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Local magnetic response of superconducting Sr2RuO4 thin films
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We conduct local magnetic measurements on superconducting thin-film samples of Sr2RuO4 using scanning
superconducting quantum interference device (SQUID) susceptometry. From the diamagnetic response, we
extract the magnetic penetration depth, λ, which exhibits a quadratic temperature dependence at low tem-
peratures. In high-purity bulk samples, a similar quadratic temperature dependence has been attributed to
nonlocal electrodynamics. Although we cannot exclude nonlocal effects, our analysis indicates that in our
thin-film samples the presence of scattering is sufficient to explain the temperature dependence of λ. While
we observe micron-scale variations in the diamagnetic response and superconducting transition temperature, the
form of the temperature dependence of λ is independent of position. The growth and local characterization of
superconducting thin-film Sr2RuO4 samples demonstrated here is a first step toward device-based tests of the
superconducting order parameter in Sr2RuO4.

DOI: 10.1103/PhysRevB.110.144510

Since the discovery of superconductivity in Sr2RuO4 [1],
a substantial research effort has been dedicated to the de-
termination of the superconducting order parameter [2–6].
Although early experiments were interpreted in favor of
an odd-parity, time reversal symmetry breaking order pa-
rameter, recent experiments have called this picture into
question [7–11]. High-quality superconducting thin films of
Sr2RuO4 have recently been grown by molecular-beam epi-
taxy [12], raising the prospect of device-based tests of the
order parameter symmetry [13]. Given the extreme sensitivity
of the superconducting state in Sr2RuO4 to disorder [14,15]
and the presence of new types of defects in Sr2RuO4 thin
films [16–18], a direct comparison between the superconduct-
ing properties of thin films and bulk single crystals is needed
to set the stage for using thin-film devices to study the order
parameter in Sr2RuO4.

The dependence on temperature, T , of the magnetic pene-
tration depth, λ, contains information about the gap structure
of superconductors. A nodal superconducting gap gives rise to
a power-law dependence of λ(T ) at low temperature, while a
fully gapped superconductor exhibits an exponential tempera-
ture dependence. In Sr2RuO4, the observation of λ(T ) − λ0 ∼
T 2 with λ0 the zero-temperature value in high-quality bulk
single crystals provided early evidence for the presence of
nodes in the superconducting gap function [19].

Here, we study the superconducting penetration depth in
a 25 nm thick Sr2RuO4 thin film grown by molecular-beam
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epitaxy. The substrate is (LaAlO3)0.29–(SrAl0.5Ta0.5O3)0.71

(LSAT) with the c axis oriented perpendicular to the sub-
strate surface. The LSAT substrate preserves the tetragonal
symmetry of Sr2RuO4 and induces a small tensile strain of
approximately 0.045% due to the lattice constant mismatch
between LSAT and bulk Sr2RuO4 when the sample is cooled
to low temperatures. In the Supplemental Material [20], we
estimate that the small expected change of the critical tem-
perature is minimal based on uniaxial pressure experiments
on bulk single crystals [7,21,22]. Quantum oscillation studies
on Sr2RuO4 thin films prepared by the same methods and on
the same substrate as ours [16] show that the Fermi surface
areas and density of states is the same as in bulk samples.
Therefore, the small epitaxial strain is expected to induce
negligible changes in the electronic structure and critical tem-
perature of the films. Details of the growth of these films
are described in Ref. [12] and in Appendix C. We determine
the residual resistance ratio (RRR), here defined as the ratio
of the resistances measured at 300 K and 4 K, as RRR = 81
for the film studied here. The resistance measurements are
shown in the Supplemental Material [20].

Our experimental approach is illustrated schematically in
Fig. 1(a). We use a scanning superconducting quantum inter-
ference device (SQUID) susceptometer [23,24] to detect the
diamagnetic response of the superconducting film to a local
magnetic field produced by a current IFC sourced through
an integrated field coil with radius a. In the superconducting
state, the Sr2RuO4 film generates supercurrents that screen the
magnetic field produced by the field coil, effectively reduc-
ing the mutual inductance M between the field coil and the
SQUID pickup loop.
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FIG. 1. (a) Schematic of the SQUID pickup loop and field coil
pair close to the surface of an Sr2RuO4 thin film grown on an LSAT
substrate. A current IFC applied to the field coil with an inner diame-
ter of 8 µm induces a screening current ISC in the superconducting
Sr2RuO4. The sample response to IFC is detected via the SQUID
pickup loop, with an inner diameter of 1.5 µm. (b) Change in mutual
inductance δM between the SQUID and field coil as the voltage Vz

applied to the z-positioner is increased, bringing the susceptometer
toward the sample surface. The solid line is a fit to Eq. (1).

