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Abstract

Studies of ferromagnet-superconductor hybrid systems have uncovered magnetic interactions
between the competing electronic orderings. The electromagnetic (EM) proximity effect
predicts the formation of a spontaneous vector potential inside a superconductor placed in
proximity to a ferromagnet. In this work, we use a Nb superconducting layer and Ni
ferromagnetic layer to test for such magnetic interactions. We use the complementary, but
independent, techniques of polarized neutron reflectometry and detection Josephson junctions to
probe the magnetic response inside the superconducting layer at close to zero applied field. In
this condition, Meissner screening is negligible, so our measurements examine only additional
magnetic and screening contributions from proximity effects. We report the absence of any
signals originating from EM proximity effect in zero applied field. Our observations indicate
that either EM proximity effect is below the detection resolution of both of our experiments or
may indicate a new phenomenon that requires extension of current theory. From our
measurements, we estimate a limit of the size of the zero field EM proximity effect in our
Ni—Nb samples to be £0.27 mT.
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1. Introduction

In the superconducting state, magnetic flux is expelled by
the Meissner effect [1]. Hybrid ferromagnet-superconductor
(F-S) systems can exhibit more complex screening proper-
ties due to the new physics present at the F-S interface [2].
Recently, experimental observations via low energy muon
spectroscopy reveal an otherwise unexpected contribution to
flux expulsion in F-S bilayers and multilayers below the crit-
ical temperature (7) of the superconductor [2—6]. In those
works Co and Nb are chosen for the F and § layers respect-
ively. The experimental signature of this effect is an additional
screening component originating at the F-S interface which
increases the total flux screening inside the superconductor.

The development of the electromagnetic (EM) proximity
effect theory by Mironov et al provides a framework in which
many of the experimental observations can be interpreted [7].
As a result of the transparency of the F-S interface, electrons
forming Cooper pairs can proximitise the F' layer. This prox-
imity effect results in many well established transport phe-
nomena, such as 7 Josephson junctions [8]. Mironov et al
showed that an added consequence of the proximity effect is
that supercurrents flow inside the F' layer, giving rise to com-
pensating Meissner supercurrents on the superconductor side
of the interface. The observable result is a new component of
screening at the F-S interface due to the presence of an addi-
tional vector potential.

In the EM proximity effect theory, the additional internal
field, B,, inside the superconductor, at distance x from the F-S
interface, is described as [7],

B, = Apme /M, (1

where Agy is the strength of the EM proximity effect (pro-
portional to the magnetization of the F' layer) and A is the
London penetration depth. The key observable predictions of
the EM proximity effect are (i) B, decays with A\, (ii) Agm
oscillates in amplitude and sign with the thickness of the F
layer, and (iii) Agm (and hence observable B,) is present even
in the absence of an applied magnetic field. The theoretical
description of the additional screening currents caused by EM
proximity effect is also considered and expanded to structures
other than a F-S bilayer [9-14]. For example, the EM prox-
imity effect also predicts the response of the F-F-S supercon-
ducting spin-valve structure [11] studied experimentally [2].
For a review see [15].

Quantitatively, the EM proximity effect theory is applied to
model the recent experimental observations of Flokstra et al
in Co-Nb—Cau trilayers [5]. It is found that Meissner screen-
ing alone cannot reproduce the experimental observation of a
much enhanced screening in the trilayers compared to Nb and
Nb—Cu samples. The depth dependent magnetic signal meas-
ured in the muon experiment is then modeled to include both
traditional Meissner effect and the additional component of
screening predicted by equation (1). The strength of the addi-
tional screening component in the Co—Nb—Cu system is found
to be Agy = —0.9 mT in a measurement field of 30 mT at
25K

Other proposed mechanisms for magnetic interactions in
F-S systems include the induced ferromagnetism of Bergeret
et al [16]. This theory considers a moment at the F-S interface
caused by the local spatial distribution of Cooper pair spins. A
number of reports attribute observations to this effect [17-20].
The key observable of Bergeret et al is that the induced ferro-
magnetism decays over the coherence length (£), which for
thin film Nb is much shorter than \; [21-23]. Additionally,
spin-triplet pairs can modify the magnetic response of F-S
systems, for example, by introducing a paramagnetic Meiss-
ner component [24-29], observed experimentally by the muon
technique [30-32].

