram of SrTiO; surface states. Our
results show that the energy levels and occupations of these
subbands can be controlled electrostatically, opening numer-
ous possibilities to harness the exotic properties of electronic
subbands at the surface of complex oxides for future electronic
devices.

The authors acknowledge financial support through the
DESCO program of the Netherlands Organization for Scien-
tific Research (NWO), and the European Research Council
(ERC) through a Consolidator grant.

[1] J. F. Schooley, W. R. Hosler, and M. L. Cohen, Phys. Rev. Lett.
12, 474 (1964).

[2] H. Suzuki, H. Bando, Y. Ootuka, I. H. Inoue, T. Yamamoto,
K. Takahashi, and Y. Nishihara, J. Phys. Soc. Jpn. 65, 1529
(1996).

[3] C. S. Koonce, M. L. Cohen, J. F. Schooley, W. R. Hosler, and
E. R. Pfeiffer, Phys. Rev. 163, 380 (1967).

[4] J. F. Schooley, W. R. Hosler, E. Ambler, J. H. Becker,
M. L. Cohen, and C. S. Koonce, Phys. Rev. Lett. 14, 305
(1965).

[5] X. Lin, G. Bridoux, A. Gourgout, G. Seyfarth, S. Krimer, M.
Nardone, B. Fauqué, and K. Behnia, Phys. Rev. Lett. 112,207002
(2014).

[6] K. Ueno, S. Nakamura, H. Shimotani, A. Ohtomo, N. Kimura,
T. Nojima, H. Aoki, Y. Iwasa, and M. Kawasaki, Nat. Mater. 7,
855 (2008).

[7] N. Reyren, S. Thiel, A. D. Caviglia, L. F. Kourkoutis, G.
Hammerl, C. Richter, C. W. Schneider, T. Kopp, A.-S. Riietschi,
D. Jaccard, M. Gabay, D. A. Muller, J.-M. Triscone, and J.
Mannhart, Science 317, 1196 (2007).

245113-5


https://doi.org/10.1103/PhysRevLett.12.474
https://doi.org/10.1103/PhysRevLett.12.474
https://doi.org/10.1103/PhysRevLett.12.474
https://doi.org/10.1103/PhysRevLett.12.474
https://doi.org/10.1143/JPSJ.65.1529
https://doi.org/10.1143/JPSJ.65.1529
https://doi.org/10.1143/JPSJ.65.1529
https://doi.org/10.1143/JPSJ.65.1529
https://doi.org/10.1103/PhysRev.163.380
https://doi.org/10.1103/PhysRev.163.380
https://doi.org/10.1103/PhysRev.163.380
https://doi.org/10.1103/PhysRev.163.380
https://doi.org/10.1103/PhysRevLett.14.305
https://doi.org/10.1103/PhysRevLett.14.305
https://doi.org/10.1103/PhysRevLett.14.305
https://doi.org/10.1103/PhysRevLett.14.305
https://doi.org/10.1103/PhysRevLett.112.207002
https://doi.org/10.1103/PhysRevLett.112.207002
https://doi.org/10.1103/PhysRevLett.112.207002
https://doi.org/10.1103/PhysRevLett.112.207002
https://doi.org/10.1038/nmat2298
https://doi.org/10.1038/nmat2298
https://doi.org/10.1038/nmat2298
https://doi.org/10.1038/nmat2298
https://doi.org/10.1126/science.1146006
https://doi.org/10.1126/science.1146006
https://doi.org/10.1126/science.1146006
https://doi.org/10.1126/science.1146006

A. E. M. SMINK et al.

PHYSICAL REVIEW B 97, 245113 (2018)

[8] N. Reyren, S. Gariglio, A. D. Caviglia, D. Jaccard, T. Schneider,
and J.-M. Triscone, Appl. Phys. Lett. 94, 112506 (2009).

[9] J. A. Bert, B. Kalisky, C. Bell, M. Kim, Y. Hikita, H. Y. Hwang,
and K. A. Moler, Nat. Phys. 7, 767 (2011).