In Fig. 1(b) we show the change in the measured mutual
inductance δM/MFC at a fixed temperature, as the suscep-
tometer approaches the sample surface. Here, we set δM = 0
when the SQUID is far from the sample, and MFC is the
bare mutual inductance between the SQUID pickup loop and
field coil, which we measured to be 330 �0/A far from the
sample surface. With these choices, δM/MFC = −1 would
correspond to a complete screening of the magnetic field in
the plane of the pickup loop. The signals that we observe
correspond to a fraction of this value as expected for a thin
film. In the Pearl limit λ � d with d the film thickness and
neglecting the finite thickness and detailed geometry of the
pickup loop and field coil, Kogan and Kirtley et al. derived a
model for the dependence of δM/MFC on the height z above
the sample [25,26]:

δM(z, T )

MFC
= − ad

2λ2(T )

[
1 − 2z√

a2 + 4z2

]
. (1)

In Fig. 1(b) we include a fit to Eq. (1) of the height
dependence of δM/MFC . To determine the height z above
the sample in Eq. (1), we use z = z0 + α(Vz − Vz0), where
z0 and Vz0 are the height and piezo-positioner voltage when
the SQUID chip first makes mechanical contact with the sam-
ple. In this case, we identify Vz0 = 175 V as the value of

Vz where δM becomes only weakly Vz dependent, indicating
that the SQUID has made contact with the sample surface.
The parameter α determines the change in SQUID height
per volt applied to the piezo positioner. To perform the fit
in Fig. 1(b), we constrain the geometric parameters in the
model, which we can estimate at room temperature, a = 4 µm,
d = 25 nm, and z0 = 4 µm. The estimated value of z0 is based
on our alignment and the SQUID geometry. We estimate a
using the lithographic dimensions of the field coil. The fitting
procedure yields λ = 480 nm and α = 120 nm V−1. These
values agree reasonably well with previous measurements of
α for our scanner and estimates of the low-temperature value
of λ for films with a Tc of ∼900 mK (see Appendix A for
details). The absolute value of λ is affected by uncertainty in
the model parameters, which are strongly correlated with λ,
making a meaningful determination of the absolute value of λ

challenging (see Appendix A for details). For example, given
the large uncertainty in the geometric parameters d , z0, and a,
we can only constrain λ to lie between 210 nm and 860 nm
based on the height sweep data in Fig. 1(b). Recent studies
on high-quality bulk single crystals with Tc close to 1.5 K
reported the absolute value of the low-temperature penetration
depth to be between 120 nm and 130 nm [27,28]. Earlier
work on bulk samples with a few values of Tc showed that
samples with lower Tc have a longer low-temperature pene-
tration depth [29]. Specifically, Ref. [29] estimated λ0 to be
300 nm and 410 nm for two samples with Tc of 1.24 K and
0.7 K, respectively. These values are consistent with the value
we estimate for our thin film given the large uncertainty in
estimating the absolute value of λ from our data.

An important feature of Eq. (1) is that its sole temperature
dependence originates from λ(T ), which appears in a simple
prefactor. This implies that by measuring M as a function
of temperature at a constant height above the sample, we
can accurately extract relative changes in λ(T ), even in the
presence of uncertainties in the geometric factors. To deter-
mine the temperature dependence of λ, we measure M at a
fixed position as a function of temperature, while maintaining
light mechanical contact with the sample. Assuming that M
measured at 50 mK reasonably approximates λ0 = λ(T = 0)
at a given position, we can obtain λ(T )/λ0 − 1 = δλ(T )λ0

from M(zo,T )
M(zo,T =0) = λ2

0
λ2(T ) .

Figure 2(a) shows an image of the local magnetic response
acquired by scanning several microns above the sample sur-
face while maintaining the sample temperature at 20 mK.
The image reveals micrometer-scale variations in the local
magnetic susceptibility, and accordingly λ. Next, we conduct
detailed temperature-dependent measurements of the penetra-
tion depth at two positions on the sample surface marked in
Fig. 2(a). In Fig. 2(b), we show δλ(T )/λ0 versus tempera-
ture for these two positions. We find a stronger diamagnetic
response at base temperature and a higher local critical tem-
perature, Tc, at position 1 than at position 2. For both positions,
we observe no significant difference between data collected
upon warming and cooling indicating that we sweep tempera-
ture sufficiently slow for the sample to thermalize.

In Fig. 2(c), we plot δλ(T )/λ0 as a function of T 2/T 2
c for

both positions. The data fall on a straight line, indicating that
for T < 0.4Tc, λ(T ) exhibits a T 2 temperature dependence.
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FIG. 2. (a) Spatial map at 20 mK of the local diamagnetic response. The two dots indicate the locations where detailed temperature-
dependent data were acquired. The leftmost dot (blue) had a higher local superconducting transition temperature Tc = 0.90 K than the right
dot (purple), with Tc = 0.85 K. (b) δλ(T ) = λ(T ) − λ(0), normalized by λ(0) at the positions indicated in (a). (c) δλ(T )/λ(0) plotted against
(T/Tc )2.

A temperature dependence of λ(T ) ∼ T 2 has been observed
previously in high-quality single crystals of Sr2RuO4 using
a tunnel diode oscillator technique [19], radio-frequency sur-
face impedance measurements [29], and more recently using
scanning SQUID microscopy on single crystals under uniaxial
strain [30] and measurements of the upper critical field [27].
The power-law temperature dependence observed in our study
and in the single-crystal work provides evidence for nodes in
the superconducting gap function of Sr2RuO4. In the highest
purity single crystals, the slope m of the δλ(T )/λ0 vs (T/Tc)2

graph approaches m ≈ 1.0 [19,27] For our thin-film sample,
we find m ≈ 0.6. The slope of our δλ(T )/λ0 vs (T/Tc)2 plot
lies between the slopes of bulk samples with Tc = 1.2 K and
Tc = 0.7 K reported in Ref. [29].

