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Numerous two-dimensional superconductors exhibit a characteristic dome-shaped dependence of the critical
temperature 7. on the carrier density. The reduction of the critical temperature with increasing charge carrier

density on the overdoped side of this dome is frequently related to scattering arising from conduction in
multiple bands. Multiband superconductivity can be resolved by tunneling spectroscopy, but the interpretation
of spectroscopic data can be ambiguous. Superconductivity in multiple bands is also expected to affect the
temperature dependence of the upper critical field H,, of the superconductor. We have therefore measured the
temperature dependence of H,, across the dome of the LaAlO;3-SrTiOj; interface superconductor and found H, (T)
to be linear across the entire dome. This result places constraints on scenarios of multiband pairing in this interface

superconductor.
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I. INTRODUCTION

Superconducting domes are often observed in two-
dimensional superconductors, such as the cuprates [1],
LaAlO3-SrTiOs [2,3], and in electrostatically induced super-
conductivity in MoS, [4], KTaOj3 [5], and ZrNClI [6]. Several
of these superconductors are characterized by conductivity
in multiple bands. In both LaAlO;-SrTiO; and MoS,, the
carrier density with the highest critical temperature 7. co-
incides with a Lifshitz transition where an additional band
becomes populated [4,7-10]. This raises the question of how
the multiband nature of the electron system influences the
superconducting properties. One of the fundamental properties
of a superconductor that is expected to be influenced by
multiband superconductivity is the temperature dependence
of the upper critical field He,(T). In this paper, we investigate
H(T) across the superconducting dome of LaAlO3-SrTiOs.

At the LaAlO3-SrTiOj3 interface [11], a two-dimensional
superconducting [12] electron-liquid (2DEL) [13] exists on the
SrTiO; side of the interface. Due to the breaking of inversion
symmetry, the band structure of the 2DEL is modified with
respect to the band structure of doped bulk SrTiO3 [14]. In
the LaAlO;-SrTiO3 system, the interface breaks the crystal
symmetry and splits the degeneracy of the f,, bands [15-18].
Therefore, conductivity is facilitated by a combination of
bands formed from the titanium d,,, d.;, and d,, orbitals.
Depending on the growth parameters and the applied gate
voltages, multiple bands can participate in conductivity at
the interface [7,8,10,14,19]. Because of significant interband
scattering, all bands participating in transport are expected
to be superconducting. However, whether superconductivity
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in LaAlO3-SrTiO; is present in multiple bands has not been
resolved experimentally.

In electron tunneling experiments on the LaAlO3-SrTiO3
interface, the superconducting gap usually appears without side
peaks [3,20,21], indicating a single gap. However, because of
the planar geometry of the tunneling junction, which dictates
a tunneling current perpendicular to the interface, tunneling
electrons can predominantly access the bands derived from
the d,; and d,; orbitals. The d, orbital is mostly inaccessible
to tunneling measurements. It is therefore a candidate to host
a second band that is not visible in tunneling spectroscopy. As
a reference we mention that also in early tunneling measure-
ments on MgB,, only asingle gap was observed [22]. However,
the second gap was resolved when samples with a controlled
surface orientation were prepared so that both gap momenta
were accessible [23].

In this paper, we use the temperature dependence of the
perpendicular upper critical field H, as a probe for multiband
superconductivity [24-29]. In single band s-wave supercon-
ductors, the superfluid density is almost constant at temper-
atures <0.57; and the upper critical field therefore saturates
at low temperature. In multiband superconductors with appre-
ciable interband coupling, however, the superfluid density in
the nondominant band increases with decreasing temperatures,
because the superconducting gap in this band continues to in-
crease with decreasing temperature [28,30]. Thus, in multiband
superconductors at low temperatures, H., does not saturate;
it rather continuously increases with decreasing temperature.
Measurements of H.,(T) of the (001)-LaAlO3-SrTiOj3 inter-
face electron system have been performed previously in a
limited temperature range and for specific carrier densities,
which showed a linear behavior of H.(7T) [12] or minor
deviations from linearity [31]. The temperature dependence
of the upper critical field in (110)-oriented LaAlO3-SrTiO3
has also recently been investigated [32]. Furthermore, §-doped
SrTiO5 heterostructures showed a linear H.,(T) [33]. In the
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FIG. 1. Optical micrograph showing the design of sample A in
top view and schematic cross section.

