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Combining magnetic and superconducting functionalities enables lower energy spin transfer
and magnetic switching in quantum computing and information storage, owing to the dissipationless nature of quasi-particle mediated supercurrents. Here, we put forward a system
where emergent spin-ordering and diffusion of Cooper pairs are achieved at a nonintrinsically magnetic nor superconducting metallo-molecular interface. Electron transport,
magnetometry and low-energy muon spin rotation are used to probe time-reversal symmetry
breaking in these structures. By comparing the Meissner expulsion in a system including a
Cu/C60 spin-converter interface to one without, we observe a paramagnetic contribution that
can be explained due to the conversion of spin-singlet Cooper pair states into odd-frequency
triplet states. These results demonstrate the potential of metallo-molecular interfaces to
achieve singlet to triplet Cooper pair conversion, a capability not present in either metal or
molecule separately that could be used in the generation and controlled diffusion of spin
polarised dissipationless currents.
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range spin-triplet component (LRTC) to preserve the superconducting correlations inside ferromagnetic layers16,17. Unlike
spin-singlet and SZ = 0 spin-triplet pairs, the equal-spin pairing of
the long-range spin-triplet component is no longer subject to pairbreaking mechanisms within ferromagnetic layers. These correlations are thus able to carry dissipationless spin information while
facilitating the superconducting proximity of ferromagnets owing
to their extended propagation length in spin-polarised materials.
For applications and research pathways into low power electronics and quantum computing, there are two drawbacks. Firstly,
the need to grow complex compounds or magnetic materials with
superconductors, which can have a signiﬁcant impact, e.g. on the
information coherence time of qubits18–21. Secondly, the superconducting/spin correlation can only be changed by growing new
samples with different composition or structural design. At the
interface between inorganic and molecular materials, unique
phenomena can emerge, such as surface states with distinct
electrical and magnetic properties22–24. Here, we show that these
effects can be used to design carbon-based molecular hybrids,
which can contribute to the design of superconducting spintronic
devices without magnetic materials (Fig. 1a).
We study hybrid superconductor/molecule/normal metal (S/M/N)
heterostructures using low-temperature electron transport to show
that a C60 layer can mediate the leakage of Cooper pair states via the
proximity effect. Systems that include a superconductor/molecule/
spin-converter interface (S/M/IS-C/M/N) are characterised through a
combination of transmission electron microscopy (TEM), polarised
neutron and X-ray reﬂectivity (PNR/XRR). In addition, LE-μSR is
used to detect symmetry changes in superconducting pair correlations via a paramagnetic component to the Meissner screening. In
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A

