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Switzerland.

(Dated: 9 July 2019)

Using the newly emerged theory model of an electromagnetic proximity effect, we demonstrate it provides a good

description of our previously reported anomalous Meissner screening observed in thin film superconductor-ferromagnet

proximity structures. Using the low energy muon spin rotation measurement technique we further investigate this new

theory by probing directly the flux screening in various superconductor-ferromagnet proximity structures. We examine

its main characteristics and find in general good agreement between theory and experiment. Understanding and control

of this new proximity effect is an important step forward towards a new generation of superconducting spintronic

devices.

In the field of conventional superconductor (S) - ferromag-

net (F) proximity systems, the characteristic particle is the

odd-frequency Cooper pair1–3. It emerges as a result of the

competition between the superconducting order parameter ∆
and the ferromagnetic exchange energy Eex. The supercon-

ducting order is built from specially paired electrons (so called

Cooper pairs) and they carry the superconducting properties.

In a conventional superconductor, the Cooper pairs are in a

singlet spin, s-wave orbital state, such that the total wavefunc-

tion is anti-symmetric under exchange of particles. However,

the ferromagnetic order favors a parallel alignment of the elec-

tron spins and is thus destructive to the superconducting order.

This picture changes for carefully constructed thin film S/F

interfaces, where odd-frequency Cooper pairs can emerge.

These new pairs (created from the conventional pairs) are in a

triplet spin state while maintaining their s-wave orbital state

and must thus be of odd-frequency (i.e. anti-symmetric in

time) in order for the total wavefunction to be anti-symmetric

under particle exchange. The two equal-spin configurations

of the triplet (ms = ±1) are robust against the otherwise hos-

tile ferromagnetic environment even in the presence of diffu-

sive scatterers. Since they also carry a net spin (s = 1), these

equal-spin pairs pave the way for merging the fields of su-

perconductivity with spintronics4,5 (i.e. electronics where the

spin of the electron is the information carrier rather than its

charge). Their odd-frequency nature is not just an abstract

convenience to make the particles obey Fermi-Dirac statistics,

but has very intriguing consequences. For example, it makes

the pairs respond in an opposite manner to an applied mag-

netic field. While a conventional superconductor has a dia-

magnetic response to an applied field, for the odd-frequency

pairs, a paramagnetic response is predicted6,7 which adds flux

rather than expels it.

The interplay between ∆ and Eex has been extensively stud-

ied over the past few decades and has lead to several important

(experimentally observed) advances, most notably the exis-

tence, generation and control of the equal-spin pairs leading

to long range supercurrents8–15 (i.e. supercurrents through

ferromagnetic materials over distances vastly exceeding the

singlet coherence length) and the observation of a paramag-

netic Meissner response due to the presence of odd-frequency

pairs16. Both are examples of (standard) S/F proximity ef-

fects; the behavior of the superconducting pairs outside of

the superconductor. Contrary to this is the inverse (or mag-

netic) proximity effect which predicts a spin polarization to

appear inside the superconductor17. Observing this effect

experimentally has proven difficult and while there is some

evidence18,19, detailed measurements probing the interface

region specifically have shown very different behavior20,21.

Very recently, new theoretical developments may finally have

lifted these apparent discrepancies via something that can

be called an electromagnetic (EM) proximity effect22–25. In

essence it is the screening response of the superconductor to a

vector potential at (or near) the S/F interface.

In a previous paper26 we have reported an anomalous

screening behavior in a Cu/Nb/Co thin film. We observed a

much enhanced screening in the trilayer compared to its Nb

and Cu/Nb counterpart (control) samples, contradicting the-

ory that predicts a reduced screening due to the ferromagnet

strongly suppressing superconductivity near the S/F interface.

For the control samples the screening could be well described

within the standard London theory for thin films and also by

theoretical modeling using the quasiclassical Green’s func-

tions in the Usadel framework. At the time of publication the

new EM theory was not yet published and in light of this we

will start by reanalyzing the Cu/Nb/Co sample within this new

model. We then present experimental results investigating the

manifestation of the EM proximity model in various S/F hy-

brid structures and find in general good agreement between

theory and experiment.