For nodal superconducting order parameters in the clean
limit, a linear temperature dependence, δλ(T ) ∼ T , is ex-
pected. In Sr2RuO4 bulk samples, the δλ(T ) ∼ T 2 tempera-
ture dependence was attributed to nonlocal electrodynamics
of the nodal quasiparticles [19,27,30,31]. Impurity scattering
can also change the temperature dependence of λ(T ) for su-
perconductors with nodes in the gap function. For example,
for an order parameter with dx2−y2 symmetry, strong impurity
scattering is expected to give δλ(T ) ∼ T 2 [32]. In our thin-
film samples, Tc ≈ 1 K is suppressed compared to the highest
Tc ≈ 1.5 K observed in bulk samples, which we attribute
below to the presence of pair-breaking scattering. Therefore,
it is plausible that impurity scattering plays a larger role in
determining the superconducting properties of the thin films
than in high-purity bulk samples.

To assess whether scattering is sufficient to explain the
temperature dependence of the penetration depth in the thin
film studied here, we examine the superfluid density across
the full temperature range. The normalized superfluid density
is directly related to the penetration depth through ρs(T )/ρ0 =
λ2

0/λ
2(T ), where ρ0 is its zero-temperature value. Figure 3

shows the normalized superfluid density for both positions
measured in Fig. 2, as well as three additional positions sepa-
rated by ∼1 mm from the positions shown in Fig. 2. Although
we found local variations in both the magnitude of ρs and Tc,
we find that the normalized superfluid density collapses onto a

single curve for each position. Additional characterization of
the positions shown in Fig. 3 is presented in the Supplemental
Material.

In general, the temperature dependence of ρs depends
among other factors on the gap structure of the superconduc-
tor, the underlying band structure, and the scattering in the
sample. Nevertheless, it is useful to compare the temperature
dependence of ρs to expectations from different simplified
phenomenological models. In Fig. 3 we directly compare
our measurements to calculations of the superfluid density
for different superconducting gap functions assuming a sin-
gle circular Fermi surface in the weak-coupling BCS limit

FIG. 3. Normalized superfluid density λ2(0)/λ2(T ) measured at
the two positions indicated in Fig. 2(a), as well as three additional
positions in a second field of view (FOV 2) ∼1 mm away from the
field of view shown in Fig. 2. Detailed characterization of FOV 2 is
presented in the Supplemental Material. Theoretical curves assuming
a weak-coupling BCS superconductor with a single cylindrical Fermi
surface are included for comparison.
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(see Appendix B for details). We find that neither the fully
gapped model nor the d-wave models without scattering
closely resemble our data.

To include the effect of scattering on the superfluid density,
we estimate the strength of pair-breaking scattering in our
samples using the theory of Abrikosov and Gor’kov [33]. This
theory has been previously used to successfully describe the
dependence of Tc on disorder in Sr2RuO4 bulk samples for
defects that were accidentally introduced [14] and for defects
that were introduced by substitution [34]. More recently, this
theory has been used to capture the change of Tc in thin
films in response to defects introduced through high-energy
electron irradiation [18]. Within this theory, Tc satisfies

ln

(
Tc0

Tc

)
= �

(
1

2
+ �N

2πTc

)
− �

(
1

2

)
, (2)

where � is the digamma function, �N = h̄/2τkB characterizes
the strength of pair-breaking scattering with τ the correspond-
ing scattering time, kB the Boltzmann constant, and h̄ the
reduced Planck constant, and Tc0 is the zero-disorder limit of
Tc. Here we take Tc0 = 1.5 K, the highest value of Tc observed
in bulk crystals [27,35]. We observe a suppressed Tc ≈ 0.9 K
in our thin film. This suppression is likely due to pair-breaking
scattering, as strain cannot account for the reduction compared
to Tc0. We estimate �N ≈ 0.7 K for our thin film, assuming the
same Tc0 for thin-film and bulk samples.

In bulk samples Tc and �N extracted from Eq. (2) correlate
strongly with the impurity mean free path determined from the
residual resistivity for a given crystal [14,34]. However, this
correspondence is absent in thin-film samples, where samples
with similar Tc exhibit a wide range of residual resistivity [18],
which is why relating Tc to the residual resistivity ratio of
our thin film is not possible. This difference in behavior
between bulk and thin-film samples is likely due to defects
unique to thin films, such as extended out-of-phase boundaries
caused by step edges in the substrate due to a slight misori-
entation between the substrate surface and the (001) LSAT
axis [12,16]. These defects increase the residual resistivity
but do not strongly suppress Tc. In contrast, similarly to bulk
samples, the density of point defects such as Ru vacancies
have been shown to correlate with Tc in thin films [17,18].

Using the estimated value for �N , we calculate the nor-
malized superfluid density assuming a d-wave gap function
with vertical line nodes, a single circular Fermi surface,
and including the effects of impurity scattering by following
the approach of [36] (details are provided in Appendix B).
The result is included as line labeled “disordered nodal” in
Fig. 3, and provides much better agreement with our exper-
imental data. We emphasize that this curve is not a fit to
the experimental data, but a model for a disordered d-wave
superconductor with the scattering rate estimated by the ex-
perimentally measured Tc.

The agreement between this model and the data is re-
markable given the simplicity of the Fermi surface and gap
structure used in the calculations. Refinement of this model by
introducing multiband effects, the experimentally determined
Fermi surface, and a realistic pairing potential may improve
the agreement between the model and data further.