ccording to conventional theories on the superconducting
condensate, ferromagnetism and superconductivity are
antagonistic states of matter. This is due to the ferromagnetic exchange ﬁeld imparting a pair-breaking effect upon
conventional spin-singlet superconducting pair correlations that
possess opposing spin -i.e. spin up/down electron pairs. However,
local magnetic order emergent at metallo-molecular multilayers
can be combined with superconducting proximity effects to
generate a region where both magnetic exchange and superconducting pair diffusion are present. Organic superconducting
molecules and ferromagnetic metal complexes have been used to
chemically design materials where superconductivity and magnetism are shown to coexist1. The spin dynamics of molecular
magnets are heavily inﬂuenced by the superconducting order of a
lead substrate2. Evidence of equal-spin triplet-pairing p-wave
symmetry in proximity systems, which feature adsorbed helical
chiral molecules, shows the potential of molecular structures in
manipulating the symmetry of pair correlations3,4. The realisation
of super-spintronic devices requires the coalescence of both
superconducting and ferromagnetic long-range order in a single
system. Despite this, the theoretical prediction of odd-frequency
spin-triplet pair states, with even spin parity, arising through the
design of superconductor/ferromagnetic, allows for complete
synergy between superconductivity and spintronics5–9.
Odd-frequency superconducting correlations have been probed
successfully using transport measurements10,11, tunnelling
spectroscopy12 and low-energy muon spin rotation (LE-μSR). The
latter directly probes the paramagnetic Meissner screening generated by odd-frequency spin-triplet Cooper pairs13–15. Typical
super-spintronic devices require the generation of a SZ = ±1 long-
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Fig. 1 Structural characterization of a prototypical superconductor/molecular heterostructure. The nominal structure is: SiO2/Nb(50)/C60(10)/Cu(3)/
C60(10)/Au(20) where thicknesses in brackets are in nm. a A schematic demonstrating the proposed coalescence of localised interfacial spin-order and
superconducting correlations in hybrid superconductor/molecule/normal metal (S/M/N) and superconductor/molecule/spin-converter interface (S/M/
IS-C/M/N) heterostructures, above and below the superconducting transition temperature, Tc. b Transmission electron microscope (TEM) image of the S/
M/IS–C/M/N sample where S, IS–C and N layers are separated by continuous M layers aided by the minimal diffusion of sputtered Cu and Au. c The depth
dependence of the ﬁtted scattering length density (SLD) demonstrates the different sensitivities of neutron (continuous red line) and X-ray reﬂectivity
(dashed blue line). By ﬁtting the X-Ray reﬂectivity (d; grey points measurements, blue line model ﬁt) and Neutron reﬂectivity (e; grey points
measurements, red line model ﬁt) with GenX, we conﬁrm that the structural morphology is coherent over a larger in-plane length than is captured via TEM:
In both instances, we display the logarithmic ﬁgure of merit generated by GenX.
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the S/M/IS-C/M/N system, the spin-converter interface layer refers to
the spin-ordered state generated at the interface between C60 and
Cu25. In all samples, the superconducting ﬁlm is Nb, a conventional
s-wave superconductor, with a Tc of ~9 K.
Results and discussion
Initial characterization. We performed structural characterisation on a prototypical S/M/IS–C/M/N system with a nominal
structure; S = Nb (50 nm), M = C60(10 nm), IS–C = Cu (3 nm)
and N = Au (50 nm). The TEM image of the heterostructure
shown in Fig. 1b demonstrates the resilience of the molecular
layers to the diffusion of the metallic adatoms during the sputtering process. Energy-dispersive X-ray analysis conﬁrms the
complete separation of metallic layers by continuous C60 barriers.
Typically, XRR and PNR can be used to obtain structural parameters such as interfacial roughness (including interdiffusion),
layer thickness and density –Fig. 1c. Given the relatively large Xray scattering length density of Au, an XRR measurement of such
a sample is dominated by the top Au layer, as shown in Fig. 1d.
Low-angle neutron reﬂectivity shown in Fig. 1e aids the characterisation of layers buried within the heterostructure thanks to
the smaller neutron scattering length density for Au. The reﬂectivity curves obtained by both techniques were ﬁt using GenX to
yield the parameters in Table 1 (ref. 26).
Low-temperature transport measurements. The use of thin-ﬁlm
C60 based spin-polarised metallo-molecular interfaces for the
creation of spin-triplet superconducting correlations requires that
superconducting phase information can be carried across a
molecular C60 layer. Proximity-induced superconductivity of the
molecular layer modiﬁes the superconducting gap (Δ) at the
interface of the Nb via the inverse proximity effect. Quantitatively, the reduction of Δ in the Nb layer due to a loss of Cooper
pairs at the interface is indicated by a suppression of the superconducting transition temperature (Tc). This technique has been
frequently used to study proximity effects in superconductor/
normal metal bilayers for several decades27. See supplementary
Notes 1 and 2, Figs. S1–S3 and Table S1 for further detail on the
sample structure and characterisation.
We grew two Nb ﬁlms simultaneously on the same 8 × 8 mm2
Si/SiO2(100 nm) substrate, allowing the superconducting Tc of
each S/M/N proximity stack to be normalised to that of control
Nb ﬁlms. C60(t) and Au (20 nm) ﬁlms were deposited onto one of
the Nb ﬁlms to create the S/M/N proximity stack where t = 0–80
nm. A 2-nm Al ﬁlm was used to coat the whole substrate. This Al
ﬁlm passivates in atmosphere and protects the Nb from
oxidation. A schematic of the sample chip featuring the S/M/N
and control ﬁlms is shown in Fig. 2a.
The S/M/N transition temperature has been normalised with
respect to the Nb control ﬁlm and is shown in Fig. 2b. The results
Table 1 Structural parameters obtained for the prototypical
Nb/C60/Cu/C60/Au sample.
X-ray