present paper, we report measurements of H.(7T) of the
(001)-LaAlO3-SrTiO;3 interface down to lower temperatures
than those probed in Refs. [12,31], at which the peculiar
behavior of Hy(T) becomes evident. In our experiments,
measurements of the tunneling current enable us to gain insight
into the nature of superconductivity in all regions of the phase
diagram, including the pseudogaplike [3] strongly underdoped
phase in which charge transport is resistive. Our measurements
show H,(T) to be linear down to 0.157;, consistent with
the hypothesis that the LaAlO3-SrTiO; interface 2DEL is a
multiband superconductor.

II. EXPERIMENTAL

The data presented in this paper have been obtained on two
samples. Sample A is identical in its layout to that described
in Ref. [21] and was designed to allow combined tunneling
and sheet resistance measurements simultaneously on the same
device. For this sample, four unit cells of LaAlO; were grown
by pulsed laser deposition (PLD) on a TiO,-terminated SrTiO3
(001) substrate at 800 °C and an O, pressure of 8 x 10~ mbar
using a laser fluence of 0.8 Jcm~2. Layer-by-layer growth
was monitored by reflection high energy electron diffraction
(RHEED), which showed clear intensity oscillations. After
annealing the sample in 400 mbar O, for two hours to ensure
oxygen stoichiometry, a Au capping layer was deposited by
PLD onto the sample in situ, preventing surface degradation
arising from exposure to air. The Au layer was subsequently
patterned by photolithography and KI + I, etching into ring-
shaped top electrodes. In the next patterning step, contacts
to the 2DEL were defined by photolithography, etched with
Ar* ion milling and filled in sifu with Ti using electron
beam evaporation. Four circular devices were patterned on
the sample, two with a diameter of 1 mm and two with a
diameter of 1.5 mm. The devices, which are shown in Fig. 1,
allow both four-point sheet resistance measurements of the
2DEL between the inner and outer Ti electrodes and four-
point tunneling measurements between the Au top electrode
and the 2DEL. The large size of the devices ensures high

energy resolution for tunneling measurements. The outer ring
electrode, when grounded during measurement, minimizes
external disturbances of the electron system. By comparing
the sheet resistance inside the device and between different
devices, we found that the gold top electrode has only minor
influence on the electron system underneath.

Sample B was fabricated using similar steps. However, the
devices on this sample are of a different geometry (see Ref. [3]
and supplementary therein). This geometry is well suited
for probing superconductivity in tunneling measurements but
limits the accuracy of sheet resistance measurements.

For electrical measurements, the devices were wire bonded
to a chip carrier equipped with an Al back-gate electrode.
AC measurements were performed using Stanford Research
SR830 lock-in amplifiers at 8.333 Hz and preamplifiers. In
order to obtain accurate temperature measurements, a RuO,
sensor was fixed to the chip carrier, which gave more precise
information on the sample temperature than the mixing cham-
ber temperature sensor of the dilution refrigerator. For both
samples, the carrier density was saturated by applying high
positive back-gate voltages (200 V for sample A and 350 V for
sample B) at low temperature before the start of measurements.
This step ensures that the carrier density is independent of the
gating history.

In sample A, the doping range at high back-gate voltages
(VBg) was not accessible because high leakage currents led
to significant heating at low temperatures. Superconductiv-
ity in this sample persists over the full accessible voltage
range, corresponding to carrier densities from 2 x 10'3 cm™2
to 3 x 10'* cm™2, with the critical temperature, the critical
magnetic field, and the size of the gap monotonously increasing
towards more negative gate voltages. At —150 V, the critical
temperature (defined as the temperature at which the resistance
is 50% of the normal state value) is 270 mK with a transition
width of 50 mK. At this gate voltage the critical field is 0.1 T.
Typical curves for a gate voltage of —100 V are shown in
Figs. 2(a) and 2(b). At gate voltages of +100 V and 0 V, the
behavior is similar.

