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Spin-singlet to triplet Cooper pair converter
interface
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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 dis-
sipationless 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 non-
intrinsically 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/Cgo 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.

TSchool of Physics and Astronomy, University of Leeds, Leeds, UK. 2School of Physics and Astronomy, SUPA, University of St Andrews, St Andrews, UK.
3 Department of Physics, Sultan Qaboos University, Muscat, Oman. 4 Laboratory for Muon Spin Spectroscopy, Paul Scherrer Institute, Villigen, Switzerland.
51SIS Neutron and Muon Source, Rutherford Appleton Laboratory, STFC, Didcot, UK. © Department of Materials Science and Metallurgy, University of
Cambridge, Cambridge, UK. ®email: M.D.Rogers@leeds.ac.uk; o.cespedes@leeds.ac.uk

COMMUNICATIONS PHYSICS | (2021)4:69 | https://doi.org/10.1038/s42005-021-00567-7 | www.nature.com/commsphys 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00567-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00567-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00567-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00567-7&domain=pdf
http://orcid.org/0000-0002-4550-2392
http://orcid.org/0000-0002-4550-2392
http://orcid.org/0000-0002-4550-2392
http://orcid.org/0000-0002-4550-2392
http://orcid.org/0000-0002-4550-2392
http://orcid.org/0000-0002-7643-4695
http://orcid.org/0000-0002-7643-4695
http://orcid.org/0000-0002-7643-4695
http://orcid.org/0000-0002-7643-4695
http://orcid.org/0000-0002-7643-4695
http://orcid.org/0000-0003-0715-5876
http://orcid.org/0000-0003-0715-5876
http://orcid.org/0000-0003-0715-5876
http://orcid.org/0000-0003-0715-5876
http://orcid.org/0000-0003-0715-5876
http://orcid.org/0000-0003-1104-0772
http://orcid.org/0000-0003-1104-0772
http://orcid.org/0000-0003-1104-0772
http://orcid.org/0000-0003-1104-0772
http://orcid.org/0000-0003-1104-0772
http://orcid.org/0000-0002-7566-8641
http://orcid.org/0000-0002-7566-8641
http://orcid.org/0000-0002-7566-8641
http://orcid.org/0000-0002-7566-8641
http://orcid.org/0000-0002-7566-8641
http://orcid.org/0000-0002-9486-0639
http://orcid.org/0000-0002-9486-0639
http://orcid.org/0000-0002-9486-0639
http://orcid.org/0000-0002-9486-0639
http://orcid.org/0000-0002-9486-0639
http://orcid.org/0000-0002-5249-9523
http://orcid.org/0000-0002-5249-9523
http://orcid.org/0000-0002-5249-9523
http://orcid.org/0000-0002-5249-9523
http://orcid.org/0000-0002-5249-9523
mailto:M.D.Rogers@leeds.ac.uk
mailto:o.cespedes@leeds.ac.uk
www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00567-7

ccording to conventional theories on the superconducting
condensate, ferromagnetism and superconductivity are
antagonistic states of matter. This is due to the ferro-
magnetic 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 super-
conducting pair diffusion are present. Organic superconducting
molecules and ferromagnetic metal complexes have been used to
chemically design materials where superconductivity and mag-
netism are shown to coexist!. The spin dynamics of molecular
magnets are heavily influenced by the superconducting order of a
lead substrate?. 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 correlations>#. 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 spintronics®~?.
Odd-frequency superconducting correlations have been probed
successfully using transport measurements!®!l, tunnelling
spectroscopy'? and low-energy muon spin rotation (LE-uSR). The
latter directly probes the paramagnetic Meissner screening gen-
erated by odd-frequency spin-triplet Cooper pairs!3-1°. Typical
super-spintronic devices require the generation of a S = +1 long-

T>Tc gppr, MmN

range spin-triplet component (LRTC) to preserve the super-
conducting correlations inside ferromagnetic layers!®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 pair-
breaking mechanisms within ferromagnetic layers. These corre-
lations 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 elec-
tronics 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 qubits!8-21. Secondly, the super-
conducting/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 properties?2-2%. 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 Cg 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-4SR is
used to detect symmetry changes in superconducting pair correla-
tions via a paramagnetic component to the Meissner screening. In
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Fig. 1 Structural characterization of a prototypical superconductor/molecular heterostructure. The nominal structure is: SiO,/Nb(50)/Cgc(10)/Cu(3)/
Ce0(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, T.. b Transmission electron microscope (TEM) image of the S/
M/Is.c/M/N sample where S, |s_c and N layers are separated by continuous M layers aided by the minimal diffusion of sputtered Cu and Au. ¢ 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 Cgy and
Cu?. In all samples, the superconducting film is Nb, a conventional
s-wave superconductor, with a T, of ~9 K.