Neutron

Layer

d[σ] (nm)

ρ(%)

d[σ] (nm)

ρ(%)

Au
C60
Cu
C60
Nb

22.6 [1.0]
10.3 [1.2]
4.5 [1.3]
8.6 [1.3]
45.8 [1.1]

96.5
99.2
95.6
94.3
90.0

23.1 [1.5]
10.5 [0.9]
2.9 [1.0]
7.9 [1.5]
46.8 [1.8]

95.3
95.7
95.5
93.4
97.5

The X-ray and neutron reﬂectivity data have been modelled with GenX using the presented ﬁlm
thickness (d), rms roughness (σ) and density (ρ) of each layer. The density has been presented
as a percentage w.r.t. the bulk.
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obtained are shown in blue for four different C60 thicknesses
(eight samples in total). We have assumed an exponential decay
of the superconducting order parameter within the C60 as is
appropriate according to Ginzberg–Landau theory. From the
ﬁt, we extract an effective length scale for the propagation of
Cooper pairs within the molecular layer of ξ Eff = 30 ± 8 nm.
Measurements in a thin, discontinuous layer of C60 islands28 (t =
3.9 ± 0.1 nm) show almost no Tc suppression, Fig. 2b, c. For
Andreev reﬂection at the Nb/C60 interface to mediate a superconducting proximity effect, charge carriers in the C60 layer must
pair with electronic states in Nb through the retroreﬂection of a
hole. Since Tc is not suppressed when the C60 layer is
discontinuous, a lower interface transparency must result from
molecular islands that disrupt the Andreev reﬂection process. The
leakage of Cooper pairs has been observed in single-molecule
C6029, but the length scale over which the phase coherence decays
had not been studied previously in thin ﬁlms. Given a bandgap
for bulk C60 of 2.3 eV, it is perhaps surprising that Cooper pairs
can propagate for 30 nm. However, the electronic properties of
C60 interfaced with metal surfaces are very different from the
bulk, owing to charge transfer and molecular metallisation 30–32.
Low-energy muon spin spectroscopy in Single-Probe samples.
The leakage of Cooper pairs through a magnetic metal has been
shown to lead to the generation of spin-polarised odd-frequency
pairs33,34. To determine the effect of a spin-converter molecular
interface upon the superconducting order parameter pairing
symmetry, we measure hybrid metallo-molecular systems with
LE-μSR. The technique can probe directly the Meissner state and
the presence of spin-ordering as a function of depth within the
sample. We fabricated and measured two sets of samples, which
we refer to as ‘Single-Probe’ and ‘Multi-Probe’. For both sample
sets, a comparison is made between structures with and without a
Cu/C60 spin-converter interface (IS–C). The Single-Probe samples
had nominal, bottom-up, structures of:
1: S=M=N : Nbð50Þ=C60 ð20Þ=Auð50Þ
2: S=M=ISC =M=N : Nbð50Þ=C60 ð10Þ=Cuð3Þ=C60 ð10Þ=Auð50Þ
Thicknesses in brackets are in nm. The single 50-nm Au layer
is used to moderate the muon beam. We include a 50-nm
superconducting ﬁlm so that the sample is in the mesoscopic
regime for sputtered Nb; its thickness is greater than the
superconducting coherence length, (ξ  10 nm) while being less
than the reported penetration depth (λ0 > 90 nm)35,36. This
ensures that the contribution to the µ+ precession signal from the
conventional Meissner effect is minimised and no vortices can
form in-plane. Because of a lack of electronic screening, muons
stopping in the C60 ﬁlm will form muonium, a hydrogen-like
bound state37. In an applied transverse magnetic ﬁeld (TF), the
transitions between different spin conﬁgurations of the C60
muonium state happen on a timescale that is shorter than the
instrument resolution. Therefore, in this geometry we are only
sensitive to the precession of the diamagnetic μ+ particles
stopping in the metallic layers.
The thicknesses of the C60 layers have been engineered in all
samples so that the separation between Au and Nb is shorter
than, or equal to, the Cooper pair propagation length we measure
in C60 (ξEff ~ 30 nm). The emergence of spin order at Cu/C60 and
its effect on the superconductor were probed ﬁrst by magnetometry and low-temperature transport. The results are compared
against the sample without the spin-converter interface. The
onset of Meissner expulsion for the two samples occurs at very
similar temperatures (Fig. 3a). However, the addition of the thin
Cu layer leads to an emergent magnetic signal at RT due to
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Fig. 2 Low-temperature characterisation of hybrid superconducting/molecular/metal heterostructures. a A schematic showing the fabricated sample
which is grown alongside a control Nb ﬁlm. b The dependence upon the superconducting transition temperature (Tc) suppression with C60 thickness for Nb
(50 nm)/C60(t)/Au(20 nm)/Al(2 nm) stacks for continuous (blue symbols) and discontinuous (red symbols) C60 ﬁlms. The modiﬁcation of the
superconducting gap energy via the inverse proximity effect is greatest for the sample without C60. As a fullerene barrier layer is introduced, and its
thickness increased, the Tc never fully recovers to its pristine value. Therefore, there is a leakage of Cooper pair states into the C60 and through to the Au,
where an effective length scale for the propagation of Cooper pairs is ξEff = 30 ± 8 nm. A y-axis line-break allows the data point obtained for the sample
with a discontinuous island-like C60 barrier to be shown. Error bars are uncertainties in the critical temperature measurement. For each point, the Tc
suppression is obtained via low-temperature transport measurements, such as those shown in (c; grey symbols are for the control samples).