[10] C. H. Ahn, J.-M. Triscone, and J. Mannhart, Nature (London)
424, 1015 (2003).

[11] A.D. Caviglia, S. Gariglio, N. Reyren, D. Jaccard, T. Schneider,
M. Gabay, S. Thiel, G. Hammerl, J. Mannhart, and J.-M.
Triscone, Nature (London) 456, 624 (2008).

[12] P. D. Eerkes, W. G. van der Wiel, and H. Hilgenkamp,
Appl. Phys. Lett. 103, 201603 (2013).

[13] G. Cheng, M. Tomczyk, S. Lu, J. P. Veazey, M. Huang, P.
Irvin, S. Ryu, H. Lee, C.-B. Eom, C. S. Hellberg, and J. Levy,
Nature (London) 521, 196 (2015).

[14] S. Goswami, E. Mulazimoglu, A. M. R. V. L. Monteiro, R.
Wolbing, D. Koelle, R. Kleiner, Y. M. Blanter, L. M. K.
Vandersypen, and A. D. Caviglia, Nat. Nanotechnol. 11, 861
(2016).

[15] Y. Takabayashi, A. Y. Ganin, P. Jeglic, D. Arcon, T. Takano,
Y. Iwasa, Y. Ohishi, M. Takata, N. Takeshita, K. Prassides, and
M. J. Rosseinsky, Science 323, 1585 (2009).

[16] E. Slooten, T. Naka, A. Gasparini, Y. K. Huang, and A. de Visser,
Phys. Rev. Lett. 103, 097003 (2009).

[17] P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17
(2006).

[18] R. Schaak, T. Klimczuk, M. Foo, and R. Cava, Nature (London)
424, 527 (2003).

[19] J. Mannhart, Supercond. Sci. Technol. 9, 49 (1996).

[20] J. Ye, Y. Zhang, R. Akashi, M. Bahramy, R. Arita, and Y. Iwasa,
Science 338, 1193 (2012).

[21] A. Joshua, S. Pecker, J. Ruhman, E. Altman, and S. Ilani,
Nat. Commun. 3, 1129 (2012).

[22] J. Biscaras, N. Bergeal, S. Hurand, C. Grossetéte, A. Rastogi,
R. C. Budhani, D. LeBoeuf, C. Proust, and J. Lesueur,
Phys. Rev. Lett. 108, 247004 (2012).

[23] S. Hurand, A. Jouan, C. Feuillet-Palma, G. Singh, J. Biscaras,
E. Lesne, N. Reyren, A. Barthélémy, M. Bibes, J. E. Villegas, C.
Ulysse, X. Lafosse, M. Pannetier-Lecoeur, S. Caprara, M. Grilli,
J. Lesueur, and N. Bergeal, Sci. Rep. 5, 12751 (2015).

[24] J.Biscaras, N. Bergeal, S. Hurand, C. Feuillet-Palma, A. Rastogi,
R. C. Budhani, M. Grilli, S. Caprara, and J. Lesueur, Nat. Mater.
12, 542 (2013).

[25] A.Féte,S. Gariglio, C. Berthod, D. Li, D. Stornaiuolo, M. Gabay,
and J.-M. Triscone, New J. Phys. 16, 112002 (2014).

[26] S. Gariglio, M. Gabay, J. Mannhart, and J.-M. Triscone,
Physica C 514, 189 (2015).

[27] G.E.D.K. Prawiroatmodjo, F. Trier, D. V. Christensen, Y. Chen,
N. Pryds, and T. S. Jespersen, Phys. Rev. B 93, 184504 (2016).

[28] C.Bell, S. Harashima, Y. Kozuka, M. Kim, B. G. Kim, Y. Hikita,
and H. Y. Hwang, Phys. Rev. Lett. 103, 226802 (2009).

[29] M. Hosoda, Y. Hikita, H. Y. Hwang, and C. Bell, Appl. Phys.
Lett. 103, 103507 (2013).

[30] Z. Chen, H. Yuan, Y. Xie, D. Lu, H. Inoue, Y. Hikita, C. Bell,
and H. Y. Hwang, Nano Lett. 16, 6130 (2016).