The phase diagram of sample B has already been described
elsewhere [3,8,20]. The charge-carrier density of this sample
decreases with decreasing gate voltage, and macroscopic
superconductivity disappears at Vg = —130 V, with finite
sheet resistance measured down to the lowest temperature.
The densities of charge carriers investigated in this sample
range from 8 x 10'2 cm=2 at —200 V to 2.7 x 103 cm~2 at
100 V. The optimally doped superconducting state with a Tt of
300 mK and H,, of 0.2 T occurs at 0 V. Positive gate voltages
are used to reach the overdoped superconducting regime.

III. RESULTS

Studying these samples, we determined the critical mag-
netic field as a function of back-gate voltage and temperature
across their superconducting domes. On both samples, we
applied magnetic fields perpendicular to the plane of the
2DEL and measured the zero-bias tunneling conductivity
(dI/dV(0V)) from the top gate to the 2DEL. The zero-
bias tunneling conductivity is a direct measurement of the
magnitude of the reduction of the electronic density of states
at the Fermi energy due to the superconducting gap. Thus,
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FIG. 2. R(H) measurements. (a) Sheet resistance data from sample A for a back-gate voltage of —100 V. The sheet resistance is plotted
as a function of applied perpendicular magnetic field for different temperatures. The difference between up and down sweeps, as indicated by
arrows, is due to field-induced heating of the cryostat at very low fields and temperatures. (b) Zero-bias tunneling conductance d//dV (0V) of
sample A for a back-gate voltage of —100 V plotted as a function of applied magnetic field for different temperatures. The methods employed
to extract H,, are illustrated for the 50 mK curves in panels (a) and (b). (c) d1/dV (0V) of sample B for different temperatures at back-gate
voltages of —200, —100, 0, and 100 V, corresponding to the different regions of the superconducting dome. In all panels, the critical temperature
T.. determined from R(7) measurements at the corresponding back-gate voltage is indicated.

measuring d/ /dV (0V) allowed us to measure the suppression
of superconductivity with magnetic field and determine H,,. In
addition, we measured the dependence of the sheet resistance
of sample A on magnetic field at different temperatures and
gate voltages.

Figure 2(a) shows the sheet resistance of sample A as
a function of the applied perpendicular magnetic field at
different temperatures for a back-gate voltage of —100 V.
Above a well-defined field value, the resistance increases
from the zero-resistance state to the normal-state resistance.
The hysteresislike difference between up and down sweeps
indicated by arrows is due to field-induced heating of the
cryostat at very low fields and temperatures. For consistency,
the following analysis only takes into account data from
downward sweeps. For those sweeps, the heating effect is
negligible for H > 5 mT. The resistive upper critical field

H_, was defined as the field where the resistance has dropped
to half of the normal-state value (50% criterion).

We also extracted the upper critical field from tunneling
measurements using the method illustrated in Fig. 2(b). The
figure shows the zero-bias tunneling conductance d//dV (0V)
between the gold top electrode and the 2DEL as a function
of magnetic field. At low fields, the conductivity is reduced
because electrons cannot tunnel into the superconducting
gap. Following the suppression of the gap with magnetic
field, conductivity recovers to the normal-state value. For the
tunneling conductivity, the 50% criterion cannot be applied to
derive H,, in a meaningful way. We therefore applied another
criterion, which we refer to as “line criterion,” illustrated in
Fig. 2(b): Two straight lines are fitted to the curve, one in the
region of maximum slope and one in the normal-conducting
region. The intersection of these two lines determines the
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FIG. 3. The values of H., extracted from tunneling and sheet resistance measurements for both samples as a function of temperature. The
vertical error bars denote the uncertainty in extracting the H., values and account for the error in locating the exact onset of the transition.
Since the width of the transition in the sheet resistance is smaller, the uncertainties of the sheet resistance measurements are smaller than for the
tunneling measurements. The horizontal error bars denote the accuracy of the temperature measurements affected by the H-field sweep-induced
heating. This uncertainty of the temperature measurement is larger at lower temperatures where additional heating due to magnetization effects
becomes significant. Comparison of panels (a) and (b) demonstrates that linear behavior is observed both in sheet resistance and tunneling
measurements. Panel (c) illustrates the persistence of the linear H.,(T') over the entire phase diagram.