Results and discussion

Initial characterization. We performed structural characterisa-
tion on a prototypical S/M/Is_c/M/N system with a nominal
structure; S=Nb (50 nm), M = C¢,(10 nm), Is_c =Cu (3 nm)
and N=Au (50nm). 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 sput-
tering process. Energy-dispersive X-ray analysis confirms the
complete separation of metallic layers by continuous Cg barriers.
Typically, XRR and PNR can be used to obtain structural para-
meters such as interfacial roughness (including interdiffusion),
layer thickness and density -Fig. 1c. Given the relatively large X-
ray 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. le aids the char-
acterisation of layers buried within the heterostructure thanks to
the smaller neutron scattering length density for Au. The reflec-
tivity curves obtained by both techniques were fit using GenX to
yield the parameters in Table 1 (ref. 26y,

Low-temperature transport measurements. The use of thin-film
Ceo 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 Cgq layer. Proximity-induced superconductivity of the
molecular layer modifies the superconducting gap (A) at the
interface of the Nb via the inverse proximity effect. Quantita-
tively, the reduction of A in the Nb layer due to a loss of Cooper
pairs at the interface is indicated by a suppression of the super-
conducting transition temperature (T.). This technique has been
frequently used to study proximity effects in superconductor/
normal metal bilayers for several decades?’. 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 x 8 mm?
Si/SiO,(100 nm) substrate, allowing the superconducting T. of
each S/M/N proximity stack to be normalised to that of control
Nb films. Cgo(#) 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/Cgo/Cu/Cgo/Au sample.

X-ray Neutron

Layer dls]1 (nm) p(%) dls] (nm) p(%)
Au 22.6 [1.0] 96.5 23.1[1.5] 953
Ceo 10.3 [1.2] 99.2 10.5 [0.9] 95.7
Cu 4.5 [1.3] 95.6 2.9 [1.0] 95.5
Ceo 8.6 [1.3] 943 7.9 [1.5] 93.4
Nb 45.8 [1.1] 90.0 46.8 [1.8] 97.5

The X-ray and neutron reflectivity data have been modelled with GenX using the presented film
thickness (d), rms roughness (o) and density (p) of each layer. The density has been presented
as a percentage w.r.t. the bulk.

obtained are shown in blue for four different Cgq, thicknesses
(eight samples in total). We have assumed an exponential decay
of the superconducting order parameter within the Cgqy 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 &y =30+ 8nm.
Measurements in a thin, discontinuous layer of Cq islands?8 (¢ =
3.9+0.1 nm) show almost no T, suppression, Fig. 2b, c. For
Andreev reflection at the Nb/Cg interface to mediate a super-
conducting proximity effect, charge carriers in the Cgo layer must
pair with electronic states in Nb through the retroreflection of a
hole. Since T, is not suppressed when the Cg, 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
Ceo%, but the length scale over which the phase coherence decays
had not been studied previously in thin films. Given a bandgap
for bulk Cgy of 2.3 eV, it is perhaps surprising that Cooper pairs
can propagate for 30 nm. However, the electronic properties of
Ceo 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
pairs3334, 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-uSR. 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/Cgp spin-converter interface (Is_c). The Single-Probe samples
had nominal, bottom-up, structures of:

1. S/M/N : Nb(50)/Cg(20)/Au(50)

2.8/M/Is_c/M/N : Nb(50)/Ce)(10)/Cu(3)/Cey(10)/Au(50)

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, (£ ~ 10 nm) while being less
than the reported penetration depth (1,> 90 nm)3>36. This
ensures that the contribution to the uT 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 Cgo film will form muonium, a hydrogen-like
bound state?”. In an applied transverse magnetic field (TF), the
transitions between different spin configurations of the Cgq
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 yt particles
stopping in the metallic layers.