[31] A. E. M. Smink, J. C. de Boer, M. P. Stehno, A. Brinkman, W. G.
van der Wiel, and H. Hilgenkamp, Phys. Rev. Lett. 118, 106401
(2017).

[32] J. Biscaras, S. Hurand, C. Feuillet-Palma, A. Rastogi, R. C.
Budhani, N. Reyren, E. Lesne, J. Lesueur, and N. Bergeal,
Sci. Rep. 4, 6788 (2014).

[33] F. Trier, G. E. D. K. Prawiroatmodjo, Z. Zhong, D. V. Chris-
tensen, M. von Soosten, A. Bhowmik, J. M. G. Lastra, Y. Chen,
T. S. Jespersen, and N. Pryds, Phys. Rev. Lett. 117, 096804
(2016).

[34] M. Huijben, G. Koster, M. K. Kruize, S. Wenderich, J. Verbeeck,
S. Bals, E. Slooten, B. Shi, H. J. A. Molegraaf, J. E. Kleibeuker,
S. van Aert, J. B. Goedkoop, A. Brinkman, D. H. A. Blank, M.
S. Golden, G. van Tendeloo, H. Hilgenkamp, and G. Rijnders,
Adv. Funct. Mater. 23, 5240 (2013).

[35] Y. Z. Chen, F. Trier, T. Wijnands, R. J. Green, N. Gauquelin, R.
Egoavil, D. V. Christensen, G. Koster, M. Huijben, N. Bovet,
S. Macke, F. He, R. Sutarto, N. H. Andersen, J. A. Sulpizio,
M. Honig, G. E. D. K. Prawiroatmodjo, T. S. Jespersen, S.
Linderoth, S. Ilani et al., Nat. Mater. 14, 801 (2015).

[36] S. Caprara, M. Grilli, L. Benfatto, and C. Castellani, Phys. Rev.
B 84, 014514 (2011).

[37] N. Poccia, M. Chorro, A. Ricci, W. Xu, A. Marcelli, G. Campi,
and A. Bianconi, Appl. Phys. Lett. 104, 221903 (2014).

[38] S. Eley, S. Gopalakrishnan, P. M. Goldbart, and N. Mason,
Nat. Phys. 8, 59 (2011).

[39] Ariando, X. Wang, G. Baskaran, Z. Q. Liu, J. Huijben, J. B. Yi,
A. Annadi, A. R. Barman, A. Rusydi, S. Dhar, Y. P. Feng, J.
Ding, H. Hilgenkamp, and T. Venkatesan, Nat. Commun. 2, 188
(2011).

[40] N. Scopigno, D. Bucheli, S. Caprara, J. Biscaras, N. Bergeal, J.
Lesueur, and M. Grilli, Phys. Rev. Lett. 116, 026804 (2016).

[41] G. Singh, A. Jouan, L. Benfatto, F. Couédo, P. Kumar, A. Dogra,
R. C. Budhani, S. Caprara, M. Grilli, E. Lesne, A. Barthélémy,
M. Bibes, C. Feuillet-Palma, J. Lesueur, and N. Bergeal,
Nat. Commun. 9, 407 (2018).

[42] M. Honig, J. A. Sulpizio, J. Drori, A. Joshua, E. Zeldov, and
S. Ilani, Nat. Mater. 12, 1112 (2013).

[43] B. Kalisky, E. M. Spanton, H. Noad, J. R. Kirtley, K. C. Nowack,
C. Bell, H. K. Sato, M. Hosoda, Y. Xie, Y. Hikita, C. Woltmann,
G. Pfanzelt, R. Jany, C. Richter, H. Y. Hwang, J. Mannhart, and
K. A. Moler, Nat. Mater. 12, 1091 (2013).

[44] H. Noad, E. M. Spanton, K. C. Nowack, H. Inoue, M. Kim, T.
A. Merz, C. Bell, Y. Hikita, R. Xu, W. Liu, A. Vailionis, H. Y.
Hwang, and K. A. Moler, Phys. Rev. B 94, 174516 (2016).

