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Microscopic origin of the Dynes parameter � of the LaAlO3–SrTiO3 interface superconductor
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The superconducting density of states of the two-dimensional electron system at the LaAlO3–SrTiO3 interface
exhibits broad quasiparticle peaks that are well described by the Dynes parameter �. We measured � in a wide
range of temperatures and gate voltages using tunneling spectroscopy. � exhibits a T q temperature dependence,
with q = 2.2 ± 0.2. We discuss several interpretations of � and conclude that � is an intrinsic parameter of the
superconducting state that quantifies the effect of the pair-breaking processes in the superconductor. The strong
temperature dependence at low temperatures rules out inelastic electron scattering and magnetic scattering as
the origin of the pair breaking. We find that � can be explained by interband scattering and by scattering in a
superconductor with nodes in the order parameter.
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I. INTRODUCTION

The Bardeen-Cooper-Schrieffer (BCS) theory of super-
conductivity is one of the cornerstones of condensed-matter
physics [1]. The theory correctly predicts that superconduc-
tors are characterized by the appearance of a gap � in the
electron density of states below the critical temperature Tc.
The magnitude of the gap scales with Tc and the spectral
weight accumulates in sharp quasiparticle peaks bordering the
gap. These quasiparticle peaks in the density of states are
broader than the expectation of the BCS theory in several
superconductors. Dynes et al. attributed this broadening to
the finite lifetime of the quasiparticle states by inserting a
phenomenological parameter � in the equation for the density
of states N :

N (E ) = Re

[
E − i�√

(E − i�)2 − �2

]
, (1)

where E is the energy [2]. Next to broadening of the quasi-
particle peaks, Eq. (1) also predicts N (E ) to be nonzero
for all energies when � > 0. Several authors have criti-
cized this description on the basis that the parameter is not
directly derived from a microscopic pair-breaking mecha-
nism [3,4]. Nevertheless, the excellent match between the
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experimentally observed density of states in a range of super-
conductors [2,5–8] and Eq. (1) poses several questions. Why
does a single parameter � describe the experiments so well
and which fundamental physics does � represent?

Furthermore, several superconductors exist in which the
resistive Tc differs from the temperature at which the gap
opens [9–13]. This anomaly occurs often in two-dimensional
superconductors with low charge-carrier densities n. A promi-
nent example is the electron system generated at the interface
between LaAlO3 and SrTiO3 [14,15]. This two-dimensional
superconductor can be tuned through a superconducting dome
by electrostatic gating [16]. On the underdoped side of the
dome, Tc decreases with decreasing n. However, � and the
temperature at which the gap closes, Tgap, increase with de-
creasing n (Ref. [12]). The tunnel spectra below as well as
above Tc are well described by Eq. (1). Because both �(T )
and �(T ) are of similar magnitude and are smoothly varying
with T for T ≈ Tc, it is not clear which parameter controls
Tc. It was found, however, that the �0/�0 ratio predicts Tc

surprisingly well [12]. Here, �0 (�0) is � (�) at T = 0 K.
This indicates that � plays a role in setting Tc in this super-
conductor.

The influence of � on Tc has also been observed in gran-
ular Al samples [17] and is consistent with the broadened
superconducting gaps observed in insulating samples of amor-
phous InO and TiN [18–20]. Several experiments link � to
Tc in underdoped cuprates as well [21–24]. Finally, the su-
perconducting gap in the lithium-intercalated layered nitrides
LixHfNCl and LixZrNCl is present above Tc, similar to un-
derdoped LaAlO3–SrTiO3 and � is of similar magnitude as �

for Tc < T < Tgap (Ref. [13]). The importance of � in setting
Tc, however, is not a general property of superconducting
materials. For example, the Tc of MoC films depends strongly
on the film thickness and � increases from 0 to 0.85 � with
decreasing film thickness. Nevertheless, Tc is solely governed
by �0 for all these MoC films [8,25].
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Here, we analyze the tunnel spectra of the LaAlO3–SrTiO3