magnetic hardening (Fig. 3b)23,25,38. The sample with the Cu/C60
interface has a moment per area of m = 27±1 μemu cm−2, which
equates to a volume magnetisation of 90 ± 3 emu cm−3, assuming
that the magnetic order is localised to the Cu. The sample without
a Cu/C60 interface has a moment of m = 2 ± 1 μemu cm−2,
consistent with a typical instrumental background.
By ﬁtting the temperature dependence of the out of plane
critical ﬁeld, Hc2? ðT Þ, we obtain coherence lengths of ξ GL = 9.34 ±
0.02 (9.63 ± 0.02) nm for the sample without(with) the IS–C,
Fig. 3c. These values are typical for sputtered Nb in the dirty limit
l<ξ 0 ; l being the electron mean free path)39,40. The muon
implantation depth is dependent upon its energy, Fig. 3d. Once
thermalised, it undergoes spin precession about the local ﬁeld until
decaying into a positron, emitted preferentially along the muon
spin direction. Five million of these events are captured to ﬁt the
time evolution of the muon precession in a 300 G transverse ﬁeld.
The average magnetic ﬂux for each implantation energy,hBiðEÞ is
determined from the time-dependent polarisation of the muon,
4

and then we use the stopping proﬁles to obtain hBihxi.41–43, with
hxi the average probing depth for each energy E.
hBihxi is normalised to the average ﬁeld within the superconductor in the normal state, BN , and plotted against the average
implantation depth. As a ﬁrst approximation, we chose to model
the ﬂux expulsion entirely within the Nb layer. Although
superconducting correlations reside within the proximitised C60
and Au layers, their relative screening amplitudes are expected to
be weak and the signal dominated by the superﬂuid pair density
in Nb. The hBihxi proﬁle for the non-magnetic Single-Probe
sample can be accurately described by a London model with
λð2:5 KÞ ¼ 218 nm, in good agreement with sputtered Nb ﬁlms in
the dirty limit35,44. However, when the spin-converter Cu/C60
layer is in proximity to the Nb surface, the hBihxi ﬁt now yields
λð2:5 KÞ ¼ 313 nm, representing a sizeable modiﬁcation to the
superconducting properties of this system (Fig. 3e).
If there were a pair-breaking effect due to the exchange energy
of the spin-ordered Cu/C60 interface, then Ns for the spin-
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Fig. 3 Anomalous Meissner signal measured by low-energy muon spin rotation in Single-Probe samples. a Moment vs. temperature scans show that the
onset of Meissner screening in the two samples occurs at similarly high temperatures (>8.5 K). b Magnetic hysteresis loops measured at 300 K, showing a
moment of 27 ± 1 μemu cm−2 (with Cu/C60 interfaces; orange triangles) and 2 ± 1 μemu cm−2 (without; purple dots). c The temperature dependence of the
out of plane critical ﬁeld, Hc2? ðT Þ, for the two heterostructures gives similar Ginzberg-Landau coherence lengths. d Simulated magnetic ﬂux proﬁles,
<B><x>, where the green and pink functions model the expected ﬂux expulsion for London penetration lengths of 313 (green line) and 218 nm (pink line),
respectively. The implantation distributions, according to the muon stopping depths for all energies used are also shown. e The average local magnetic ﬂux,
<B>, measured at 2.5 K (orange diamonds) and 10 K (blue dots) and normalised to the ﬂux density in the niobium layer at 10 K, BN. The London model gives
penetration lengths of 313 nm (with Cu/C60) and 218 nm (without). Error bars are statistical variations over 5 million muon decay measurements.

converter sample would need to be roughly half that of the
control S/M/N system to explain such an elongation of λ, since
λ2 / Ns . However, as demonstrated by the transport measurements in Fig. 3a, c, there is no suppression of superconductivity
for the spin-converter sample. Instead, it has a slightly higher
superconducting Tc. The reduced ﬂux expulsion in the spinconverter interface may be the manifestation of an additional
paramagnetic contribution quenching the diamagnetic Meissner
effect.
Low-energy muon spin spectroscopy in Multi-Probe samples.
Ferromagnets may result in an enhanced Meissner expulsion due
to changes in the boundary conditions or proximity effects driven
by the vector potential45–47. By contrast, the generation of oddfrequency spin-triplet pairing states at superconductor/ferromagnetic interfaces can suppress the conventional diamagnetic
Meissner effect13. The supercurrent density, j, arising due to a
magnetic vector potential, A, can berewritten
 in terms of singlet
(ns) and triplet densities (nt): j / ns  nt 48. Therefore, in a
system where odd-frequency correlations exist, a paramagnetic
susceptibility (χ > 0) can develop locally if nt > ns14,15. If the ns =nt
ratio varies spatially throughout the spin-converter sample, then at
some speciﬁc depths a paramagnetic signal might emerge where
ns =nt < 1. In order to capture this contribution within BðEÞ we use
multiple thin Au probe layers that create deterministic stopping

locations for the muon particles, thus effectively increasing the
depth resolution:
1: S=M=N : Nbð50Þ=C60 ð30Þ=Au1 ð10Þ=C60 ð20Þ=Au2 ð10Þ=C60 ð20Þ=Au3 ð10Þ
2: S=M=ISC =M=N : Nbð50Þ=C60 ð15Þ=Cuð4Þ=C60 ð15Þ=Au1 ð10Þ=C60 ð20Þ=
Au2 ð10Þ=C60 ð20Þ=Au3 ð10Þ