The thicknesses of the Cq, 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 Cgo (éggr ~ 30 nm). The emergence of spin order at Cu/Cg and
its effect on the superconductor were probed first by magneto-
metry 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 (T.) suppression with Ceg thickness for Nb
(50 nm)/Cego(t)/Au(20 nm)/Al(2 nm) stacks for continuous (blue symbols) and discontinuous (red symbols) Cgq films. The modification of the
superconducting gap energy via the inverse proximity effect is greatest for the sample without C¢o. As a fullerene barrier layer is introduced, and its
thickness increased, the T, never fully recovers to its pristine value. Therefore, there is a leakage of Cooper pair states into the C¢g and through to the Au,
where an effective length scale for the propagation of Cooper pairs is & =30 + 8 nm. A y-axis line-break allows the data point obtained for the sample
with a discontinuous island-like Ce¢o barrier to be shown. Error bars are uncertainties in the critical temperature measurement. For each point, the T,
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)?32>38. The sample with the Cu/Cq
interface has a moment per area of m = 27+1 pemu 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/Cq, interface has a moment of m=2+1pemucm 2,
consistent with a typical instrumental background.

By fitting the temperature dependence of the out of plane
critical field, H,, | (T), we obtain coherence lengths of {;; =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
I<€,,1 being the electron mean free path)3*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,(B)(E) is
determined from the time-dependent polarisation of the muon,

4

and then we use the stopping profiles to obtain (B)(x).41-43, with
(x) the average probing depth for each energy E.

(B)(x) is normalised to the average field within the super-
conductor in the normal state, By, 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 Cgq
and Au layers, their relative screening amplitudes are expected to
be weak and the signal dominated by the superfluid pair density
in Nb. The (B)(x) profile for the non-magnetic Single-Probe
sample can be accurately described by a London model with
A(2.5K) = 218 nm, in good agreement with sputtered Nb films in
the dirty limit3>#% However, when the spin-converter Cu/Cs
layer is in proximity to the Nb surface, the (B)(x) fit now yields
A(2.5K) = 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/Cgo interface, then N; 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 +1pemu cm~2 (with Cu/Cq interfaces; orange triangles) and 2 1 pemu cm=2 (without; purple dots). € The temperature dependence of the
out of plane critical field, H.,, (T), 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, By. The London model gives
penetration lengths of 313 nm (with Cu/Cgo) 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 A, since
A% & N,. However, as demonstrated by the transport measure-
ments in Fig. 3a, ¢, there is no suppression of superconductivity
for the spin-converter sample. Instead, it has a slightly higher
superconducting T.. The reduced flux expulsion in the spin-
converter 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 potential*>~47. By contrast, the generation of odd-
frequency spin-triplet pairing states at superconductor/ferromag-
netic interfaces can suppress the conventional diamagnetic
Meissner effect!. The supercurrent density, j, arising due to a
magnetic vector potential, A, can be rewritten in terms of singlet
(ny) and triplet densities (n,): j o (n, — n,)*%. Therefore, in a
system where odd-frequency correlations exist, a paramagnetic
susceptibility (y>0) can develop locally if n, > n,!1>. If the n /n,
ratio varies spatially throughout the spin-converter sample, then at
some specific depths a paramagnetic signal might emerge where
ny/n, < 1. In order to capture this contribution within B(E) we use
multiple thin Au probe layers that create deterministic stopping

locations for the muon particles, thus effectively increasing the
depth resolution:

1. $/M/N : Nb(50)/C4(30)/Auy (10)/Cg0(20)/ Au,(10)/ Ceo(20)/ Aus (10)

2. S/M/Is_¢/M/N : Nb(50)/Cq(15)/Cu(4)/Cg9(15)/ Auy (10)/Ce(20)/
Au,(10)/Cg)(20)/Aus(10)

Transport measurements show excellent agreement between
the two structures, with the T 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
pemu 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 yemu cm 2,

Muon measurements were performed at 9 and 20 keV to probe
local screening effects at the Au layer closest to the superconductor
(Au,) and within the Nb layer, respectively, see Fig. 4c, e. At 9keV,
the highest fraction of thermalised u* particles (x,,,,) in both
control and spin-converter samples lies within the Au, layer, with
no muons stopping in the Nb. Therefore, we can decouple the
signal arising from screening currents within the Au; probe layer
from the superconducting substrate. At 20 keV, x, . 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 (T.). b Magnetic hysteresis loops at 300 K for the two Multi-Probe sister samples. The saturation magnetisation
per unit area are 24 1 pemu cm~2 (with Cu/Cqgo; orange dots) and 0.4 £ 0.2 pemu cm~2 (without; purple triangles). € 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/Ils.c/M/N) structure in e. d Temperature dependence of
the average local field, (B)(E), in a 300 G applied transverse field for the S/M/N structure. Well below T, a small reduction in (B)(E) 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 C¢o 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
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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 T, 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/Cgq 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 (B(E))/By for the sample
without the spin-converter Cu/Cg, 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 10K 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 super-
conducting correlations in this region. See Supplementary Note 3
for the depolarisation dependence of the LE-uSR vs. temperature
(Fig. S5).