two-dimensional superconductor in order to systematically
investigate the behavior of � in the superconducting dome and
to determine the origin of �. We find that Eq. (1) describes
the tunnel spectra extremely well. The strong temperature de-
pendence of � at low temperatures rules out inelastic electron
scattering and magnetic scattering as the origin of the pair
breaking. We find that a multiband model with both super-
conducting and nonsuperconducting bands can lead to tunnel
spectra identical to Eq. (1) and that this is a possible origin of
the pair breaking in the LaAlO3–SrTiO3 interface supercon-
ductor. Furthermore, the origin of � can also be scattering in a
superconductor with an order parameter with nodes in the gap
structure.

II. EXPERIMENT

The tunnel junctions comprise the electron system of the
LaAlO3–SrTiO3 heterostructure as one electrode, the 1.6-nm-
thick LaAlO3 layer as the insulator and a Au counterelectrode.
Using pulsed laser deposition, monitored by reflection high-
energy electron diffraction, LaAlO3 films were grown onto
TiO2-terminated SrTiO3 substrates (CrysTec GmbH) at an
oxygen pressure of 1 − 2 ×10−4 mbar at 780 ◦C–800 ◦C.
The LaAlO3 was ablated from a single-crystalline target with
a laser fluence of 1 J/cm2. After annealing, 30 nm of Au
were deposited onto the sample surfaces either by pulsed
laser deposition or by radio-frequency sputtering after an in
situ transfer into a sputtering system. Subsequently, the Au
was patterned into photolithographically defined, ring-shaped
electrodes using a KI+I2 etch solution. The electrode areas
range from 0.2 to 1 mm2. Contacts to the 2DEL were made
by refilling Ar-ion-etched pits with sputtered Ti and Au. We
attached wires to the top electrode using Ag glue and to the
contacts to the 2DEL by wedge bonding. More detailed infor-
mation about the junctions and their characteristics is found
elsewhere [12,26–29].

We measured tunneling characteristics by sourcing current
from the top electrodes to outer contacts on the electron sys-
tem and measuring the voltage between the top electrodes
and the electron system with a separate set of contacts. We
used dc current bias together with a small ac current to di-
rectly measure V (I ) and dV/dI (I ). The measurements were
performed in a top-loading-into-mixture dilution refrigera-
tor with a base temperature of 20 mK. This is significantly
colder than our previously reported measurements [12] which
were performed in a cold finger dilution refrigerator with a
base temperature of 50 mK. We took special care to avoid
broadening of spectral features by electrical noise from the
environment. The lower electron temperature during the mea-
surements allows for a precise determination of the intrinsic
broadening of the superconducting quasiparticle peaks. To
tune the superconducting state electrostatically, a gate voltage
VG was applied to the Ag-coated back side of the SrTiO3 sub-
strate while the electron system was held at ground potential.
We measured magnetotransport in the van der Pauw configu-
ration in a Quantum Design Physical Properties Measurement
System at 2 < T < 300 K in order to extract the temperature
dependence of the normal-state scattering rate of the electron
system.
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FIG. 1. Tunnel spectra of device A for different VG measured at
T = 20 mK. For VG < 20 V, the normal-state conductance of the
junction decreases with decreasing VG. For VG < −25 V, the device
is insulating. The superconducting gap is present for all VG and in-
creases with decreasing n. Significant broadening of the quasiparticle
peaks is observed. This broadening increases with decreasing n.