Our samples were prepared by dc magnetron sputtering on

Si (100) substrates in a system with a base pressure of 10−8

mbar at an ambient temperature. Growth of all layers was

performed at a typical Ar flow of 24 sccm and pressure of 2-3

µbar with a typical growth rate of 0.2 nm s−1. Growth rates

for each material were calibrated by fits to Kiessig fringes ob-

tained by low angle X-ray reflectivity measurements on sin-

gle material layers. For all samples, we used Nb as a super-
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conductor and we have used two different Nb target purities

(99.99% and 99.999%). Our sputtered Nb films have a typi-

cal superconducting transition temperature (Tc) of 8.7 K and a

superconducting (Ginzburg-Landau) coherence length (ξS) of

about 10 nm when using the lower purity target and 11.1 nm

when using the higher purity target. These values were deter-

mined from critical field measurements with field perpendicu-

lar to the sample plane. For all our samples, the Nb layers are

grown with a thickness of 50 nm and Cu layers with a thick-

ness of 40 nm. The main effect of the different target purities

is that Nb grown with the higher purity target has a longer

mean free path and subsequently a shorter London penetra-

tion depth (about 160 nm) compared to the Nb grown with the

lower purity target which has a London pentration depth of

about 270 nm26.

To measure directly the local magnetic flux density in-

side our samples we use the low-energy muon-spin rotation

(LEµSR) technique27, which has proven to be very successful

in studying novel effects in S/F proximity systems. The tech-

nique uses the positive muon as a local magnetic probe where

the stopping depth of muons into the sample is determined by

the muon energy and the depth can be tuned from about 10

to 100 nm. This stopping depth (or stopping profile) can be

calculated by a well-proven Monte-Carlo simulation28,29. All

LE-µSR measurements were performed on the µE4 beamline

at the Paul Scherrer Institut30 in the transverse field geome-

try (applied field orthogonal to the muon spin direction) with

the applied field direction in the plane of the sample. The lat-

eral sizes of our samples are about 2× 2 cm2 such that we

capture the full muon beam, which is roughly 2 cm in diam-

eter. The measurement field was usually set to 300 Oe (the

highest possible at the beam-line). From the measurement

data taken at a particular muon energy E (and thus a partic-

ular probing depth profile) one can determine the average flux

density ⟨B⟩(E), which can also be presented as ⟨B⟩(⟨x⟩) with

⟨x⟩ the average probing depth of the muons at energy E. Us-

ing this conventional way of treating the raw detector data in

combination with a series of measurements at varying implan-

tation energy gives a reasonable approximation of the actual

flux profile B(x). However, in cases where the shape of the

flux profile is known (either as an analytical expression or nu-

merically determined) one can treat the measurement data im-

posing this profile. For example, for a superconducting film

the theoretical profile is a Meissner profile and by applying

this to the measurement data the magnetic field penetration

depth is obtained. For our presented muon data we will show

the obtained best fit for the appropriately chosen model func-

tion for B(x) and also the obtained averages ⟨B⟩(⟨x⟩).
We adopt the following strategy for the modeling of the

flux profiles in our various samples. For our Cu/Nb bilayers

(BNS), we assume a London type Meissner profile which has

the form31:

BNS (x) = B0 cosh

(

x

λ
−

L

2λ

)

cosh

(

L

2λ

)−1

(1)

with B0 the flux density of the applied (measurement) field,

λ the magnetic field penetration depth, L the thickness of the

bilayer and x = 0 corresponding to the vacuum side of the Cu

FIG. 1. Top panel: Muon stopping profiles for the Cu/Nb/Co trilayer

for several implantation energies with their respective average im-

plantation depth marked on the x axis. For E = 20 keV and above,

the profiles extend into the Si substrate (not shown). Bottom panel:

LEµSR results showing the flux profiles (solid lines) and averages

(round symbols) obtained for a Cu/Nb bilayer (NS) and Cu/Nb/Co

trilayer (NSF). Open (closed) symbols correspond to measurements

taken at T = 10 K (2.5 K). The data used is the same as the set II of

Ref.26.

layer (where muons enter the sample). While in general the

shape of the flux profile will depend on the ability of Cooper

pairs to diffuse into the Cu, and thus depends on the interface

resistance and mean free path in the Cu, we found that for our

sputtered Cu the conditions are such that a near symmetric

flux profile establishes throughout the bilayer (see Ref.26) thus

justifying using the approach taken here. For the flux profile

in our Cu/Nb/Co trilayers (BNSF) we add to this the effect of

the EM proximity effect originating at the S/F interface and

obtain:

BNSF (x) = BNS (x)+AEMe((x−L)/λ ) (2)

with AEM the strength of the EM proximity.

In Fig. 1 we show the results of applying the above flux pro-

files to the LEµSR measurement data, obtained on our Cu/Nb

and Cu/Nb/Co samples with a Co layer thickness of 2.4 nm.