Despite variations in the local Tc, the inferred �N , and
the diamagnetic response at different positions on the sample

surface, we find that the normalized superfluid density at each
position collapses onto a single curve. In a disordered nodal
superconductor with unitary scattering, the shape of the nor-
malized superfluid density curve is independent of �N once
�N � 0.1Tc0, [36]. Figure S3(c) in the Supplemental Material
demonstrates this behavior by showing numerically that the
normalized superfluid density collapses onto a single curve for
a range of �N appropriate for our sample. Qualitative changes
in the temperature dependence of the superfluid density are
expected only for much smaller values of �N [32,36], which
we cannot access in the thin-film sample.

The microscopic origin of the local variations in the super-
fluid density we observe in Fig. 2(a) is not clear. Micron-scale
variations in the superconducting properties of high-purity
bulk single crystals have also been observed [21,30,37].
Within the impurity scattering model discussed above, vari-
ations in the density of scattering sites could be responsible
for both the shifts in the local Tc as well as the variation in
the low-temperature superfluid density. A quantitative com-
parison of the observed local changes in superfluid density
and Tc with our calculations of the superfluid density above
remains inconclusive due to our uncertainty in determining
the absolute value of λ (see Supplemental Material for de-
tails [20], including Refs. [22,38]). Variations in the volume
of superconducting Sr2RuO4 underneath the SQUID could
also generate micron-scale changes in the superconducting
properties. Natural sources of these changes in the super-
conducting volume are the inclusion of impurity phases, or
variations in the film thickness. However, given the small size
of typical impurity inclusions [17], it is not clear whether this
mechanism can account for the size of the changes in the
diamagnetic response or explain the local variations in the
critical temperature.

Nonlocal electrodynamics are predicted to give rise to
qualitatively similar penetration depth behavior [31] and have
been used to interpret penetration depth measurements on
high-quality bulk Sr2RuO4 samples with critical temperatures
close to Tc0 [19,27,30]. Nonlocal electrodynamics in super-
conductors is strongly damped by impurity scattering [39,40],
and it is unclear whether nonlocal effects can still be detected
in thin-film samples with a much higher impurity scattering
rate. Yavary et al. [40] analyzed the electromagnetic response
of a nodal superconductor, incorporating the effects of dis-
order and nonlocality, and concluded that impurity scattering
can obscure the experimental signatures of nonlocal effects.
Although our experimental observations are consistent with
their findings, a systematic experimental study, similar to
Ref. [18], is required to thoroughly investigate the interplay
between nonlocal effects and impurity scattering in Sr2RuO4

thin films.
In summary, we find that the penetration depth in thin-film

Sr2RuO4 shows a δλ(T ) ∝ T 2 dependence at low tempera-
tures similar to reports in single-crystal bulk samples. This
suggests that the gap structure in our thin films is compa-
rable to single-crystal samples and features nodes. Analysis
of the full temperature dependence of the superfluid density
shows that it can be explained by a nodal superconducting
gap combined with scattering in our samples. While this does
not exclude nonlocal effects in the Meissner screening, scat-
tering is in our case a sufficient explanation. Future work
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investigating changes in λ(T ) in response to the systematic
introduction of disorder, following the approach of [18], may
provide a more complete picture of pair-breaking scattering
in Sr2RuO4. Looking forward, our work shows that the del-
icate superconducting state of Sr2RuO4 can be preserved in
high-quality thin-film samples, which is an important first step
toward device-based tests of the order parameter symmetry.

The effect of biaxial strain on the superconducting state in
Sr2RuO4 may also be studied by choosing suitable substrates.
Uniaxial strain has proven to be an effective tuning param-
eter for superconductivity in bulk Sr2RuO4 [7,8]. Biaxially
strained thin-film samples [41] may exhibit a qualitatively
different ground state than their uniaxially strained counter-
parts [42]. The experimental approach demonstrated in this
work will provide direct access to new superconducting or
magnetic states that emerge in such samples.
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APPENDIX A: SCANNING SQUID SUSCEPTOMETRY

Our SQUID susceptometer features a counter-wound field
coil pickup loop pair that allows us to null the SQUID re-
sponse to the field coil excitation. To perform local magnetic
susceptibility measurements, the SQUID is retracted as far
as possible from the sample surface (about 30 µm) and the
susceptometer is balanced by adjusting the current flowing in
the two arms of the field coil until the flux coupled into the
SQUID pickup loops is minimized. Any remaining SQUID
signal after balancing is recorded as an offset signal which
represents the response of the SQUID to the field coil in the
absence of the sample. This offset is then subtracted from
the height sweep data used to characterize the susceptometer
geometry in Fig. 1(b) and from all height sweep data used to
extract the penetration depth and superfluid density (Figs. 2
and 3). No offset was subtracted from imaging measurements
of the local susceptibility [Fig. 2(a)] as these images are
used to characterize the spatial variations in the diamagnetic
response of the sample.

To avoid spurious signals from vortex motion during
the penetration depth measurements, the susceptibility data
were collected conducted under near-zero-field conditions. A

superconducting solenoid was used to adjust the out-of-plane
magnetic field threading the sample until no vortices were
observed within the 140×140 µm2 field of view after warming
and cooling the sample and SQUID through their respective
critical temperatures. This procedure places a rough upper
bound of �0

140×140 µm2 ≈ 100 nT on the magnetic flux density
in the sample environment. Before and after conducting the
temperature sweeps used to acquire the magnetic susceptibil-
ity data, the SQUID was used to acquire an image confirming
that vortices were absent from the measurement area.