Transport measurements show excellent agreement between
the two structures, with the Tc of both samples at ≳8.7 K – Fig. 4a.
Supplementary Note 3 shows the optimisation of the local
magnetic ﬂux sensitivity, with the muon stopping proﬁles in
Fig. S4. Hysteresis loops are shown in Fig. 4b, which demonstrates
that the sample with the IS–C has a moment per area, m = 24 ± 1
μemu cm−2 – very similar to that measured in the previous set.
The sample without Cu shows a background signal of m = 0.4 ±
0.2 μemu cm−2.
Muon measurements were performed at 9 and 20 keV to probe
local screening effects at the Au layer closest to the superconductor
(Au1) and within the Nb layer, respectively, see Fig. 4c, e. At 9 keV,
the highest fraction of thermalised μ+ particles (xmax ) in both
control and spin-converter samples lies within the Au1 layer, with
no muons stopping in the Nb. Therefore, we can decouple the
signal arising from screening currents within the Au1 probe layer
from the superconducting substrate. At 20 keV, xmax lies 10–20 nm
inside the Nb layer, and there is only a small contribution to the
signal from the Au layers. See the Supplementary Notes 3 and 5 for
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Fig. 4 Low-energy muon spin rotation measurements of screening effects in Multi-Probe hybrid proximity stacks. a The two samples have very similar
superconducting transition temperatures (Tc). b Magnetic hysteresis loops at 300 K for the two Multi-Probe sister samples. The saturation magnetisation
per unit area are 24 ± 1 μemu cm−2 (with Cu/C60; orange dots) and 0.4 ± 0.2 μemu cm−2 (without; purple triangles). c Simulated stopping proﬁles for the
superconductor/molecular/normal metal (S/M/N) structure at 9 keV (green symbols) and 20 keV (black symbols). At 9 keV, no muons are implanted
into the Nb ﬁlm; this is also true for the superconductor/molecular/spin-converter interface (S/M/IS–C/M/N) structure in e. d Temperature dependence of
the average local ﬁeld, hBiðEÞ, in a 300 G applied transverse ﬁeld for the S/M/N structure. Well below Tc, a small reduction in hBiðEÞ is observed in the Au
layer at 9 keV implantation energy. This small Meissner screening originates from the leakage of Cooper pair states through the C60 and into the Au layer.
At 20 keV, muons stop exclusively in the Nb layer, and a large conventional Meissner effect is observed. e Simulated stopping proﬁles at 9 keV (red
symbols) and 20 keV (blue symbols) show that the depth dependence of the muon implantation is mostly unaffected by the inclusion of the spin-converter
layer. f The temperature dependence of the measured local ﬁeld in a 300 G applied transverse ﬁeld for the S/M/IS–C/M/N structure. Below Tc, an increase
in B is observed in the Au layer at 9 keV (red symbols) due to the presence of odd-parity pairs. At 20 keV (blue symbols), the conventional Meissner effect
is roughly half compared to the sample without the spin-converter Cu/C60 interface. Error bars are statistical variations over 5 million muon decay
measurements.
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further detail and comparisons between single and multi-probe
structures.
The temperature dependence of hBðEÞi=BN for the sample
without the spin-converter Cu/C60 interface is shown in Fig. 4d.
There is a reduction in the internal ﬁeld arising from the
conventional Meissner effect as the sample is cooled through the
critical temperature. For muons probing the Nb layer (20 keV),
the Meissner effect results in a 2.41 ± 0.08 G reduction of the
internal ﬁeld going from 10 K to 2.7 K. When probing the Au
layer at 9 keV, the internal ﬁeld at 2.7 K shows a 0.21 ± 0.08 G
reduction, consistent with the presence of even-frequency superconducting correlations in this region. See Supplementary Note 3
for the depolarisation dependence of the LE-μSR vs. temperature
(Fig. S5).
We can simulate the hBiðTÞ data at 20 keV using a quasiclassical (Q–C) framework. Here, spin-singlet superconducting
correlations are described by Green functions. In the dirty limit,
these Green functions satisfy the Usadel equation45,49. Within
this framework, interfacial boundary conditions are imposed
between the normal conductor (N) and superconductor (S)
layer50. Once the Green functions are determined, we apply the
linear response theory to calculate the screening current (and thus
hBiðTÞ) in response to small externally applied ﬁeld – see
Supplementary Note 5. The density of states of the Nb layer,
tuned to achieve the ﬂux expulsion measured at the lowest
temperature, equates to a λ0 of 144 nm (S model). However, this