III. RESULTS

Figure 1 presents the gate voltage (VG) dependence of the
tunneling spectra of one of the devices on sample A at T =
20 mK. Superconducting gaps are observed in all spectra. For
VG > 0 V, the normal-state conductance is independent of
VG whereas the superconducting gap becomes smaller with
increasing n. For VG < 10 V, the normal-state conductance
decreases with decreasing n. The superconducting gap re-
mains present in all spectra. For VG < −25 V, the device
was insulating and no measurements could be performed. The
data agree well with the data published before [12,26]. In
particular, the superconducting gap persists when the device
is turned insulating, the superconducting gap decreases in
size with increasing n, and the increase of the normal-state
conductance with increasing n saturates, indicating a Lifshitz
transition of the electron system. For all VG, significant tunnel
conductance is present at zero bias (V = 0 μV), indicating the
importance of � in describing the spectra.

In order to extract � and � from the tunneling data, we fit-
ted the data with the quasiparticle-lifetime-broadened density
of states convoluted with the derivative of the Fermi function.
Reliable fits are obtained once the measured energy depen-
dence of the density of states in the normal state is taken into
account. Figure 2 illustrates the data-analysis procedure. The
shape of the normal-state conductance is measured at T > Tc

and used as a background for the fits at T < Tc. The normal-
state conductance is not constant as a function of V . First, the
normal-state conductance increases with increasing voltage,
reflecting the increase of the density of states with energy in
the electron system. Second, a small depression around zero
voltage is present. This is attributed to an Altshuler-Aronov
correction [30] to the density of states of a disordered electron
system. This correlation gap becomes more pronounced with
decreasing n. Once these features are taken into account, ex-
cellent fits between the model and the experiment are obtained
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FIG. 2. Tunnel spectra above (blue symbols) and below (green
symbols) Tgap = 270 mK for VG = 0 V. The graphs illustrate the data
analysis procedure. The shape of the tunnel spectrum for T > Tgap

is used as a background normal-state conductance. This background
conductance is modified by the presence of the superconducting gap.
The fits for the gap are based on Eq. (1) and the thermal distribu-
tion of the electrons in the Au counterelectrode. Excellent fits are
obtained, both at T = 20 mK (a) and at T = 250 mK, which is close
to Tgap (b).

(see Fig. 2). We note that when the Altshuler-Aronov correc-
tion is not taken into account, the data do not seem to preserve
spectral weight when the superconducting gap opens. There-
fore, reference spectra of the normal-state density of states
are required for a reliable extraction of the superconducting
parameters.

The gate voltage dependence of � and � are shown in
Fig. 3(a) for T = 20 mK. � increases monotonically from
20 to 60 μeV with decreasing VG. In contrast, � is almost
constant at ∼18 μeV for VG > −10 V, but rapidly increases
up to 60 μeV with decreasing VG for VG < −10 V. The gate-
voltage dependence of the ratio �/� (T = 20 mK) is shown
in Fig. 3(b). The ratio has a maximum of 3 at VG = −10 V.
Based on previous measurements we expect this maximum
to correspond to the maximum of Tc [12]. (Tc was not directly
measured in this device.) Another indication for the maximum
of Tc is the saturation of the normal-state resistance of the
tunnel junction that indicates the Lifshitz transition in the
electron system [26]. This happens at VG = 10 V in this device.
This Lifshitz transition occurs at the maximum of the super-
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FIG. 3. (a) The gate-voltage dependence of � and � extracted
from the data shown in Fig. 1. (b) The ratio �/� has a maximum at
VG = −10 V. Positive values of VG correspond to enhancement of n.
The data were measured at T = 20 mK.

conducting dome of the LaAlO3–SrTiO3 superconductor in
a number of studies [26,31,32]. Therefore, and because the
device is insulating for VG < −25 V, the range of VG shown
in Fig. 3 encompasses most of the superconducting dome.