In the main text, we utilized an analytical expression
[Eq. (1)] relating the magnetic penetration depth to the ge-
ometry of our magnetic susceptibility measurement. Although
the data are well fitted by this model, it is strictly only valid
in the Pearl limit where λ � d , which applies to our sample.
Recent studies on high-quality bulk samples with Tc close
to 1.5 K report a low-temperature penetration depth of 120–
130 nm [27,28]. Earlier work on bulk samples showed that
samples with lower Tc have longer low-temperature penetra-
tion depths [29], with estimates λ of 300 and 410 nm for
samples with Tc of 1.24 and 0.74 K, respectively. In our
thin-film sample, Tc is suppressed compared to the best single
crystals similar to the bulk samples in Ref. [29] suggesting
λ(T ) � 10d at all measured temperatures. Using calculations
of the zero-temperature superfluid density in the presence
of disorder, described below, we estimate λ0 in our samples
(Tc ≈ 900 mK, �N ≈ 0.7 K) to be about ∼1.7 larger than λ0

in the best single crystals, further supporting that λ(T ) � 10d
at all temperatures.

Uncertainty in the geometric properties of the susceptome-
ter and sample make a precise determination of the absolute
value of λ challenging. Following Ref. [26], we assign a 20%
uncertainty to our estimate of the field coil radius a, which
is based on the lithographic dimensions. We estimate a 20%
uncertainty for the film thickness d , which is based on the
growth rate of the film and the duration of the growth. Based
on a 3◦ uncertainty in the SQUID alignment angle around an
initial alignment of ∼10◦, we estimate that zo lies between 3
µm and 5.6 µm. To provide an estimate of the uncertainty in λ

given the uncertainties in the geometric parameters of our ex-
periment, we repeated the fitting procedure while varying the
geometric parameters within the bounds described above. We
found that λ between 210 nm and 860 nm are consistent with
the height sweep data shown in Fig. 1 given the geometric
uncertainties in our experiment.

To extract the temperature dependence of λ(T ) from the
magnetic susceptibility measurements, we observe that the
expression Eq. (1) may be separated into the product of a
temperature-dependent part and a temperature-independent
part that depends only on the geometric configuration of the
SQUID and sample,

M(z, T )

MFC
= − ad

2λ2(T )

[
1 − 2z√

a2 + 4z2

]
= Ageo(z)

λ2(T )
, (A1)

where Ageo(z) = − ad
2 (1 − 2z√

a2+4z2 ) encodes the sample-
susceptometer geometry. From this expression, the tempera-
ture dependence of the penetration depth, δλ(T )/λo, may be
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written,

δλ(T )

λo
= λ(T ) − λo

λo
=

√
M(zo, T = 0)

M(zo, T )
− 1, (A2)

allowing δλ(T )/λo to be directly calculated from measure-
ments of M(zo, T ).

APPENDIX B: SUPERFLUID DENSITY CALCULATIONS

In this work we calculate the superfluid density in the
weak-coupling limit of BCS theory.

To calculate the superfluid density in the presence of
disorder, we turn to the self-consistent t-matrix approxima-
tion [32,36]. Within the approximation, impurities are treated
as isotropic point scatters. For simplicity, we again model
the system as a single circular Fermi surface, and choose the
simplest separable pairing potential Vk,k′ with a d-wave form
factor,

Vk,k′ = V0�k�k′ , (B1)

where

�k ∝ cos kxa − cos kya, (B2)

with a the lattice spacing. Given this Fermi surface and pairing
potential, we find solutions to the gap equation,

�k = 2πT
ω0∑

ωn>0

〈
Vkk′

�k′(
ω̃2

n + �2
k′
)
〉

FS

. (B3)

Here, �k = ψ (T )�k is the superconducting gap, with ψ (T )
the temperature-dependent gap amplitude. ωn = 2πT (n + 1

2 )
are the fermionic Matsubara frequencies and 〈· · ·〉FS denotes
an average over the Fermi surface. Adding disorder to the
system renormalizes the Matsubara frequencies:

ω̃n = ωn + π�
〈Nk(ω̃n)〉FS

c2 + 〈Nk(ω̃n)〉FS
, (B4)

where c is the cotangent of the scattering phase shift and �

parametrizes the density of scattering sites. The limits c � 1
and c � 1 correspond to strong (unitary) and weak (Born)
scattering respectively. For bulk samples, impurities on the
Ru sites have been shown to act as pair-breaking scatterers
Sr2RuO4 in the strong limit [14,34,43]. In thin films, Ru
vacancies have been demonstrated to be the primary form of
disorder which limits Tc [17,18,44]. Taking these observations
together, we assume that Ru vacancies are also the primary
source of disorder in our samples and approximate c = 0.
Within weak-coupling BCS theory, the gap equation may be

solved by finding the ω̃n and ψ (T ) that satisfy

ln

(
Tc0

T

)
= 2πT

∞∑
ωn>0

(
1

ωn
−

〈
�2

k(
ω̃2

n + ψ2�2
k

)1/2

〉
FS

)
.

