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We present experimental results on the observed flux screening in proximity coupled superconductor
- ferromagnet thin film structures using Nb and Co as superconductor and ferromagnet respectively.
Using the low-energy muon-spin rotation technique to locally probe the magnetic flux density we
find that the addition of the ferromagnet increases the total flux screening inside the superconduc-
tor. Two contributions can be distinguished. One is consistent with the predicted spin-polarization
(or magnetic proximity) effect, while the other is in line with the newly emerged electromagnetic
proximity models. Furthermore, we show that the addition of a few nanometers of a normal metallic
layer between the Nb and the Co fully destroys the contribution due to electromagnetic proximity.
This is unanticipated by the current theory models in which the magnetization in the F layer is
assumed to be the only driving force for the EM effect and suggests the role of additional factors.
Further experiments to explore the influence of the direction of the F magnetization also reveal de-
viations from theory. These new findings are an important step forward in improving the theoretical
description and understanding of proximity coupled systems.

The exotic electron pairs that can emerge at inter-
faces between superconducting (S) and ferromagnetic
(F ) regions[1, 2] allow the merging of superconduc-
tivity and spin-sensitive transport resulting in the de-
veloping field of superconducting spintronics[3–5]. In
such S/F proximity systems, the essential, unique el-
ement is the presence of spin triplet pair correlations,
not present in proximity systems using ordinary met-
als. Their odd-frequency character makes them behave
in counter-intuitive ways, resulting in, for example, a
paramagnetic Meissner response[6–9], while the equal-
spin fractions of the triplet pairs carry a net spin and
can thus be used for carrying information in supercon-
ducting spintronic devices. Furthermore these equal-spin
pairs do not experience the ferromagnetic exchange field
as being hostile and as a consequence can survive within
such a material over much longer distances than spin-
singlet correlations[10–17]. However, since these odd-
frequency pairs are not eigenstates of the condensate,
they are converted back into singlets inside the super-
conductor and therefore don’t survive long inside the S
layer. Their effects are thus expected to only be ob-
servable close to the (buried) S/F interface where they
are generated. There are very few techniques capable of
observing such effects, most notably low-energy muon-
spin spectroscopy (e.g [18]), but there are also reports
using polarized neutron spectroscopy[19], nuclear mag-
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netic resonance[20] and Kerr rotation[21]. If the S layer
is thin enough (a few coherence lengths, ξS , at most)
such that triplet pairs reach the opposite side, then sur-
face probe techniques like scanning tunneling microscopy
could be used but it is not entirely clear if or how the
spectra may be modified[22].

To study these proximity systems experimentally, their
effects are typically measured (using standard transport
techniques) around critical points like the transition tem-
perature Tc or critical current Ic. These techniques and
measurements have been very successful in understand-
ing and developing S/F theory and in particular the prop-
agation of superconducting pairs outside of the supercon-
ductor. However, the effect on the superconducting con-
densate inside the superconductor (inverse proximity) is
much less studied.

It is predicted that a spin polarization can appear
inside the superconductor[23] (also called a magnetic
proximity effect), however, observing this (subtle) effect
experimentally has proven difficult since it only exists
near the interface over a distance of a few ξS . While
some reported experiments support this prediction
[20, 21], they appear to be contradicted by other
detailed measurements that probe the interface region
[18, 24]. These discrepancies may be explained by
the newly emerging electromagnetic (EM) proximity
theory models [25–27], which show a contribution to
the (inverse) S/F proximity effect that has been largely
overlooked for decades. In essence, it is the screening
response of the superconductor to a vector potential at
(or near) the S/F interface. This effect propagates over
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distances of the order of the magnetic penetration depth
(λ), which for thin films of Nb can be much longer than
ξS . It provides understanding for experimental results
which could not be explained by previous S/F models.
It also predicts a dominant contribution to the inverse
S/F proximity effect in the absence of any applied field
and could be used for switchable S/F devices by means
of temperature alone. More generally, it shows how the
presence of a local gradient in the vector potential at
the S/F interface propagates into the superconductor
by means of spontaneous superconducting currents.
This in turn raises the interesting questions of how to
manipulate this vector potential, or perhaps even how
to generate it by other means.

In this paper we use the flux expulsion inside the su-
perconductor as a probe of the inverse proximity effects
in S/F systems and find an oscillatory behavior as a func-
tion of the F layer thickness. While this is predicted by
the EM theory, we also present other data that suggest
this description to be incomplete due to deviations from
this new model. This suggests additional influences, such
as spin-orbit interactions, which could also act as sources
of effective vector potential. We also show that while the
addition of the very thin metallic layers appears to switch
off the EM effect, there remains a short-range effect con-
sistent with the predicted spin polarization.