[45] H.J.H.Ma, S. Scharinger, S. W. Zeng, D. Kohlberger, M. Lange,
A. Stohr, X. R. Wang, T. Venkatesan, R. Kleiner, J. F. Scott, J. M.
D. Coey, D. Koelle, and Ariando, Phys. Rev. Lett. 116, 257601
(2016).

[46] C.Richter, H. Boschker, W. Dietsche, E. Fillis-Tsirakis, R. Jany,
F. Loder, L. F. Kourkoutis, D. A. Muller, J. R. Kirtley, C. W.
Schneider, and J. Mannhart, Nature (London) 502, 528 (2013).

[47] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.97.245113 for the raw magnetoconductance
data, the fitting results for the carrier mobility per band, and
an overview of the Schrodinger-Poisson calculations for all
backgate voltages.

[48] M. Salluzzo, J. C. Cezar, N. B. Brookes, V. Bisogni, G. M.
De Luca, C. Richter, S. Thiel, J. Mannhart, M. Huijben, A.
Brinkman, G. Rijnders, and G. Ghiringhelli, Phys. Rev. Lett.
102, 166804 (2009).

[49] A.F. Santander-Syro, O. Copie, T. Kondo, F. Fortuna, S. Pailhes,
R. Weht, X. G. Qiu, F. Bertran, A. Nicolaou, A. Taleb-Ibrahimi,
P. Le Fevre, G. Herranz, M. Bibes, N. Reyren, Y. Apertet, P.
Lecoeur, A. Barthélémy, and M. J. Rozenberg, Nature (London)
469, 189 (2011).