Figure 4 presents the temperature dependence of the tunnel
spectra for six values of VG. In all spectra, significant tunnel
conductance is present at V = 0 μV. Furthermore, the con-
ductance at V = 0 μV increases with increasing temperature
because spectral weight is transferred from the quasiparticle
peaks to the gap. These observations highlight the importance
of � in describing the tunnel spectra. The temperature depen-
dence of � and � is shown in Fig. 5. �(T ) closely follows
the temperature dependence expected from the BCS theory
for all gate voltages. � increases rapidly with increasing tem-
perature and is typically larger than � for T > 0.5 Tgap.
We fitted the temperature dependence of � to the function
�(T ) = �0 + �1T q. This function describes the data well,
except for the data at VG = 80 V. We find q to be 2.2 ± 0.2.

In order to search for a possible link between the
temperature-dependent and the temperature-independent con-
tributions to �, we repeated the fits under the constraint of
q = 2.2. The result is shown in Fig. 6. There is a positive
correlation between the parameters such that �(T ) ≈ �0(1 +
1.4 × 10−5 T 2.2). This correlation suggests that the two con-
tributions have a common origin.

IV. DISCUSSION

A. Necessity of � in describing the superconductor

We first review the arguments to analyze the broadening
of the quasiparticle peaks in the tunnel spectra as an intrin-
sic feature of the superconducting density of states. Several
extrinsic sources of broadened quasiparticle peaks in tunnel
spectra exist. First of all, the quasiparticle peaks are naturally
broadened as a result of the convolution with the derivative
of the Fermi function due to thermal excitations in the metal
counter electrode. This process is taken into account in the
data analysis, but could result in errors if the measurement
temperature is higher than expected. The error in T in our
experiment is smaller than 5 mK, however, as determined
by the observation of fragile quantum Hall states in this
measurement setup [33]. This error is much smaller than the
values required to explain the large broadening of the quasi-
particle peaks. Furthermore, it would be inconsistent with the
dependence of the broadening on both T and VG. These de-
pendencies also rule out environment-assisted tunneling [34]
as the origin of the spectral broadening.

Another source of broadening is the probability function
P(E ). It describes the energy-resolution function of tunnel
junctions due to the charging energy imposed by the quantized
nature of the electron charge [35]. This process is not relevant
for our experiment because it applies only in the limit of
junctions with a small capacitance, e.g., a scanning-tunneling-
microscopy experiment. Our junctions have a capacitance
of ∼50 nF, resulting in an intrinsic energy resolution of
0.01 μeV, which is much smaller than the thermal resolution.

Finally, the observed broadening could also be due to spa-
tial inhomogeneities in the electron system. To analyze this
scenario, we model a typical superconducting density of states
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FIG. 4. Temperature dependence of the tunnel spectra for six values of VG. In all spectra, significant broadening of the quasiparticle peaks
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between both parameters.

N (E ) with � = 40 μeV and � = 15 μeV [see Fig. 7(a)]. In
order to describe the spectrum without intrinsic broadening,
we allow for areas of the device to have a variation in �.
As shown in Fig. 7, this N (E ) is perfectly described by a
system in which ∼35% of the device area is not supercon-
ducting and the remaining area is superconducting with a
Lorentzian distribution of � centered around 40 μeV with
a width of 30 μeV (2�). We note that this distribution is
uniquely defined by the values of � and �. This gap distri-
bution will have the usual BCS temperature dependence with
2� = 3.5kBTgap for each individual region of the gap. The
resulting temperature dependence of the system is shown in
Fig. 7(b). The gap fills in with increasing temperature, but at a
lower rate than that of a superconducting system with a single
gap. A gap remains in N (E ) up to temperatures twice the
Tgap that corresponds to a gap of 40 μeV. Figure 7(c) shows
the extracted �(T ) and �(T ) by analyzing the temperature
dependence of the gap distribution with a single gap. �(T )
deviates significantly from the BCS expectation, in contrast to
the �(T ) extracted from the measurements as shown in Fig. 5.

This discrepancy demonstrates that this model of spatially in-
homogeneous superconductivity is inconsistent with the data.
We conclude that the broadening of the quasiparticle peaks in
the tunnel spectra is intrinsic.