(B5)
Equations (B4) and (B5) may be solved self-consistently

at a range of temperatures to obtain ω̃n and ψ (T ). Once ω̃n

and ψ (T ) are known, the superfluid density in the presence of
disorder may be calculated,

ρs(T )

ρs00
= 2πT

∞∑
ωn>0

〈〈
�2

k(
ω̃2

n + �2
k

)3/2

〉〉
FS

. (B6)

Here 〈〈· · ·〉〉FS denotes a velocity-weighted average over the
Fermi surface, and in the case of a circular Fermi surface,

〈〈A(φ)〉〉FS =
∫ 2π

0 A(φ)v2
F,x∫ 2π

0 v2
F,x

. (B7)

Examples of calculated ψ (T ) and ρs(T ) under different impu-
rity scattering strengths �N are presented in the Supplemental
Material.

APPENDIX C: SAMPLE GROWTH

The Sr2RuO4 thin film was grown in a Veeco
Gen10 molecular-beam epitaxy (MBE) system on a
(LaAlO3)0.29–(SrAl0.5Ta0.5O3)0.71 substrate from CrysTec
GmbH. The substrate used for the growth was screened
to have a miscut of less than 0.05◦, which is important to
reduce the formation of out-of-phase boundaries. The films
were grown at a substrate temperate of 810 ◦C as measured
using an optical pyrometer operating at 1550 nm. Elemental
strontium (99.99% purity) and elemental ruthenium (99.99%
purity) evaporated from a low-temperature effusion cell and a
Telemark electron-beam evaporator, respectively, were used
for growing the Sr2RuO4 film. The films were grown with a
strontium flux of 2.6×1013 atoms/(cm2 s) and a ruthenium
flux of 1.8×1013 atoms/(cm2 s) in a background of distilled
ozone (∼ 80% O3 + 20% O2 made from oxygen gas with
99.994% purity). The background oxidant pressure during
growth was 3×10−6 Torr. At the end of the growth the
strontium and ruthenium shutters were closed simultaneously,
and the sample was cooled down to below 250 ◦C in a
background pressure of distilled ozone of 3×10−6 Torr.
Further details of the adsorption-controlled growth conditions
for the growth of Sr2RuO4 thin films by MBE can be found
elsewhere [12].
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Supplementary Material for “Local magnetic response of superconducting Sr2RuO4

thin films”

I. ADDITIONAL MEASUREMENTS OF THE
SUPERFLUID DENSITY

In Fig. S1, we provide raw magnetic susceptibility data
acquired with the scanning SQUID, used to generate the
curves in Fig. 2 of the main text.

To check the consistency of our local measurements of
the superfluid density, we compared the results presented
in the main text to additional measurements performed
in a new field of view on the same sample (Fig. S2). The
new field of view was separated by approximately 1mm
from the field of view presented in the main text.

In total, we have performed detailed temperature
sweeps at five different locations an the sample surface.
We collected these sweeps at locations where the local
Tc and ns where higher than average as well as locations
where the local Tc and ns were lower than surrounding
points. Regardless of where we collected our temperature
dependent data, we found that the normalized superfluid
density to collapse onto a single curve (Fig. S2e).

II. SENSITIVITY OF THE SUPERFLUID
DENSITY ON ΓN AND ANALYSIS OF LOCAL

VARIATIONS OF THE SUPERFLUID DENSITY

In the main text, we used the local Tc measured with
the scanning SQUID to estimate the value of the impurity
scattering rate ΓN in our samples. Using this value of
ΓN we found good agreement between a simple model
for the superfluid density which includes both nodes in
the gap function and disorder. In Fig. S6, we show
that the shape of the superfluid density vs. temperature
curve resulting from this calculation is not particularly
sensitive to the value of ΓN as long as ΓN ≫ 0.1Tc0

where Tc0 is the critical temperature in the zero disorder
case. In particular, for values of ΓN appropriate for our
samples, changes in ΓN result in changes in the absolute
value of the superfluid density at low temperatures, but
do not substantially change the shape of the normalized
superfluid density which we plot in Fig. 3 of the main
text.

In addition, the model predicts that regions with lower
Tc have a lower value of the superfluid density, ρ, and
correspondingly higher value of λ given that ρ ∝ 1/λ2.
We observe this trend in our data in Fig. S1b. Using eq.
1 in the main text we can write δM/MFC = −Ageo(z)/λ

2

where z is the height above the sample, and Ageo(z) is a
temperature-independent geometric factor defined in eq.
1 that is the same for all 5 positions. Fig. S1 shows
that the low temperature value of δM/MFC is correlated
with the local Tc, i.e. the temperature at which δM/MFC

exceeds the noise floor.
In principle, we can take this analysis one step further

by comparing the values of δM/MFC to the value pre-
dicted by the model given the local value of Tc. This
could help in determining whether the local variations in
Tc and the diamagnetic response are due to local varia-
tions in the strength of impurity scattering in the sample.
In the following, we present this quantitative compari-
son. We however caution that this analysis is challenging
because it requires us to estimate the absolute value of
λ0 at the different positions. This in turn requires esti-
mating Ageo(z), which has large systematic uncertainty.
The simple relationship δM/MFC = −Ageo(z)/λ

2 noted
above is why we focus in the main text on the normalized
quantities ρ/ρ0 and λ/λ0 because we can calculate those
directly from our experimental data without knowing the
absolute value of ρ0 or λ0 (Ageo(z) divides out).