tunneling H., [20]. The width of the superconducting transition
is not negligible for our measurements, as is typical for 2D
superconductors. In accordance with previously published
data [2,3], the suppression of the gap occurs over a broader
temperature range than the resistive transition. The sheet resis-
tance measurements therefore provide more precise results for
H_,. Tunneling measurements, on the other hand, can also be
performed in regions of the phase diagram where transport is no
longer superconducting and the temperature T, at which the
superconducting gap disappears may exceed the 7, determined
from transport [3]. Therefore, in the following analysis we use
Tgap to normalize temperatures for tunneling data and 7: to
normalize temperatures for transport data.

On sample A, both sheet resistance and tunneling resis-
tance could be measured simultaneously. However, it was not
possible to obtain information at all doping concentrations of
the superconducting phase. On sample B, tuning the carrier
concentration throughout the entire phase diagram could be
achieved. Data were recorded for back-gate voltage values of
—200, —100, 0, and 100 V, from ~60 mK to 400 mK, where
the superconducting gap disappears at all gate voltages applied.
Figure 2(c) shows the zero-bias tunneling conductance as a
function of magnetic field for sample B at different tempera-
tures and back-gate voltages across the superconducting dome.

From these measurements, we extracted the dependence of
the critical magnetic field on temperature for samples A and
B, using the criteria described above. We found that for all
gate voltages and irrespective of the criterion used to extract
H.», the critical magnetic field scales linearly with temperature
across the entire accessible temperature range, as is shown
in Figs. 3(a)-3(c). The linear behavior was found both by
analyzing the in-plane transport measurements of the 2DEL
[Fig. 3(a)] and by analyzing the superconducting gap of the
2DEL in the out-of-plane tunneling characteristics [Fig. 3(b)].
The linearity is also independent of the applied gate voltage.
For sample B, H»(T) curves at gate voltage values of —200,

—100, 0,and 100 V are shown in Fig. 3(c), which correspond to
the resistive state (where macroscopic superconductivity dis-
appears), underdoped, optimally doped, and overdoped regions
in the phase diagram of the LaAlO3-SrTiO; superconductor,
respectively [2,3,20]. In all cases, the H.»(T) curve is linear
over the entire accessible temperature range, consistent with
the results obtained from sample A. The critical magnetic fields
extracted from sheet resistance and tunneling measurements
show good quantitative agreement with each other [Figs. 3(a)
and 3(b)], indicating that the electron system of the sample is
homogeneous.

IV. DISCUSSION

The critical magnetic field of the LaAlO;-SrTiO; 2DEL
is found to vary linearly with temperature regardless of the
method used to determine H.,. This linearity is present for all
doping concentrations: Plotting reduced H., over normalized
temperature ¢ in Fig. 4(a), we find that all data points from
both samples and all back-gate voltages are described by a
single straight line. This behavior deviates significantly from
the prediction of a strongly curved parabolic behavior, as
is expected for a standard Bardeen-Cooper-Schrieffer (BCS)
superconductor [34,35]. It equally deviates from the predic-
tions for the temperature dependence of H, calculated by
Werthamer, Helfand, and Hohenberg (WHH) [36,37].

The curvature of H(T) calculated from BCS theory
becomes less pronounced when corrections for a two-
dimensional superconductor are taken into account as has been
shown by Tinkham [38]. As we will describe below, this model
gives an acceptable fit to our data.