All measured tunnel spectra are well described by Eq. (1),
as shown in Fig. 2. In contrast, other models describ-
ing quasiparticle-peak broadening such as models based
on exchange scattering by paramagnetic impurities [36],
mesoscopic conductance fluctuations [37], or short-range su-
perconducting fluctuations [4] do not describe the data well.
These alternative models either predict a full gap at small
energies or a reduction of spectral weight in the quasiparti-
cle peaks. These predictions are not observed. Therefore, we
conclude that the Dynes parameter � is a necessary ingredient
for the correct description of the shape of N (E ) in supercon-
ducting LaAlO3–SrTiO3.

B. Microscopic interpretation of �

The broadening of the quasiparticle peaks in N (E ) is due to
pair-breaking scattering because pair-breaking scattering lim-
its the lifetime of the quasiparticle states. Several mechanisms
for pair breaking exist and we discuss these in turn below.

1. Inelastic electron scattering

The standard explanation for the Dynes spectrum is that
it is caused by inelastic electron-phonon scattering [38,39].
Because inelastic scattering is also the cause of electrical
resistivity in normal-metal transport, it is instrumental to
compare the Dynes scattering rate � with the normal-state
scattering rate �N. Figure 8 shows the temperature-dependent
values of � obtained from three different LaAlO3–SrTiO3

samples together with the temperature-dependent values of
�N for both lightly and heavily doped SrTiO3 (Ref. [40])
and LaAlO3–SrTiO3. The �N data of LaAlO3–SrTiO3 were
obtained from magnetotransport measurements. The figure
also shows the spin-scattering rate �S of LaAlO3–SrTiO3

[41]. �(T ) is relatively small, but has strong temperature
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FIG. 8. Comparison between the Dynes scattering rate �, the
normal-state scattering rate �N, and the spin-scattering rate �S. The
data for doped SrTiO3 were taken from Ref. [40] and the data for
�S were taken from Ref. [41]. Extrapolating the temperature depen-
dence of � toward high temperatures leads to values of scattering
rates larger than the observed rates of �N and �S. This indicates that
the mechanisms that cause �N and �S are not the mechanism that
causes �.

dependence for T < 0.5 K. In contrast, �N(T ) is relatively
large and is temperature independent for T < 10 K.

Inelastic scattering can only be the main cause of the
pair-breaking scattering if the normal-state scattering rate is
larger than the pair-breaking scattering rate [42] The low-
temperature values of �N of lightly doped SrTiO3 are of
similar magnitude as the � values and all other values of �N

are larger. The strong temperature dependence of �, however,
is inconsistent with an interpretation of inelastic scattering as
the origin of �. In electronic systems whose bandwidth is
larger than the temperature, scattering rates do not saturate
with increasing temperature. Therefore, �(T ) can be extrap-
olated toward the temperature range in which �N(T ) was
measured (see Fig. 8). For T > 10 K, we find that the extrapo-
lated scattering rate is several orders of magnitude larger than
�N. So, if � was caused by an inelastic scattering process, this
process would dominate the resistivity of the LaAlO3–SrTiO3

electron system at T > 10 K, and the electron system would
have a much higher resistivity than the measured resistivity.
Therefore, � is not caused by either inelastic electron-phonon
scattering or inelastic electron-electron scattering.

2. Magnetic scattering

Magnetic scattering breaks Cooper pairs, but does not eas-
ily bring about the N (E ) described by Eq. (1) (Ref. [36]).
Magnetic impurities typically lead to the formation of
Yu-Shiba-Rusinov states [43–45]. Recently, it was shown,
however, that a Lorentzian distribution of a large num-
ber of magnetic scatterers does result in the Dynes N (E )
[46–49]. Magnetic effects can be present at the LaAlO3–
SrTiO3 interface (see Ref. [50] and references therein), but the
spin-scattering rate is low. The experimentally measured spin
lifetime is ∼150 ps and it has a weak temperature dependence
for 2 < T < 15 K [41,51]. This corresponds to spin-scattering
rates �S of 20 to 35 μeV (see Fig. 8). �S(T ) is of similar