simple model cannot replicate the B/BN (T) trend in the S/M/N
system. Instead, we assume that the suppressed Tc observed in
Fig. 2 is due to proximity-induced superconductivity in the C60
layer, this reduces the order parameter, Δ, toward the Nb/C60
interface. We ﬁnd then a density of states equating to a λ0 of 94
nm and a near-linear B (T) trend that ﬁts well the experimental
data – see Fig. 4d.
Figure 4f shows the temperature dependence of hBðEÞi=BN for
the sample with the spin-converter Cu/C60 interface. The
reduction in the local ﬁeld in the Nb ﬁlm at 20 keV is less than
half of what was observed in the control: 1±0.1 G at 2.7 K. The
9 keV measurements probing the Au layer now show a
paramagnetic signal of 0.3 ± 0.1 G at 2.7 K. This sample also
shows an anomalous temperature dependence of the Meissner
effect, very different to the Q-C calculations. The Supplementary
Note 5 explains further the Q-C simulation of the ﬂux expulsion
in Nb/C60/Au structures, see Fig. S6. The Tc of this sample is
comparable to the control sample without Cu (Tc ~ 8.7 K), but
there is not an immediate reduction in the local ﬁeld below Tc as
would be expected. Instead, hBðEÞi in Nb (20 keV) is only reduced
w.r.t. the normal state once the sample is below 6 K (~0.7 Tc). The
conversion of even-frequency superconducting correlations into
odd-frequency correlations at the spin-converter Cu/C60 interface
has given rise to a suppressed diamagnetic Meissner response in
the niobium layer and a paramagnetic supercurrent in the Au
layer, consistent with a majority odd-frequency pair density
residing in this region of the heterostructure51–55.
A paramagnetic signal may arise due to other phenomena, such
as instabilities brought about by π-states formed at superconductor/non-magnetic interfaces or inhomogeneities in the
superconductor lattice56,57. Locally pinned ﬂux in mesoscopic
superconducting systems has produced an observable paramagnetic screening signal due to sample morphology58–60. In our
experiments, our range of control samples rules out these
paramagnetic contributions, as all samples share the same
superconductor/molecular interface with consistent morphologies
conﬁrmed by XRR and TEM. Moreover, pinned ﬂux or orbital
paramagnetism in the near-surface region of the Nb layer would
lead to a broadening of the ﬁeld distribution below Tc.
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Should these phenomena be prevalent in our systems, we would
expect a signiﬁcant increase in the muon depolarisation rate
below Tc for the spin-converter sample. As can be seen in the
Supplementary Notes 3 and 5, this is not the case. Additionally,
our choice of a 300 G transverse ﬁeld should sufﬁciently quench
the orbital paramagnetism possible at superconductor/nonmagnetic interfaces61. Rather, the paramagnetic screening we
observe that is concentrated in the Au layer is most likely
the result of triplet correlations extending into this layer.
Supplementary Note 6 and Fig. S7 show the ﬁeld dependence
of the spin susceptibility at 120 G and 300 G for different muon
energies in the multi-probe sample.
Conclusions
The results presented here demonstrate that in thin-ﬁlm form,
superconducting correlations can be mediated across a molecular
C60 layer of sufﬁciently small thickness. We suggest that changes
to the C60 electronic structure, brought about by interfacial
hybridisation and charge transfer, may allow for this proximity to
manifest. With the addition of a spin-converter metallo-molecular interface, a reproducible paramagnetic screening response
was observed by LE-µSR due to the conversion of spin-singlet
Cooper pairs to of odd-frequency spin-triplet states at the magnetic Cu/C60 interface. The anomalous response of the sample
ﬂux proﬁle in the superconducting state to both temperature and
magnetic ﬁeld provides a compelling case for the presence of
unconventional superconducting states present in a hybrid metal/
molecule superconducting system. A spin-selective ferromagnetic
layer could be used in conjunction with the spin converter
interface to generate the SZ= 1 long-range spin-triplet. The triplet
ﬁltering can be used for super-spintronics or in coherence and
interferometry applications62,63. Given that the metallomolecular interface charge transfer and interactions can be controlled via electrical or optical irradiation, this opens further
avenues of research to produce, switch and control odd-frequency
superconducting correlations for quantum computing in an
intrinsically non-magnetic and non-superconducting system.
Methods