All our samples were prepared by dc magnetron sput-
tering in a system with a base pressure of 10−8 mbar at
an ambient temperature. We use Nb as the superconduc-
tor, which depending on the Nb target quality results in
a magnetic penetration depth of 160 nm (higher purity
target) or 270 nm (lower purity target), see [28]. For both
Nb targets, the superconducting transition temperature
(Tc) of sputtered Nb films is about 8.7 K and the super-
conducting (Ginzburg–Landau) coherence length around
10 nm (lower purity) and 11.1 nm (higher purity).

To study the S/F proximity effect inside the supercon-
ductor, we use the low-energy muon-spin rotation (LE-
µSR) technique to probe locally the magnetic flux. Com-
pared to the more common bulk µSR, where muons pen-
etrate the sample over the micrometer range, for LE-µSR
the muon energy is moderated down to the keV range,
which allows the control of the implantation depth of
muons into the sample in the 10 to 100 nm range [29],
where the precise stopping depth can be calculated us-
ing a well-proven Monte Carlo simulation [30, 31]. This
technique has proven very successful in studying novel
effects in S/F proximity systems. During a LE-µSR ex-
periment, 100 % spin-polarized muons, which have a life-
time of 2.197 µs, are implanted into the sample one at a
time. Once implanted, the muon spin starts precessing
around the local magnetic flux density with a frequency
directly related to the local magnetic flux density, until
it decays emitting a positron. The essence of the muon
technique is that this precession can be monitored by
measuring the decay positron that is emitted (preferen-
tially) along the muon spin direction at the moment of

decay. All our LE-µSR measurements were performed
on the µE4 beam-line at the Paul Scherrer Institut[32]
using the transverse field geometry (field applied orthog-
onal to the muon spin direction) with the applied field
direction in the plane of the sample. The measurement
field was set to 300 Oe and the lateral sizes of our sam-
ples were about 2×2 cm2 such that they capture the full
muon beam, which is roughly 2 cm in diameter.

From the measurement data taken at a particular en-
ergy E, and thus a particular stopping depth ⟨x⟩, one
can determine the average flux density ⟨B⟩ (⟨x⟩). Al-
ternatively, one can impose a model function for the
flux density profile B (x, ai) onto the data, with ai the
(fit)parameters describing the profile in order to find best
fit values for ai to match the measurement data (see e.g.
[28]). For example, in the case of an isolated Nb film (in
the dirty limit) the flux profile is the well-known Meiss-
ner profile with the magnetic penetration depth λ the
only unknown fit parameter, which can thus be obtained
in this way. For the S/F bilayers, the EM-theory model
predicts an exponentially decaying contribution to this
Meissner profile with a maximum amplitude (AEM) at
the Nb/Co interface and a characteristic decay length of
λ, thus adding only the amplitude as an extra fitparam-
eter.

The EM effect has the ability to both add and sub-
tract to the contributions to the screening due to the
applied field. This depends on both the variation of the
thickness of the F layer and on the sign of the magne-
tization. For the thickness dependence in the diffusive
limit, an oscillatory behavior of the effect is predicted
with a characteristic length of the order of ξF , the co-
herence length inside the F layer [25]. In what follows,
we will first show the measured thickness dependence of
the effect before presenting results on the magnetization
direction dependence.

To examine the (inverse) S/F proximity effect we pre-
pared a series of Nb/Co bilayer samples with varying Co
thickness while keeping the Nb layer thickness at 90 nm.
The Co thickness was varied from 1 nm up to 3 nm, co-
inciding with the expected ξF of about 1 nm for the Co
layer. Figure 1 shows the LE-µSR results obtained on
the bilayer with a Co thickness of 1.5 nm. The top panel
of the figure shows the muon stopping profiles at several
implantation energies for this sample. Since even at the
highest energies used only a small fraction of muons get
past the Nb layer, the stopping profiles for the samples
with different Co thicknesses are near identical. The bot-
tom panel shows the ⟨B (⟨x⟩)⟩ obtained with open/closed
symbols presenting the data taken at T = 10 K (with Nb
in the normal state) and T = 2.5 K respectively. Er-
ror bars for ⟨B (⟨x⟩)⟩ are plotted for all measurements
but are typically too small (0.1–0.3 G) to be seen. At
10 K the LE-µSR measurements simply recover the ap-
plied measurement field while at 2.5 K a clear flux screen-
ing appears inside the Nb. These results are consistent
with previous measurements reported in [33, 34] where
for sample preparation the same Nb targets were used
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FIG. 1: Results for the Nb(90nm)/Co(1.5nm) bilayer. Top
panel: Muon stopping profiles for several implantation ener-
gies with their respective average implantation depth marked
on the x axis. For a muon energy of 22 keV a (small) tail
extends into the Co and Si substrate (not shown). Bottom
panel: LE-µSR results showing the average flux as a func-
tion of muon penetration depth obtained using a measurement
field of approximately 300 Oe. Open/closed symbols repre-
sent measurements taken at T = 10 K (with Nb in the normal
state) and T = 2.5 K respectively. Curve BS is the best ob-
tained fit solution for B (x) when using the EM proximity
model with AEM the strength of the effect at the interface.