The model predicts how λ changes as a function Tc

and/or ΓN . For a quantitative comparison, we need
to assume an absolute value of λ0 for the zero-disorder
case, which we take to be 125 nm based on literature on
bulk samples [27]. With this assumption, we can pre-
dict ρ/ρ00 or equivalently λ/λ00 where ρ00 and λ00 de-
note the low temperature value in the limit of zero dis-
order. To compare this with the measured diamagnetic
response, we need to estimate the value of δM/MFC that
would be measured for a film with zero-disorder, i.e., with
λ00 = 125 nm. This is where Ageo(z) becomes impor-
tant. Using the value of Ageo(z) obtained from fitting
the height-dependent signal in Fig. 1, evaluated at the
height z0 estimated for light mechanical contact, we find
poor quantitative agreement between the measured dia-
magnetic response and the model. If we treat Ageo(z) as
a free parameter, we find agreement between the predic-
tions of the impurity scattering model and the measured
diamagnetic response shown in Fig. S10. This requires a
value of Ageo(z) that is roughly a factor of 5 smaller than
the Ageo(z) extracted from the fit in Fig. 1. For example,
taking a typical value of ΓN = 0.37Tc0 (corresponding
to Tc = 0.85K) for our sample, the impurity scattering
model predicts a penetration depth of 205 nm. Quantita-
tive agreement between the diamagnetic response of the
sample at the low-temperature and for this value of λ0 is
obtained for Ageo(z) = 9.2 × 10−16 m2, which is smaller
than our estimate of Ageo(z) = 5.3×10−15 m2 used in Fig.
1, which resulted in an estimate of 480 nm for λ0. Re-
fitting the height sweep data in Fig. 1 with this smaller
value of Ageo(z) returns a best-fit penetration depth of
219 nm, in good agreement with the impurity scattering
model.

This comparison remains inconclusive in deciding
whether local changes in Tc and the diamagnetic response
are originating from local changes in impurity scattering
in our sample. Due to the large uncertainty in Ageo(z),
it is still plausible that spatial variations in the local Tc

or ΓN under the SQUID can account for the variations in



2

FIG. S1. (a) SQUID-field coil mutual inductance data collected at Position 1 indicated in Figure 2(a) in the main text. As the
SQUID is swept towards the sample surface, the strength of the signal detected by the SQUID increases until the SQUID makes
mechanical contact with the sample. A piece-wise linear fit to the data is used to extract the value of Vz where the SQUID
makes contact as well as δM(zo, T ), the change in SQUID-field coil mutual inductance upon mechanical contact with the sample
compared to full retraction. As the sample temperature increases, the diamagnetic screening from the sample becomes weaker.
(b) Temperature dependence of δM/MFC at five different positions on the sample surface. An image of field of view (FOV) 1
is shown in Fig. 2a of the main text and of FOV 2 in Fig. S2. δM(zo, T ) is extracted from data by the procedure used in (a)
over a wider range of temperatures, and MFC is the bare mutual inductance between the SQUID pickup loop and field coil. A
correlation between the low-temperature value of δM(zo, T )/MFC and the critical temperature is apparent, i.e. curves with a
lower temperature onset of diamagnetism saturate to a lower value such that the curves do not intersect.

the diamagnetic screening observed in our sample. How-
ever, we cannot rule out that other forms of disorder, as
discussed above, also play a role as also discussed in the
main text. For accurate measurements of the absolute
value of the superfluid density and λ, a precise calibra-
tion of Ageo(z) is required.

III. ESTIMATE OF EPITAXIAL STRAIN
INDUCED CHANGES TO Tc

A small mismatch in the lattice constants between the
LSAT substrate an bulk Sr2RuO4 generates an epitaxial
strain in our thin film samples. At 4K, the lattice con-
stants of the Sr2RuO4 thin film are 0.045% larger than
in the bulk. In the limit of small strains, changes in Tc

generated by epitaxial strain may be estimated from the
changes in Tc generated by uniaxial strain along the dif-
ferent crystallographic axes,

∆Tc =
dTc

dϵa
ϵa +

dTc

dϵb
ϵb +

dTc

dϵc
ϵc, (1)

Where ∆Tc denotes change in Tc due to strain in
Sr2RuO4 grown epitaxially on LSAT. In this case, the

LSAT substrate preserves the tetragonal symmetry of
Sr2RuO4, meaning that ϵa = ϵb. Due to the symmetry
of the crystal structure, we assume dTc/dϵa = dTc/dϵb.
Any c-axis strain in our sample is due to Poisson ratio
effects, ϵc = νca (ϵa + ϵb), meaning,

∆Tc = 2

(
dTc

dϵa
+ νca

dTc

dϵc

)
ϵa, (2)

To estimate the parameters in Equation 2, we use mea-
surements of the low-temperature elastic constants [38]
and the dependence of Tc on uniaxial stress [21, 22]. In
particular, the dependence of Tc on strain, dTc/dϵa and
dTc/dϵc is related to the dependence of Tc on uniaxial
stress via the elastic properties of Sr2RuO4,

dTc

dσa
=

[
(1− νab)

dTc

dϵa
+ νac

dTc

dϵc

]
1

Ya
(3)

dTc

dσc
=

[
2νca

dTc

dϵa
+

dTc

dϵc

]
1

Yc
, (4)

where Ya, Yc are the Young’s moduli for a and c axis
compression respectively. From uniaxial pressure stud-
ies of Tc, we find dTc/dσa ≈ −78mKGPa−1 [21] and
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FIG. S2. (a, b) Magnetic susceptibility images of both fields of view where detailed temperature-dependent data were collected.
(a) is reproduced from Fig 2. (c) Normalized superfluid density reproduced from Fig 3. (d) Same as (c) except data was
collected in FOV 2 at the points indicated in (b). (e) Direct comparison between the superfluid density measured at all five
positions.