The top panel shows the stopping profiles (p(x)) for several

of the muon energies used, with vertical lines indicating their

respective average probing depths. At the lowest energy of

4 keV all muons stop inside the Cu layer while for increas-

ing muon energy the muons penetrate deeper into the sam-

ple. The p(x) shown are for the Cu/Nb/Co sample, but will

look very similar for the Cu/Nb sample (due to small frac-

tion of muons reaching the right side of the Nb layer even at

the highest energies used). The bottom panel shows the best

fits obtained for BNS and BNSF (solid lines) as well as the av-

erages obtained using the conventional data treating method
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(round symbols). The red (open symbols) and blue (closed

symbols) belong to data taken at T = 10 K (with the Nb in

the normal state) and T = 2.5 K respectively. The flux density

of the applied measurement field is indicated by a thin solid

black line (∼300 G) and the highlighted areas show the con-

tribution to B(x) from normal Meissner screening (BNS) and

from the EM proximity part. For the bilayer sample we obtain

λ = 139 nm and for the trilayer sample, using this value, we

obtain AEM =−9 G. It can be clearly seen that the anomalous

behavior of the Cu/Nb/Co sample is in fact well described by

this new EM proximity model. Only at the lowest muon im-

plantation energy (4 keV) does the model start to deviate from

the actual average of the data. To look into this in more detail

we apply the profile BNSF to the measurement data taken at

different energies E independently to find the optimized value

for AEM as a function of energy. This is presented in Fig. 2.

FIG. 2. LEµSR results showing the obtained best-fit values for AEM

for the trilayer of figure 1 when applying the model function BNSF

to each measurement independently. The shaded area highlights the

(possible) effect of pair breaking (see text).

For the lowest energy, indeed the data suggests that there

is almost no contribution from an electromagnetic proximity

effect. For all other muon implantation energies, the best fit

value for AEM are all within a small region of about -9 G ±
2 G. The EM proximity model is thus able to give a good de-

scription of our anomalous data (apart from the small region

near the surface of the sample). We note that due to pair break-

ing at the S/F interface there is also an expected reduction to

the screening near the S/F interface region. In our model this

would manifest as a reduction to the value of AEM for implan-

tation energies probing the S/F region. We believe this to be

the reason for the trend in AEM at higher energies, as indicated

by the shaded area in the figure.

The main characteristics of the EM proximity model are (1)

its relatively long decay length when compared with the su-

perconducting coherence length (λ >> ξS), (2) the non-zero

offset at the S/F interface which is strikingly different from

a Meissner profile which goes to zero expulsion at the outer

interfaces, and (3) its predicted dependence on the thickness

of the F layer and direction of its magnetization. While (1)

is clear from our data on the trilayer, for (2) and (3) we in-

vestigate the properties in more detail. Starting with (2), we

grow a Cu/Nb/Co sample but in reversed order, such that now

the Co layer is on top of the Nb and the Cu on the bottom.

The muons now arrive from the Co side and can probe the S/F

interface region with much more precision due to a narrower

depth distribution for the low energies. By making scans as

a function of energy the effective spatial resolution for these

measurements is about 10-20 nm. To slow down the muons

and stop them predominantly near the S/F interface we also

add a Cu layer on top of the Co, such that the full layout be-

comes Cu/Co/Nb/Cu/Si. Figure 3 shows the results on this

inverted trilayer sample including a direct comparison with

the BNSF obtained on a regular trilayer from the same sample

growth cycle (see supplementary material for more informa-

tion). The circles are the ⟨B⟩(⟨x⟩) obtained for the inverted

trilayer at T = 2.5 K, while the solid line is the model func-

tion BNSF obtained for the regular trilayer, but with inverted

orientation to match the inverted sample and B0 adjusted to the

precise measurement field. To test if BNSF is indeed a plausi-

ble solution, one can determine ⟨B⟩(⟨x⟩) from it by taking into

account the stopping profiles: ⟨B⟩(⟨x⟩)∼
∫

B(x) p(x)dx. The

result of the latter is presented by the dashed line labelled a

and shows a good agreement with the values actually obtained

for ⟨B⟩(⟨x⟩). For comparison, the dashed line labelled b is ob-

tained when setting AEM = 0 and shows a poor match with the

observed values. We can thus describe the data on the inverted

sample, probing in detail the S/F interface region, without fit-

ting the data itself but simply by extracting it from the full flux

profile obtained on the regular trilayer. This demonstrates that

the non-zero offset in the flux profile is indeed realistic for our

muon data, but we note that due to the finite sampling width

we can’t rule out a fast decay of the signal into the Cu layer

over a distance of 10-20 nm.