Considerable research effort has also focused on what we
describe here as stray field interactions, where the Meissner
effect inside the superconductor acts to screen stray magnetic
fields emerging from a ferromagnetic layer. Such stray fields
are in some applications considered problematic, for example
they can significantly distort the Fraunhofer pattern of ferro-
magnetic Josephson junctions reducing device functionality
[33-35]. Itis also possible, however, to engineer structures and
devices in which the stray fields provide functionality, such as
influencing the ferromagnetic domain structure or providing
pinning sites for Abrikosov vortices [36—44].

Additionally, there are several experimental observations
of magnetic interactions in F-S systems where the underly-
ing mechanism either falls outside of the categories outlined
previously or remains unexplained [45-50]. For example, a
previous report of Flokstra observed a measurable inverse
proximity effect in a trilayer sample of Py—Nb-Py by the muon
technique, but with a decay length from the F-S interface much
shorter than either £ or A\; [45].

In this work, we design and carry out two experiments
to test a key prediction of the EM proximity effect: that the
induced B, of equation (1) inside the S layer should be present
in the absence of applied field. Nb is our superconductor of
choice and Ni is chosen as the ferromagnet because (i) it has
been extensively studied in Nb—Ni—Nb Josephson junctions
[51-60], (ii) the proximity in the Ni-Nb bilayer is expected
to be in the clean (ballistic) limit [58], and (iii) the magnetic
switching of thin Ni layers is relatively hard compared to the
other elemental ferromagnets, such as Co (a requirement of
our experiments).

The thickness of the Ni layer is fixed in both experiments at
2.8 nm. This thickness is guided by our preliminary measure-
ments, see supplementary figure S1. In the first experiment,
we use polarized neutron reflectometry (PNR) as a sensitive
probe of screening and buried interfaces in our Ni—Nb bilayer.
Previously, we have used PNR to measure A\, =96 +9 nm
(uncertainty represents one standard error) inside a 200 nm
thick Nb single layer film in the Meissner state [23]. How-
ever, unlike our previous study, here we add the Ni (2.8 nm)
layer below the Nb (200 nm) layer. For this experiment we
reduce the applied magnetic field as far as possible (while still
retaining neutron polarization) so that we are close to zero
applied field. Minimizing the applied field has the added bene-
fit of removing contributions to the measured signal from the
conventional Meissner effect, which keeps the data interpret-
ation as simple as possible. Any changes in the PNR with the
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onset of the superconductivity can thus be attributed to mag-
netic interactions, such as the profile of equation (1) expected
from the EM proximity effect.

Our second experiment uses detection Josephson junctions
(DJJs), which are fabricated above Ni—Nb bilayers in direct
electronic contact with the Nb following the geometry pro-
posed by Mironov et al [7]. We set the Nb thickness here to
90 nm, so that we probe ~1); (~8fgL) from the F-S inter-
face. We fabricate the DJJs with a Ru/Al multilayer barrier,
which has a high interfacial resistance and strongly suppresses
supercurrent. It is predicted that the EM proximity effect will
be observable as a shift in the Fraunhofer pattern of the DJJ
from zero applied field [7]. We compare the DJJ samples on
the Ni layer to control samples where an insulating layer is
placed between the Ni and Nb layers.

We report the absence of any signals originating from EM
proximity effect in near-zero applied field. Our observations
indicate that either EM proximity effect is below the detec-
tion resolution of both of our experiments or may indicate a
new phenomenon that requires extension of current theory. For
each of our experimental techniques, we calculate upper limits
on the size of Agy.

2. Methods

Thin films are deposited by sputtering with base pressure of
2 x 1078 Torr and partial water pressure of 3 x 10~° Torr
(4 x 1077 Pa), after liquid nitrogen cooling. We grow the films
on 12.5 mm x 12.5 mm Si substrates, which have a typical nat-
ive oxide layer. Growth is performed at an approximate Ar (6N
purity) pressure of 2 mTorr and temperature of —25 °C. Triode
sputtering is used for Nb, Ni, and Al from 57 mm diameter tar-
gets, and dc magnetron sputtering is used for Au and Ru from
24 mm diameter targets. The targets have 4N purity. Materials
are deposited at typical growth rates of 0.4 nm s~ for Nb and
Au, and 0.2 nm s~ ! for Ni, Al, and Ru. Growth rates are cal-
ibrated using an in situ quartz crystal film thickness monitor
and checked by fitting to Kiessig fringes obtained from x-ray
reflectometry on reference samples.

For PNR, we grow a series of Ni (2.8)-Nb (200) bilayer
sheet films on Si substrates, where the nominal thicknesses
are denoted in nanometers. The thickness of the Nb layer is
fixed to that of our previous work so that the baseline screening
properties are known [23].