Thin ﬁlm growth and characterisation. Metallic ﬁlms were grown by DC magnetron sputtering, while C60 molecular ﬁlms were thermally sublimed in situ at
450 °C. Deposition of all sample layers was performed under UHV with a base
pressure of 10−8 Torr and partial pressure of oxygen of 10−10 Torr. Sputtering was
performed in an Ar atmosphere at 2.4 Torr from targets with purities of Nb
(99.999%), Cu(99.9999%) and Au(99.99%). Growing the heterostructure in this
way leads to nanocrystalline C60 layers and polycrystalline metallic ﬁlms64. The
growth rate for these materials was calibrated by the ﬁtting of Kiessig fringes
measured by XRR. The NR data was obtained using the PolRef beamline at the ISIS
Neutron and Muon Source, UK65.

Low-energy muon spin rotation analysis. For this study, two sets of samples were
fabricated and measured on the µE4 beamline at the Paul Scherrer Institute,
Switzerland66. Characterisation measurements were performed on ‘sister samples’
grown at the same time as the LEM samples but on 4 × 4 mm2 substrates, suitable
for the SQUID VSM, and low-temperature measurements. The Ginzburg-Landau
(GL) coherence length at 0 K, ξ GL , for the Single-Probe samples, was extracted
using the following relationship;
!

ϕ0
T
μ0 HC2? ðT Þ ¼
ð1Þ
1
2
TC
2πξ GL
where ϕ0 is the ﬂux quantum and HC2? ðT Þ is the out of plane critical ﬁeld.
Samples used for LEM measurements are grown on 20 × 20 mm2 substrates
which reduces the associated count time. The time-dependent polarisation (Pðt Þ) of
the muon can be described by


Pðt Þ ¼ Aμþ cos γμ  hBiðEÞ  t þ φ expðλTF  t Þ
ð2Þ
to yield the local ﬁeld hBiðEÞ, depolarisation rate (λTF ), asymmetry (Aμþ ) and phase
(φ).γμ is the gyromagnetic ratio of the muon. φ is the starting phase of the μ+ spin
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polarisation at time t = 0; this initial μ+ spin polarisation depends on the time of
ﬂight of the muon in the fringe ﬁeld of the magnet, which in turn depends on the
implantation energy. Aμþ will also be energy-dependent as it parametrises the
magnitude of the μ+ precession signal. For implantation energies where a more
signiﬁcant proportion of the muons thermalise within C60, a reduction in Aμþ would
be expected due to the formation of muonium. As both parameters are veriﬁed to be
independent of temperature, they can be ﬁxed at the value obtained in the normal
state for each implantation energy. Therefore, only hBiðEÞ and λTF are affected by
the onset of screening currents within the heterostructure.
Following on from the London equation, the expected ﬂux proﬁle (BðxÞ) within
the superconductor is given by



1
x
ds
ds
ð3Þ
BðxÞ ¼ BN cosh
cosh

2λðTÞ
λðT Þ 2λðT Þ
where x is the position within the superconducting ﬁlm, x ¼ 0 corresponds to the
top surface of the Nb layer. ds is the Nb thickness. λðT Þ is the temperaturedependent penetration depth and BN is the ﬂux outside the superconductor, which
in this case, has been obtained from the normal state measurement at 10 K45. All
data presented is publically available67.

Data availability
The data that support the ﬁndings of this study are available from https://doi.org/
10.5518/852. The neutron reﬂectivity data are available from https://doi.org/10.5286/ISIS.
E.RB1820617.
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