with identical growth parameters. Analyzing the 2.5K
data within the EM-theory model (see [33] for details
on the precise fit functions used) shows an amplitude of
about 8 G at the Nb/Co interface. Applying the above
analysis to all the bilayer samples of this set yields the
results shown in Fig. 2. A clear oscillatory behavior as a
function of Co layer thickness is obtained, with an oscil-
lation period (and damping) of the order of the coherence
length inside the Co (∼ 1 nm).
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FIG. 2: LE-µSR results on the Nb(90nm)/Co(x) sample se-
ries, showing the amplitude AEM of the EM model as function
of Co layer thickness. The error in the obtained fitparameters
are smaller than the used marker size and thus not visible.
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FIG. 3: Top panel: magnetization behavior of our exchange
biased sample taken at T = 10 K, indicating the magnetic
states at which LE-µSR measurements were performed. Bot-
tom panel: LE-µSR results showing the flux expulsion as func-
tion of muon penetration depth, measured at T = 2.5 K, when
applied field is parallel(open symbols) or anti-parallel(close
symbols) to the magnetization direction of the pinned Co
layer. For direct comparison the result for Bs from Fig.1
is added as a dashed line

The predicted oscillation of the EM model [25] is thus
clearly visible, however, the EM model also predicts
the sign of the amplitude AEM to be sensitive to the
direction of magnetization in the Co layer [25] (i.e.
switching the magnetization from +M to −M should
give a sign change of AEM). To investigate this we
add to the Nb/Co layer a thin IrMn layer, which
is an anti-ferromagnet and can be used to pin the
magnetization in the Co layer along a determined axis.
To determine the pinning direction and enhance its
properties, the IrMn itself is grown in a field, on top
of a thin Co (buffer) layer. The full sample layout is
Nb(90)/Co(1.5)/IrMn(4)/Co(3)/Ta(4.5)/Si-substrate
with numbers indicating the layer thickness in nm, where
Ta(4.5) acts as a seed layer to improve growth quality.
The magnetization behavior of this sample, measured at
T = 10 K, is shown in the top panel of Fig.3. Starting
at saturation in negative field bias, first the Co buffer
layer switches at around 500 Oe after which it requires
about 1.2 kOe before the Co(1.5) layer is fully switched.
The open/closed squares mark the -300/+300 Oe field
values which respectively have both the field and the
net magnetization either parallel or anti-parallel to the
magnetization in the Co(1.5) layer. The bottom panel of
the figure shows the results of the LE-µSR measurement
taken at these two fields, as well as the result when
coming from positive saturation instead (circle symbols),
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presenting the ⟨B (⟨x⟩)⟩ obtained. Similar to the sister
sample without the IrMn layer (dashed line in the figure
for a direct comparison), at higher muon energies a
significant flux screening is still observed showing a
significant contribution to the flux screening originating
from the Nb/Co interface region. However, we do not
observe the predicted sign change for AEM. In fact,
all measurements are identical within a few standard
deviations. This then raises the question of whether
there is another, more dominant source (compared to
M) responsible for the required gradient in the vec-
tor potential, which is not sensitive to the direction of M.

To further investigate this possibility we modify our
systems by inserting a normal metallic spacer layer, of
a few nanometer thickness, between the Nb and Co. In
one case we use Cu, which we previously have used to
show Meissner screening propagating into the Cu over
long distances[28] (see the Supplemental Materials[41]
for propagation lengths of at least 90 nm). In the
other case we use Pt, which has a high spin-orbit cou-
pling strength and short spin diffusion length, both op-
posite to the properties of Cu. We also replace the
90 nm Nb by a Cu/Nb bilayer to highlight the com-
patibility of Cu with induced Meissner screening in
our structures[28, 33, 34]. The full sample layouts are
Cu(40)/Nb(50)/X(2)/Co(2.4)/Nb(3)/Si-substrate, with
numbers indicating the layer thickness in nm, X either Cu
or Pt, and the Nb(3) a non-superconducting seed layer
to improve growth quality. The results of measurements
on these samples are presented in Fig.4. The top panel
of the figure shows several examples of muon stopping
profiles for a Cu(40)/Nb(50) bilayer. At the highest en-
ergies used, only a small fraction of muons get past the
Nb layer, which makes the stopping profiles for all sam-
ples presented in the figures nearly identical.