For electrical transport samples, we fabricate standard
‘sandwich’ planer Josephson junctions using methodology
described elsewhere [61]. The full structure of the devices is
Ni (2.8)-Nb (90)-[Ru (2)-Al (2)]¢—Ru (2)-Nb (5)-Au (5)-
Nb (150). The Ni-Nb bilayer forms the bottom electrode of
our device, where the Nb is chosen to be approximately one
penetration depth (1) thick. The [Ru—Al]¢—Ru multilayer is
the barrier for our DJJs and is chosen because the Ru/Al inter-
faces suppress supercurrent, allowing for tuning of the junc-
tions’ critical supercurrent (/). In this work, the junctions are
circular with a designed diameter of 3 yum and the number of
repeats is 6, which suppresses the critical current into the limit
where the Josephson penetration depth is much larger than the

junction diameter. The Nb (5)—-Au (5) capping layers prevent
oxidation during lithographic processing. The Nb (150) top
electrode is deposited in the final stage of the processing.

Further control samples are fabricated, where the Ni (2.8)
layer was replaced by a Ni (2.8)-Nb (5)-Al,03 (2.5) trilayer.
The role of the Al,O3 insulator is to block any electronic
proximity effects for control measurements and the thin non-
superconducting Nb layer ensures consistency in the interfa-
cial properties of the Ni layer.

We collect PNR using the Polarized Beam Reflectometer
and Multi-Angle Grazing-Incidence K-vector reflectometer at
the NIST Center for Neutron Research (NCNR). The incid-
ent and scattered neutron spins are polarized parallel or anti-
parallel to the applied in-plane magnetic field (H) with super-
mirrors, and reflectivity is measured in the non-spin-flip cross
sections (RTT and RW) as a function of the momentum trans-
fer (Q) normal to the film surface. Given the incident beam
is in the grazing configuration for the entire O range meas-
ured, the neutron beam effectively bathes the entire sample,
and the data represent an ensemble average. The PNR data
are reduced and modeled using the REDUCTUS [62] software
package and model-fit using the REFL1D program [63, 64].
The uncertainty of each fitting parameter is estimated using
a Markov-chain Monte-Carlo simulation implemented by the
DREAM algorithm in the BUMPS Python package [65]. Data
are gathered at temperatures as low as 3 K, using a closed
cycle refrigerator inserted into a 0.7 T electromagnet with field
applied along the substrate orientation.

Electrical transport measurements are performed using
a conventional four-point-probe measurement configuration
with Keithley 6221 current source and 2182 nanovoltmeter
[66]. We collect transport data in a “He cryostat with vari-
able temperature insert (1.8-300 K) and 3 T superconducting
split pair magnet. Magnetic characterization is performed on a
Quantum Design MPMS 3 magnetometer [66] on cuttings of
sister sheet film samples.

3. Results

3.1. Ferromagnetic and superconducting properties of Ni-Nb
bilayers

Figure 1 shows measurements of the sheet film by mag-
netometry and transport to determine the magnetic switch-
ing behavior and onset of superconductivity in our sample.
Figure 1(a) shows the in- and out-of-plane magnetic hyster-
esis loops of the Si(sub)-Ni(2.8)-Nb(200) sample at 10 K. The
diamagnetic signal from the substrate has been subtracted. The
moment/area is calculated from the measured total moment of
the sample and the measured area of the cutting used. The full
field range of the acquired data is plotted in the supplementary
information.

The in-plane easy axis loop and out-of-plane hard axis loop
of figure 1(a) indicate that the Ni has the expected in-plane
magnetization. For in-plane applied fields, the Ni layer has a
remanence of ~75%, a coercive field of ~16 mT, and a sat-
uration field of ~200 mT. The reduction of the remanence
from 100% and the large saturation field are suggestive that
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Figure 1. Magnetic and transport characterization of the
Si(sub)-Ni(2.8)-Nb(200) film sample. (a) Magnetic hysteresis loops
acquired at a temperature of 10 K with the applied field oriented
in-plane and out-of-plane. The diamagnetic contribution from the
substrate has been subtracted. Moment/area is calculated from the
measured total moment and the measured area of the sample
cutting. (b) Left axis: moment versus temperature in an in-plane
applied field of 1 mT in the zero field cooled (ZFC) and field cooled
(FC) conditions. The temperature dependent signal is due to Nb
screening the field. Right axis: normalized resistance versus
temperature. The 7. of the sample from these measurements is
taken either at the onset of the screening signal or the reduction in
electrical resistivity to 50% the normal state value and is

8.93 +0.03 K (uncertainty represents one standard error). Lines
connecting the data points are guides.