However, because transport in LaAlO3-SrTiO3; occurs in
multiple bands, also the scenario of multiband superconduc-
tivity is a viable candidate to explain the linearity of He,(T).
The characteristic dependence of the upper critical field of a
multiband superconductor on temperature has been calculated
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FIG. 4. (a) The combined normalized H.,(T) data from both samples as a function of normalized temperature 7. All normalized data points
are described by a single straight line. Error bars for sample A are smaller than for sample B because the 50% criterion is a more precise method
of determining H., than the line criterion. (b) Averaged data compared to theoretical models. The linear behavior of H.,(T) clearly deviates
from the standard 3D BCS curve and the WHH model. The two-dimensional corrections by Tinkham give a better fit to the data. The best fit is
obtained for the Gurevich multiband model with coupling parameters for doped SrTiO; from literature [39] and a diffusivity ratio of n = 7.

by Gurevich [26]. In LaAlO3-SrTiOs, the scattering rate is
larger than the superconducting gap, thus LaAlO3;-SrTiO3
is a superconductor in the dirty limit. Therefore, the model
of Gurevich, although conceived for MgB,, is applicable
also to LaAlO3-SrTiOs;. A calculation for H.,(T) of the
LaAlO;-SrTiO3 interface based on this model has been per-
formed previously [24], but in a parameter space which is not
relevant for our work. Therefore we fit our data to the model of
Ref. [26], which is parametrized by the inter- and intraband
coupling constants A;j and the ratio of diffusivity between
the bands n. We find good agreement with the coupling
parameters A; determined by Fernandes et al. [39] (A1, = 0.14,
A2 = 0.02, A2; = 0.008, Xy = 0.13) for a diffusivity ratio of
n = 7. This set of A;j describes a system in which interband
scattering is significant but not dominant. The diffusivity
ratio n = 7 implies that the product of Fermi velocity and
scattering time must differ significantly between the different
bands. This result is consistent with the difference of Fermi
velocities between different subbands observed both in ab
initio calculations [14] and experiment [19].

The comparison between our data and the models is shown
in Fig. 4(b). It is clear that the model of a three-dimensional
standard BCS superconductor does not describe the data. Nei-
ther does the WHH curve calculated for the appropriate case
of a dirty superconductor with dominant orbital contributions
describe the observed linear behavior. Tinkham’s model of a
two-dimensional BCS superconductor provides an acceptable
fit to the data. The best fit is obtained with Gurevich’s model
of multiband superconductivity with the coupling constants
given above. Therefore, we conclude that if superconductivity
is present in multiple bands, the system parameters must be
similar to these.

Multiband superconductivity in LaAlO3-SrTiOs is conceiv-
able even though a single gap has been found in tunneling spec-
troscopy [3,20]. For instance, spectroscopic measurements on
Nb-doped SrTiO; recently showed that this system, which is
closely related to the LaAlO3-SrTiO;3 interface, also has a
single superconducting gap only, even though conductivity
is present in multiple bands [40,41]. The observation of a
single gap in a multiband superconductor is accounted for by
Anderson’s theory [42], according to which strong impurity
scattering averages out the contribution of multiple bands. At
the LaAlO3-SrTiO; interface, a scattering rate in the same
range as in bulk SrTiO; is to be expected. Therefore, the
strong interband scattering is able to quench the observation
of multiple gaps also in the interface superconductor.

V. SUMMARY AND CONCLUSION

In summary, comprehensive measurements of H(7') of
the LaAlO3-SrTiO; two-dimensional superconductor show
that the dependence of H, on temperature is highly linear
between 0.17; and T, for gate voltages that cover the complete
superconducting dome. These data agree best with a multi-
band model with diffusivity ratio n = 7 and are inconsistent
with three-dimensional BCS behavior. All multiband models
of superconducting systems yielding nonlinear H(T') are
incompatible with our data. The observed H,,(T) is consistent
with the single-gap behavior observed in tunneling due to
strong interband scattering resulting in a single gap. These
measurements raise the question why the linear H,(T') is
found for all gate voltages across the Lifshitz transition.

L.K. and E.F.-T. contributed equally to this work.
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