In the center panel the LE-µSR results for the
Cu-spacer sample are shown together with its control
samples; a Cu/Nb bilayer (NS) and Cu/Nb/Co trilayer
(NSF) for direct comparison. Similarly, the results for
the Pt-spacer sample are shown in the bottom panel.
In both cases, the addition of the thin spacer layer
has a very similar effect with two notable features.
Firstly, it almost completely kills off the additional
(EM proximity) flux expulsion across the sample due
to the presence of the F layer (the NSF control sample
shows a clear screening enhancement when compared
with the NS control sample). Secondly, near the S/F
interface there remains an additional more localized
flux lowering compared to the bilayer case. The prop-
agation of the latter appears to be of the order of the
superconducting coherence length, which makes it, in
appearance, consistent with the magnetic proximity
effect predicted by Bergeret and co-workers[23]. We note
that the relatively large difference in Meissner screening
between the Cu-spacer and Pt-spacer system is due to
the underlying 160 nm vs 270 nm penetration depth for
the two sets of samples which were grown using different
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FIG. 4: Top panel: Muon stopping profiles for a
Cu(40nm)/Nb(50nm) bilayer for several implantation ener-
gies with their respective average implantation depth marked
on the x axis. Only for E = 20 keV and above a
(small) tail extend into the Si substrate (not shown). Cen-
ter/Bottom panel: LE-µSR results showing the average flux
as function of muon penetration depth obtained for the
Cu-spacer/Pt-spacer sample as well as their respective con-
trol samples: Cu/Nb bilayers (NS) and Cu/Nb/Co trilayers
(NSF). Open/closed symbols present measurements taken at
T = 10 K (with Nb in the normal state) and T ∼ 2.5 K.
Results on some of the control samples have been published
before[28, 33] and serve only as a direct comparison for the
Cu and Pt spacer samples.

Nb target purities. Furthermore, the temperatures used
to measure in the superconducting state deviate slightly
from one another but this has negligible impact since the
⟨B⟩ (T ) has a near linear behavior and at the measured
temperature of about 2.5 K, a 0.2 K deviation only
accounts for about 4% of the observed flux expulsion
(see e.g. [28]).

We thus observe two additional contributions to the
flux screening as a result of mixing the superconducting
order with the ferromagnetic order, both of which en-
hance the screening and originate from near the interface
region between the two orders. However, the distances
over which these additions propagate are very different
and seem to be of the order of ξS for the first and λ
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for the second. The first contribution is fully consistent
with the predicted spin-polarization (magnetic proximity
effect) while the latter we attribute to the newly emerged
EM-theory, albeit with the following caveat.

The experimental evidence points towards the precise
interface conditions in our Nb/Co systems being the driv-
ing mechanism of the observed EM proximity, rather
than the magnetization alone. In contrast to the effect
of these metallic spacer layers, in experiments using thin
insulating AlOx layers to separate the Nb from the Co
we found this unusual flux screening to be unaffected, up
to a thickness of about 5 nm of AlOx[34]. One possible
candidate for a contributing mechanism to explain these
results is the presence of spin-orbit interactions, possi-
bly due to the precise details of the interface. Spin orbit
interactions are, from a theoretical point of view, capa-
ble of manipulating and even generating odd-frequency
triplet correlations[35–37], while experimentally the ex-
istence of triplet spin currents in such systems have been
implied by[38] (and e.g. [39, 40]).

Our results also show that a Cu/Nb bilayer can be
more efficient at screening flux than a single Nb layer of
the same total thickness, as we have shown numerically
in[28]. In Fig.1 the Nb(90)/Co gives a maximum expul-
sion of about 18 G while the Cu(40)/Nb(50)/Co of Fig.4
(mid panel), which was grown using the same Nb target
purity and measured under near identical system param-
eters, shows a maximum flux expulsion of about 22 G (see
the Supplemental Materials[41] for a direct comparison).

In conclusion, we have investigated (inverse) supercon-
ducting proximity effects in S/F thin film structures by

using LE-µSR to measure flux expulsion inside the su-
perconducting layer. We find an oscillatory behavior of
the flux expulsion as function of the F layer thickness, as
predicted by the model for the EM proximity effect, but
do not observe the predicted dependence on the direction
of magnetization. By inserting a normal metallic spacer
layer, with a thickness of only a few nanometers, between
the S and F layers we observe an almost complete collapse
of the EM proximity effect. This demonstrates the im-
portance of the specifics of the materials forming the S/F
contact (Nb/Co in our experiment) and hints towards a
contact-specific mechanism (e.g. spin-orbit interactions)
that creates the gradient in the local vector potential re-
quired for the EM proximity effect. A material specific
dependence also enables a wide range of potential ma-
terial choices to tune the proximity effects and allow for
different architectures. Our results provide new evidence
to further develop the emerging EM proximity theories.
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