245113-6


https://doi.org/10.1063/1.3100777
https://doi.org/10.1063/1.3100777
https://doi.org/10.1063/1.3100777
https://doi.org/10.1063/1.3100777
https://doi.org/10.1038/nphys2079
https://doi.org/10.1038/nphys2079
https://doi.org/10.1038/nphys2079
https://doi.org/10.1038/nphys2079
https://doi.org/10.1038/nature01878
https://doi.org/10.1038/nature01878
https://doi.org/10.1038/nature01878
https://doi.org/10.1038/nature01878
https://doi.org/10.1038/nature07576
https://doi.org/10.1038/nature07576
https://doi.org/10.1038/nature07576
https://doi.org/10.1038/nature07576
https://doi.org/10.1063/1.4829555
https://doi.org/10.1063/1.4829555
https://doi.org/10.1063/1.4829555
https://doi.org/10.1063/1.4829555
https://doi.org/10.1038/nature14398
https://doi.org/10.1038/nature14398
https://doi.org/10.1038/nature14398
https://doi.org/10.1038/nature14398
https://doi.org/10.1038/nnano.2016.112
https://doi.org/10.1038/nnano.2016.112
https://doi.org/10.1038/nnano.2016.112
https://doi.org/10.1038/nnano.2016.112
https://doi.org/10.1126/science.1169163
https://doi.org/10.1126/science.1169163
https://doi.org/10.1126/science.1169163
https://doi.org/10.1126/science.1169163
https://doi.org/10.1103/PhysRevLett.103.097003
https://doi.org/10.1103/PhysRevLett.103.097003
https://doi.org/10.1103/PhysRevLett.103.097003
https://doi.org/10.1103/PhysRevLett.103.097003
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1038/nature01877
https://doi.org/10.1038/nature01877
https://doi.org/10.1038/nature01877
https://doi.org/10.1038/nature01877
https://doi.org/10.1088/0953-2048/9/2/001
https://doi.org/10.1088/0953-2048/9/2/001
https://doi.org/10.1088/0953-2048/9/2/001
https://doi.org/10.1088/0953-2048/9/2/001
https://doi.org/10.1126/science.1228006
https://doi.org/10.1126/science.1228006
https://doi.org/10.1126/science.1228006
https://doi.org/10.1126/science.1228006
https://doi.org/10.1038/ncomms2116
https://doi.org/10.1038/ncomms2116
https://doi.org/10.1038/ncomms2116
https://doi.org/10.1038/ncomms2116
https://doi.org/10.1103/PhysRevLett.108.247004
https://doi.org/10.1103/PhysRevLett.108.247004
https://doi.org/10.1103/PhysRevLett.108.247004
https://doi.org/10.1103/PhysRevLett.108.247004
https://doi.org/10.1038/srep12751
https://doi.org/10.1038/srep12751
https://doi.org/10.1038/srep12751
https://doi.org/10.1038/srep12751
https://doi.org/10.1038/nmat3624
https://doi.org/10.1038/nmat3624
https://doi.org/10.1038/nmat3624
https://doi.org/10.1038/nmat3624
https://doi.org/10.1088/1367-2630/16/11/112002
https://doi.org/10.1088/1367-2630/16/11/112002
https://doi.org/10.1088/1367-2630/16/11/112002
https://doi.org/10.1088/1367-2630/16/11/112002
https://doi.org/10.1016/j.physc.2015.02.028
https://doi.org/10.1016/j.physc.2015.02.028
https://doi.org/10.1016/j.physc.2015.02.028
https://doi.org/10.1016/j.physc.2015.02.028
https://doi.org/10.1103/PhysRevB.93.184504
https://doi.org/10.1103/PhysRevB.93.184504
https://doi.org/10.1103/PhysRevB.93.184504
https://doi.org/10.1103/PhysRevB.93.184504
https://doi.org/10.1103/PhysRevLett.103.226802
https://doi.org/10.1103/PhysRevLett.103.226802
https://doi.org/10.1103/PhysRevLett.103.226802
https://doi.org/10.1103/PhysRevLett.103.226802
https://doi.org/10.1063/1.4820449
https://doi.org/10.1063/1.4820449
https://doi.org/10.1063/1.4820449
https://doi.org/10.1063/1.4820449
https://doi.org/10.1021/acs.nanolett.6b02348
https://doi.org/10.1021/acs.nanolett.6b02348
https://doi.org/10.1021/acs.nanolett.6b02348
https://doi.org/10.1021/acs.nanolett.6b02348
https://doi.org/10.1103/PhysRevLett.118.106401
https://doi.org/10.1103/PhysRevLett.118.106401
https://doi.org/10.1103/PhysRevLett.118.106401
https://doi.org/10.1103/PhysRevLett.118.106401
https://doi.org/10.1038/srep06788
https://doi.org/10.1038/srep06788
https://doi.org/10.1038/srep06788
https://doi.org/10.1038/srep06788
https://doi.org/10.1103/PhysRevLett.117.096804
https://doi.org/10.1103/PhysRevLett.117.096804
https://doi.org/10.1103/PhysRevLett.117.096804
https://doi.org/10.1103/PhysRevLett.117.096804
https://doi.org/10.1002/adfm.201203355
https://doi.org/10.1002/adfm.201203355
https://doi.org/10.1002/adfm.201203355
https://doi.org/10.1002/adfm.201203355
https://doi.org/10.1038/nmat4303
https://doi.org/10.1038/nmat4303
https://doi.org/10.1038/nmat4303
https://doi.org/10.1038/nmat4303
https://doi.org/10.1103/PhysRevB.84.014514
https://doi.org/10.1103/PhysRevB.84.014514
https://doi.org/10.1103/PhysRevB.84.014514
https://doi.org/10.1103/PhysRevB.84.014514
https://doi.org/10.1063/1.4879286
https://doi.org/10.1063/1.4879286
https://doi.org/10.1063/1.4879286
https://doi.org/10.1063/1.4879286
https://doi.org/10.1038/nphys2154
https://doi.org/10.1038/nphys2154
https://doi.org/10.1038/nphys2154
https://doi.org/10.1038/nphys2154
https://doi.org/10.1038/ncomms1192
https://doi.org/10.1038/ncomms1192
https://doi.org/10.1038/ncomms1192
https://doi.org/10.1038/ncomms1192
https://doi.org/10.1103/PhysRevLett.116.026804
https://doi.org/10.1103/PhysRevLett.116.026804
https://doi.org/10.1103/PhysRevLett.116.026804
https://doi.org/10.1103/PhysRevLett.116.026804
https://doi.org/10.1038/s41467-018-02907-8
https://doi.org/10.1038/s41467-018-02907-8
https://doi.org/10.1038/s41467-018-02907-8
https://doi.org/10.1038/s41467-018-02907-8
https://doi.org/10.1038/nmat3810
https://doi.org/10.1038/nmat3810
https://doi.org/10.1038/nmat3810
https://doi.org/10.1038/nmat3810
https://doi.org/10.1038/nmat3753
https://doi.org/10.1038/nmat3753
https://doi.org/10.1038/nmat3753
https://doi.org/10.1038/nmat3753
https://doi.org/10.1103/PhysRevB.94.174516
https://doi.org/10.1103/PhysRevB.94.174516
https://doi.org/10.1103/PhysRevB.94.174516
https://doi.org/10.1103/PhysRevB.94.174516
https://doi.org/10.1103/PhysRevLett.116.257601
https://doi.org/10.1103/PhysRevLett.116.257601
https://doi.org/10.1103/PhysRevLett.116.257601
https://doi.org/10.1103/PhysRevLett.116.257601
https://doi.org/10.1038/nature12494
https://doi.org/10.1038/nature12494
https://doi.org/10.1038/nature12494
https://doi.org/10.1038/nature12494
http://link.aps.org/supplemental/10.1103/PhysRevB.97.245113
https://doi.org/10.1103/PhysRevLett.102.166804
https://doi.org/10.1103/PhysRevLett.102.166804
https://doi.org/10.1103/PhysRevLett.102.166804
https://doi.org/10.1103/PhysRevLett.102.166804
https://doi.org/10.1038/nature09720
https://doi.org/10.1038/nature09720
https://doi.org/10.1038/nature09720
https://doi.org/10.1038/nature09720