We can simulate the (B)(T) data at 20keV using a quasi-
classical (Q-C) framework. Here, spin-singlet superconducting
correlations are described by Green functions. In the dirty limit,
these Green functions satisfy the Usadel equation*>%°. Within
this framework, interfacial boundary conditions are imposed
between the normal conductor (N) and superconductor (S)
layer®0. Once the Green functions are determined, we apply the
linear response theory to calculate the screening current (and thus
(B)(T)) 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 A, of 144 nm (S model). However, this
simple model cannot replicate the B/By (T) trend in the S/M/N
system. Instead, we assume that the suppressed T, observed in
Fig. 2 is due to proximity-induced superconductivity in the Cg
layer, this reduces the order parameter, A, toward the Nb/Cg
interface. We find then a density of states equating to a A, 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 (B(E))/By for
the sample with the spin-converter Cu/Cgq, interface. The
reduction in the local field in the Nb film at 20keV is less than
half of what was observed in the control: 1+0.1 G at 2.7 K. The
9keV measurements probing the Au layer now show a
paramagnetic signal of 0.3+0.1G at 2.7K. 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/Cgo/Au structures, see Fig. S6. The T. of this sample is
comparable to the control sample without Cu (7. ~ 8.7 K), but
there is not an immediate reduction in the local field below T as
would be expected. Instead, (B(E)) in Nb (20 keV) is only reduced
w.r.t. the normal state once the sample is below 6 K (~0.7 T,). The
conversion of even-frequency superconducting correlations into
odd-frequency correlations at the spin-converter Cu/Cg, 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 heterostructure>!->.

A paramagnetic signal may arise due to other phenomena, such
as instabilities brought about by m-states formed at super-
conductor/non-magnetic interfaces or inhomogeneities in the
superconductor lattice®®>’, Locally pinned flux in mesoscopic
superconducting systems has produced an observable paramag-
netic screening signal due to sample morphology®8-%V, 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 T..

Should these phenomena be prevalent in our systems, we would
expect a significant increase in the muon depolarisation rate
below T. 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/non-
magnetic interfaces®!. 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
Ceo layer of sufficiently small thickness. We suggest that changes
to the Cqo 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-mole-
cular interface, a reproducible paramagnetic screening response
was observed by LE-uSR due to the conversion of spin-singlet
Cooper pairs to of odd-frequency spin-triplet states at the mag-
netic Cu/Cg 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 applications®>%3. Given that the metallo-
molecular interface charge transfer and interactions can be con-
trolled 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 mag-
netron sputtering, while Cgy 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 1010 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 Cq layers and polycrystalline metallic films®*. 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, UK.

Low-energy muon spin rotation analysis. For this study, two sets of samples were
fabricated and measured on the uE4 beamline at the Paul Scherrer Institute,
Switzerland®. Characterisation measurements were performed on ‘sister samples’
grown at the same time as the LEM samples but on 4 x 4 mm? substrates, suitable
for the SQUID VSM, and low-temperature measurements. The Ginzburg-Landau
(GL) coherence length at 0K, &, for the Single-Probe samples, was extracted
using the following relationship;

_ (¢ _r
thoHep  (T) = <2ﬂ;éL> (1 Tc) ey

where ¢, is the flux quantum and H,, (T) is the out of plane critical field.

Samples used for LEM measurements are grown on 20 x 20 mm? substrates
which reduces the associated count time. The time-dependent polarisation (P(t)) of
the muon can be described by

P(t) = Ayecos(y, - (B)E) £+ ) exp(—Agg - ) @)

to yield the local field (B)(E), depolarisation rate (Arg), asymmetry (A,.) and phase
(¢)-y, is the gyromagnetic ratio of the muon. ¢ is the starting phase of the y* spin
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polarisation at time ¢ = 0; this initial 4+ 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. A+ will also be energy-dependent as it parametrises the
magnitude of the y* precession signal. For implantation energies where a more
significant proportion of the muons thermalise within Co, a reduction in A, 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 (B)(E) and Ay are affected by
the onset of screening currents within the heterostructure.

Following on from the London equation, the expected flux profile (B(x)) within
the superconductor is given by

where x is the position within the superconducting film, x = 0 corresponds to the
top surface of the Nb layer. d; is the Nb thickness. A(T) is the temperature-
dependent penetration depth and By, is the flux outside the superconductor, which
in this case, has been obtained from the normal state measurement at 10 K4°. All
data presented is publically available®’.

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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