magnitude as �(0), but smaller than the � values around
T ≈ Tgap, even though the values for �S were measured at
higher temperatures than the values for �. The strong tem-
perature dependence of � is also not consistent with the weak
temperature dependence of �S. This comparison shows that
the two scattering rates do not correspond to the same physical
process. Therefore, we exclude magnetic scattering as the
origin of � in the LaAlO3–SrTiO3 interface superconductor.

3. Unconventional order-parameter symmetry

Several superconductors have an unconventional order-
parameter symmetry with a gap function that depends on
the direction of momentum. In these superconductors, elastic
scattering is pair breaking because the scattering changes the
direction of momentum of the charge carriers and the gap
function is typically different before and after the scatter-
ing event. The standard example is the scattering in d-wave
superconductors such as the cuprates. The gap symmetry
of LaAlO3–SrTiO3 interface superconductor has not been
determined yet. There are several arguments that the LaAlO3–
SrTiO3 interface superconductor has s-wave symmetry. First,
doped SrTiO3 is known to be an s-wave superconductor
[52,53]. The critical temperatures of doped SrTiO3 and
LaAlO3–SrTiO3 are very close, suggesting that the pairing
mechanism and therefore also the order-parameter symmetry
are the same. Furthermore, the presence of nodes in the order
parameter changes the shape of N (E ) in the superconductor.
Based on the analysis of numerous measured tunnel spectra,
we find the nodeless component of the order parameter in
LaAlO3–SrTiO3 to be larger than 90% in the tunneling di-
rection. For example, the quality of the fits shown in Fig. 2
would not be possible with a model of a nodal superconduc-
tor. But, several other experiments suggest a more complex
order-parameter symmetry to be present in this or similar
superconducting heterostructures [54–57]. Furthermore, the
relation between the superconducting condensate and the
Rashba spin-orbit coupling [58] of the electron system has not
yet been resolved. Therefore, pair-breaking scattering due to a
more complex order-parameter symmetry cannot be excluded
and is a possible origin of the pair breaking. This scenario
requires the complex order parameter to have nodes in the gap
structure.

4. Interband scattering

Interband scattering is a pair-breaking mechanism when
the gaps in both bands differ. But, interband scattering also
causes the gaps in both bands to equalize [59]. This is why
doped SrTiO3 is a multiband superconductor with a single gap
[60]. The question is then whether a situation arises in which
interband scattering is sufficiently strong to induce pair break-
ing in the entire energy range without equalizing the gaps in
both bands. We therefore look at the equations describing a
coupled two-band superconducting system [59,61,62]:

�1(E ) = �BCS
1 − �12

�1(E ) − �2(E )√
�2

2(E ) − E2
,

(2)
�2(E ) = �BCS

2 − �21
�2(E ) − �1(E )√

�2
1(E ) − E2

.

134506-6



MICROSCOPIC ORIGIN OF THE DYNES PARAMETER … PHYSICAL REVIEW B 102, 134506 (2020)

Here, �BCS
1,2 are the bare order parameters for the first and

second band, respectively, and �12 and �21 are the coupling
parameters between the bands. The coupling parameters are
proportional to the density of states N1,2 at the Fermi level in
the bands in the following way:

�21

�12
= N1(EF)

N2(EF)
. (3)

Equation (2) results in a hard gap (no imaginary component
of �1,2) for E < Ec when �1,2 are both larger than zero
[62]. Here, Ec is a critical energy whose value depends on
these parameters. As we are looking for pair breaking that
resembles the spectral shape of Eq. (1) which does not have
a hard gap, we are interested in the situation where �2 = 0.
This is achieved when �BCS

2 = 0 and �21 � �12. In the limit
of vanishing �21, Eq. (2) can be easily solved:

�1(E ) = �BCS
1 E

E + i�12
,

(4)
�2(E ) = 0.