dTc/dσc ≈ −75mKGPa−1 [22]. Combining these val-
ues with the elastic properties of Sr2RuO4 allows us to
solve Eqs. 3 and 4 for dTc/dϵa and dTc/dϵc. The values
of the Young’s moduli and Poisson ratios used for these
calculations as well as the dependence of Tc on strain are
recorded in Table I. Using these values and Eq. 2, we
estimate ∆Tc ≈ 20mK

In the discussion above, we have neglected non-linear
effects of strain on Sr2RuO4. In Sr2RuO4, the depen-
dence of Tc on a-axis strain is predominantly quadratic,
with ∆Tc ≈ Aϵ2a, and A ≈ 6K/%2 [7, 21]. For our thin-
film samples with ϵa = 0.045%, we estimate this contri-
bution to Tc to be ∆Tc = 2Aϵ2a ≈ 2mK, indicating that
in our samples strain effects are dominated by the linear
dependence of Tc on strain.

TABLE I. Sr2RuO4 properties used to estimate ∆Tc

dTc/dσa −78mKGPa−1

dTc/dσc −75mKGPa−1

Ya 160GPa
Yc 220GPa
νab 0.51
νac 0.16
νca 0.22

dTc/dϵa −22K
dTc/dϵc −7K
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FIG. S3. Dependence of the superfluid density calculations on the scattering rate ΓN for ΓN ≫ 0.1Tc0.

(a) Self-consistent gap amplitude calculated as a function of T , normalized by the zero temperature, zero disorder gap
amplitude ∆00. The calculation is repeated at four representative values of ΓN near the value estimated from the local Tc of
the thin film. ΓN in the inset is given in units of Tc0. (b) Temperature dependent superfluid density calculated using the gap
amplitudes in (a), normalized by the zero temperature, zero disorder superfluid density ρ00. (c) Normalized superfluid density
as a function of temperature calculated in the same way as Fig. 3 in the main text. Each curve is normalized by its own zero

temperature value and critical temperature. For the values of ΓN appropriate for our samples, the shape of the curve is
insensitive to the exact value of ΓN . Only for values of ΓN < 0.1Tc0, much smaller than those appropriate for our samples,
does shape of the superfluid density curve begin to change [32, 36]. For our samples, where 0.6Tc0 < ΓN < 0.65Tc0 and

ΓN >> 0.1Tc0 for each position measured, the normalized superfluid density is predicted to be independent of the local Tc.
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FIG. S4. Temperature dependent resistance for the Sr2RuO4/LSAT film on which the penetration depth was measured. Top
panel shows the full temperature range, bottom panel zooms in on low temperature. Resistance data was recorded in a four-
point in-line configuration with the current, I, sourced between the outermost contacts and the voltage, V , probed between
the inner two contacts. The plotted resistance (left axis) is R = V/I. Approximately, we estimate the resistivity at 4 K of the
film as ρ = π

ln 2
· R · d ≈ 1.9 µΩcm with d the film thickness shown on the right axis. The two measurements (blue/purple)

correspond to two different locations on the film. The residual resistivity ratio (RRR), defined as R(T=300K) / R(T=4K), is
reported in the inset.

FIG. S5. (a) δλ(T )/λ(0) plotted against (T/Tc)
2. Same data as Fig. 2c plotted over a larger range of temperatures. (b) Same

as (a) for two different SQUID postions acquired several millimeters away from those shown in (a). (c) Data from (a) and (b),
including the δλ(T )/λ(0) calculated from the disordered nodal model for the superfluid density described in the main text. The
model collapses to a T 2 temperature dependence at the lowest temperatures, but consistently under-estimates the deviation in
the penetration depth from λ0.
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FIG. S6. X-ray diffraction θ − 2θ scan of the (001)-oriented Sr2RuO4 film on which we measured the penetration depth. All
of the peaks in the scan can be indexed to either the film or the substrate (asterisks). Slight splitting of the peaks indicates
trace inclusions of Sr3Ru2O7 intergrowth which cause stacking faults in the film. Sr2RuO4 thin films with the highest critical
temperatures are grown with excess Ru to avoid Ru vacancies. However, this favors the formation of members of the Sr-Ru-O
Ruddelson-Popper series with a higher Ru to Sr ratio than Sr2RuO4.

FIG. S7. Calculated superfluid density in the zero-temperature limit, ρ(0), normalized by the zero-temperature, zero-disorder
value, ρ00, within the impurity scattering model for a nodal superconductor described in the main text (black curve, right axes).
The points are the diamagnetic response of the sample in each of the five positions at the lowest temperature measured from
Fig. S1 normalized by the response expected in the zero-disorder limit, M00, assuming 125 nm for λ0 of a disorder free sample.
Color of the dots matches the colors of the curves in Fig. S1b. Quantitative agreement between the diamagnetic response and
model is obtained by treating the geometric factor Ageo(z) as a free parameter instead of estimating it based on the geometry
of the experiment(see more details in Sec. III of this supplemental material).
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