CORRELATION BETWEEN SUPERCONDUCTIVITY, BAND ...

PHYSICAL REVIEW B 97, 245113 (2018)

[50] Y. Yamaji, T. Misawa, and M. Imada, J. Phys. Soc. Jpn. 75,
094719 (2006).

[51] W. Niu, Y. Zhang, Y. Gan, D. V. Christensen, M. V. Soosten,
E. J. Garcia-Suarez, A. Riisager, X. Wang, Y. Xu, R. Zhang, N.
Pryds, and Y. Chen, Nano Lett. 17, 6878 (2017).

[52] E. Maniv, M. B. Shalom, A. Ron, M. Mograbi, A. Palevski, M.
Goldstein, and Y. Dagan, Nat. Commun. 6, 8239 (2015).

[53] F. Gunkel, R. Waser, A. H. H. Ramadan, R. A. De Souza, S.
Hoffmann-Eifert, and R. Dittmann, Phys. Rev. B 93, 245431
(2016).

[54] F. Gunkel, R. A. Heinen, S. Hoffmann-Eifert, L. Jin, C.-L. Jia,
and R. Dittmann, ACS Appl. Mater. Interfaces 9, 10888 (2017).

[55] S. Gariglio, A. Féte, and J.-M. Triscone, J. Phys.: Condens.
Matter 27, 283201 (2015).

[56] M. Breitschaft, V. Tinkl, N. Pavlenko, S. Paetel, C. Richter,
J. R. Kirtley, Y. C. Liao, G. Hammerl, V. Eyert, T. Kopp, and
J. Mannhart, Phys. Rev. B 81, 153414 (2010).

[57] M. Stengel, Phys. Rev. Lett. 106, 136803 (2011).

[58] L. W. van Heeringen, G. A. de Wijs, A. McCollam, J. C. Maan,
and A. Fasolino, Phys. Rev. B 88, 205140 (2013).

[59] A. Ohtomo and H. Y. Hwang, Nature (London) 427, 423 (2004).

[60] A.D. Caviglia, M. Gabay, S. Gariglio, N. Reyren, C. Cancellieri,
and J.-M. Triscone, Phys. Rev. Lett. 104, 126803 (2010).