Inserting �1(E ) in Eq. (4) into the standard formula for the
superconducting density of states exactly produces the Dynes
formula with �12 equal to � (Ref. [39]). Therefore, interband
scattering can cause the Dynes density of states when a non-
superconducting band is present whose N (EF) is much larger
than the N (EF) of the superconducting band.

This scenario is possibly relevant for the LaAlO3–SrTiO3

interface superconductor. It is well established that electri-
cal transport at the LaAlO3–SrTiO3 interface happens in
multiple bands [63–65] and that the presence of multiple
bands also affects the superconductivity [26,29,31,32,66]. No
consensus has been reached, however, about which bands
are superconducting and which band provides most of the
pairing interaction. Some reports argue that the low-energy
band hosts the superconducting state [31,66] and others argue
that the high-energy band hosts the superconducting state
[26,32]. The latter scenario provides the possibility of having
a superconducting band with small N (EF) together with a
nonsuperconducting band with large N (EF). This is because
the low-energy band has large N (E ) for energies larger than
the avoided level crossing [67]. This scenario where the band
with the largest n is nonsuperconducting can also explain the
small superfluid density of the superconductor [68]. We note
that in this scenario it is not required that the low-energy
band is nonsuperconducting. It is sufficient when its gap is
smaller than the resolution of our experiment (∼5 μeV).
Because our tunneling experiments probe predominantly elec-
trons with 3dxz,yz orbital character [26], we do not observe
the lowest-energy band. Therefore, we cannot experimentally
verify whether this band is superconducting or not.

Because � depends directly on �12 in this scenario, the cor-
relation between �0, the temperature-independent part of �,
and �1, the temperature-dependent part of �, can be explained
(Fig. 6). Under the assumption that the scattering matrices for
both types of interband scattering do not depend on n, both
�0 and �1 will change as a result of the phase space for scat-
tering. The phase space depends on the N1(EF)/N2(EF) ratio.
Modifying n changes the N1(EF)/N2(EF) ratio and therefore
also �0 and �1 in the same manner, explaining the correlation
between the parameters.

Finally, the multiband scenario discussed above can
explain why larger values of � are observed in the LaAlO3–
SrTiO3 electron system than those observed in doped SrTiO3

[69,70] because in the latter superconductor the band with the
largest N (EF) is superconducting [71].

V. CONCLUSION

We have analyzed the spectral density of states N (E ) of the
LaAlO3–SrTiO3 interface in the superconducting state as a
function of temperature and gate voltage. We found that N (E )
is well described by Eq. (1) at all values of T and VG. There-
fore, pair-breaking scattering (Dynes �) is required for an
adequate description of the superconducting gap function. The
data exclude inelastic electron scattering and magnetic scat-
tering as the origin of the pair breaking. Our work points to
either scattering in a superconductor with an unconventional
order parameter or elastic scattering between a supercon-
ducting band with a small N (EF) and a band with a large
N (EF) that is either nonsuperconducting or superconducting
with a gap smaller than ∼5 μeV as the origin of the pair-
breaking scattering in the LaAlO3–SrTiO3 interface super-
conductor.

Several questions remain. In what way is the increase of
� with decreasing n related to the reduction of Tc in the
region of the phase diagram where Tgap remains large? An
increase in � leads to a reduction of the superconducting
condensation energy [49]. Can this reduction become large
enough to enable 2D fluctuations to destroy superconductivity
while the gap remains? Another question concerns the gen-
erality of the results. Most superconductors in which a large
value of � is observed are not multiband or exotic supercon-
ductors. Therefore, can intraband scattering result in a loss
of superfluid density such that most of the electron system
becomes effectively normal conducting and thereby intraband
scattering causes pair breaking by itself?
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