For (3) we made a pseudo spin-valve by adding a thin Co

layer to the N side of the N/S/F structure. By making this top

F layer thinner compared to the bottom F layer (2 nm against

2.4 nm), we obtain different switching fields for the two and

can switch between a parallel (P) and anti-parallel (AP) align-

ment between the directions of the exchange fields of the F

layers. Since the theory predicts the sign of AEM to depend on

the Co thickness on a lengthscale of ξF (the coherence length

inside the Co, which is about 1 nm), we can expect the con-

tribution of the top Co layer to be very different from the bot-

tom Co layer. Essentially, in the pseudo spin-valve structure

we can explore the induced effects at the Co/Cu (F/N) inter-

face, away from the Nb/Co (S/F) interface. The top panel of

Fig. 4 shows the magnetic switching behavior of the pseudo

spin-valve (measured at T = 50 K). At an applied field of -

500 Oe the Co layers are both fully saturated and aligned with

the applied field (P configuration). When increasing the ap-

plied field, first the thicker (2.4 nm) Co layer switches at about

50 Oe, setting an AP configuration, until at about 300 Oe the
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FIG. 3. LEµSR results on the inverted trilayer (see text), with round

symbols presenting the averages obtained at T = 2.5 K and B0 in-

dicating the flux of the measurement field. A direct comparison is

made with BNSF (the flux profile obtained for the regular trilayer

of the same growth cycle, but mapped onto the inverted layout) by

calculating ⟨B⟩(⟨x⟩) from BNSF which is presented by the dashed

line labelled a. The dashed line labelled b is obtained when setting

AEM = 0.

thinner (2 nm) Co layer has also fully switched resulting in a P

configuration again. We performed LEµSR measurements in

the P configuration at +300 Oe (after saturation at +500 Oe)

and in the AP configuration at +150 Oe (after saturating at

-500 Oe). For both, the bottom Co layer is parallel to the ap-

plied field and the top Co layer either parallel or anti-parallel

to the applied field. These results are presented in the bottom

panel of Fig. 4. The flux expulsion measured at T = 2.5 K

(blue, closed symbols), compared to the normal state data

measured at T = 10 K (red, open symbols), is significantly

larger in the AP configuration compared to the P configura-

tion, especially near the Co/Cu interface where for the P con-

figuration the expulsion has almost completely vanished. The

result obtained for the P configuration is in fact very similar

to results obtained on simple N/S bilayer systems (see supple-

mentary material for more information), indicating that both

EM contributions are annulling each other in this case.

Since singlets and odd-frequency triplets produce shield-

ing contributions of opposite sign, we can use the observed

Meissner magnetization to determine the dominant contribu-

tion near the F/N interface. For our NSF trilayers, with an F

layer thickness of 2.4 nm, we measured a diamagnetic contri-

bution from the EM proximity effect when the magnetization

of the F layer is aligned with the applied field (see Fig.1).

This implies a dominant singlet character of the Cooper pairs

near the (bottom) F/S interface. In the pseudo spin-valve we

observe an opposite behavior for the top F layer and have

a smaller flux expulsion in the P configuration (magnetiza-

tion aligned with the applied field), which becomes a larger

flux expulsion when switching to the AP configuration. This

allows us to conclude a dominant triplet contribution near

the thinner top F layer. In terms of practical applications,

these results show the possibility to switch between an ’ON’

and ’OFF’ state for a net spin-polarized supercurrent running

along the F/N interface by careful tuning of the F layer thick-

nesses.

FIG. 4. Top panel: magnetization behavior of our pseudo spin-valve

with numbers indicating the layer thickness in nm. Bottom panel:

LEµSR results showing the averages obtained at T = 10 K (red) and

T = 2.5 K (blue) with the spin-valve in parallel (P) or anti-parallel

(AP) configuration. For the P/AP configuration an applied field of

about 300/150 Oe was used and data is plot against the right/left

axis. The legend shows the directions of the applied field (H) and

magnetization in the top (left arrow) and bottom (right arrow) Co

layer.

In conclusion, we have used LE-µSR to probe directly the

spatial dependence of the magnetic flux screening in S/F thin

film structures, tailored to examine the newly emerged elec-

tromagnetic proximity effect. We find in general a good agree-

ment between this new theory and our data, which could not

be explained by previous theories. Our results on the pseudo

spin-valve demonstrate the possibility to control induced spin

polarized supercurrents, outside of the superconductor and

running along a ferromagnet - normal metal interface, which

is interesting for superconducting spintronic devices.

See supplementary material for additional information

about the results obtained on the Cu/Nb and Cu/Nb/Co control

samples for the inverted trilayer and the pseudo spin-valve.
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