[61] Z. Zhong, A. Téth, and K. Held, Phys. Rev. B 87, 161102
(2013).

[62] M. Diez, A. M. R. V. L. Monteiro, G. Mattoni, E. Cobanera,
T. Hyart, E. Mulazimoglu, N. Bovenzi, C. W. J. Beenakker, and
A. D. Caviglia, Phys. Rev. Lett. 115, 016803 (2015).

[63] L. W. van Heeringen, A. McCollam, G. A. de Wijs, and A.
Fasolino, Phys. Rev. B 95, 155134 (2017).

[64] A. McCollam, S. Wenderich, M. K. Kruize, V. K. Guduru,
H. J. A. Molegraat, M. Huijben, G. Koster, D. H. A. Blank,
G. Rijnders, A. Brinkman, H. Hilgenkamp, U. Zeitler, and
J. C. Maan, APL Mater. 2, 022102 (2014).

245113-7


https://doi.org/10.1143/JPSJ.75.094719
https://doi.org/10.1143/JPSJ.75.094719
https://doi.org/10.1143/JPSJ.75.094719
https://doi.org/10.1143/JPSJ.75.094719
https://doi.org/10.1021/acs.nanolett.7b03209
https://doi.org/10.1021/acs.nanolett.7b03209
https://doi.org/10.1021/acs.nanolett.7b03209
https://doi.org/10.1021/acs.nanolett.7b03209
https://doi.org/10.1038/ncomms9239
https://doi.org/10.1038/ncomms9239
https://doi.org/10.1038/ncomms9239
https://doi.org/10.1038/ncomms9239
https://doi.org/10.1103/PhysRevB.93.245431
https://doi.org/10.1103/PhysRevB.93.245431
https://doi.org/10.1103/PhysRevB.93.245431
https://doi.org/10.1103/PhysRevB.93.245431
https://doi.org/10.1021/acsami.7b00905
https://doi.org/10.1021/acsami.7b00905
https://doi.org/10.1021/acsami.7b00905
https://doi.org/10.1021/acsami.7b00905
https://doi.org/10.1088/0953-8984/27/28/283201
https://doi.org/10.1088/0953-8984/27/28/283201
https://doi.org/10.1088/0953-8984/27/28/283201
https://doi.org/10.1088/0953-8984/27/28/283201
https://doi.org/10.1103/PhysRevB.81.153414
https://doi.org/10.1103/PhysRevB.81.153414
https://doi.org/10.1103/PhysRevB.81.153414
https://doi.org/10.1103/PhysRevB.81.153414
https://doi.org/10.1103/PhysRevLett.106.136803
https://doi.org/10.1103/PhysRevLett.106.136803
https://doi.org/10.1103/PhysRevLett.106.136803
https://doi.org/10.1103/PhysRevLett.106.136803
https://doi.org/10.1103/PhysRevB.88.205140
https://doi.org/10.1103/PhysRevB.88.205140
https://doi.org/10.1103/PhysRevB.88.205140
https://doi.org/10.1103/PhysRevB.88.205140
https://doi.org/10.1038/nature02308
https://doi.org/10.1038/nature02308
https://doi.org/10.1038/nature02308
https://doi.org/10.1038/nature02308
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevB.87.161102
https://doi.org/10.1103/PhysRevB.87.161102
https://doi.org/10.1103/PhysRevB.87.161102
https://doi.org/10.1103/PhysRevB.87.161102
https://doi.org/10.1103/PhysRevLett.115.016803
https://doi.org/10.1103/PhysRevLett.115.016803
https://doi.org/10.1103/PhysRevLett.115.016803
https://doi.org/10.1103/PhysRevLett.115.016803
https://doi.org/10.1103/PhysRevB.95.155134
https://doi.org/10.1103/PhysRevB.95.155134
https://doi.org/10.1103/PhysRevB.95.155134
https://doi.org/10.1103/PhysRevB.95.155134
https://doi.org/10.1063/1.4863786
https://doi.org/10.1063/1.4863786
https://doi.org/10.1063/1.4863786
https://doi.org/10.1063/1.4863786