the Ni forms a multidomain structure when the applied field
is removed. The volume magnetization of the sample at sat-
uration is calculated from the nominal thickness of the Ni
layer to be 400 +40 emucm ™3 (1 emucm 3 =1 kAm™')
(uncertainty represents one standard error), which is lower
than the expected value of 485 emucm™3. We attribute the
lower volume magnetization of our sample to the formation of
magnetic dead layers, which we estimate from the reduction
in the measured volume magnetization from the bulk value to
have a thickness of 0.5 nm in our sample. The PNR results
presented in section 3.2 and table 1 confirm the presence of a
magnetic dead layer in the sample at the SiO,/Ni interface.
Figure 1(b) shows the moment versus temperature of the
sample on the left axis obtained at 1 mT in-plane measurement

field in the zero field cooled and field cooled conditions. At
1 mT in-plane field, the Ni is close to the remanent state and
will be the major contribution to the signal above the T of
Nb. In the range of temperatures from 2—12 K the magnetiz-
ation of the Ni is not expected to change, so we attribute the
temperature dependent signal to the onset of superconductiv-
ity in the Nb layer. Plotted on the right axis is the normal-
ized resistance of the sample. The T, of the sample from these
measurements is taken either at the onset of the screening sig-
nal or the reduction in electrical resistivity to 50% of the nor-
mal state value and is 8.93 +0.03 K (uncertainty represents
one standard error). This is a slight reduction from a compar-
able single Nb layer (9.10 £ 0.05 K [23]). The full temperature
range of the acquired transport data is plotted in the supple-
mentary information.

3.2. Polarized neutron reflectometry

We perform PNR at as close to zero applied field as possible.
In PNR, a small guide field is needed to maintain beam polar-
ization. The smallest possible applied field is found to be 1 mT,
and is hence used as our measurement field. To limit concerns
of flux trapping in the sample, we do not change field when
below the transition temperature of the Nb (9 K). When chan-
ging field states, the temperature is increased to approximately
20 K. For reproducibility of the magnetic field condition, a sat-
urating field of 700 mT is then applied, followed by lowering
to the 1 mT guide field, and finally the sample is either meas-
ured at 20 K to provide the normal state condition or is cooled
to the base temperature of 3 K in the superconducting state.

Figure 2(a) shows the non-spin-flip cross-section PNR in
the normal state (20 K) and the best fit to the reflectivity. At
20 K, the only expected magnetic contribution in the sample
is the magnetization of the Ni layer. To fully describe the
reflectivity, a structural multilayer model is constructed, where
each layer in the model has a thickness, roughness, and scat-
tering length density fit parameter. Additionally, the magnetic
scattering length density is fitted for the Ni layer. The best fit
to the model is shown in figure 2(a), where the structural and
magnetic scattering length density depth profile corresponding
to the model are given in figure 2(b) and the best fit parameters
in table 1.

Modeling the 20 K data provides the following insights to
our sample. The fitted layer thicknesses are close to the nom-
inal growth thicknesses. At 20 K, the only magnetic contribu-
tion in the sample comes from the Ni layer with zero moment
in the rest of the sample. The fitted magnetic dead layer thick-
nesses of 0.4 nm at the SiO,/Ni interface and 0.0 nm at the
Ni/Nb interface are consistent with the estimated dead layer
thickness from magnetometry presented in section 3.1.

Figures 2(c) and (d) show the main results of our
PNR investigation into the EM proximity effect. The spin
asymmetry [SA = (RTT — RH) /(RT + RH)] for the Si(sub)—
Ni(2.8)-Nb(200) film sample at an applied field of 1 mT and
temperatures of 20 and 3 K are shown in figure 2(c). In both
the normal (20 K) and superconducting (3 K) states, there is
zero spin asymmetry below the critical edge of the reflectiv-
ity, followed by an increasingly positive spin asymmetry with
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Table 1. Best fit parameters corresponding to the 20 K PNR model shown in figure 2. The uncertainty of each fitting parameter is estimated

using the DREAM algorithm, see text.

Layer Thickness nm Roughness nm Nuclear SLD 107% A2 Magnetic SLD 1075 A2 (emucm™)
Nb 195.3+0.2 3.0£0.1 4.07+0.02 0
Ni 27402 0.8+0.2 9.54+0.1 0.9£0.1(320£30)
Ni (dead layer) 0.4+0.25 9.5+0.1 0
SiO, 334025 1.7+0.3 3.6+0.3 0
Si 0.5 2.069 0
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Figure 2. Polarized neutron reflectometry measurements of the Si(sub)-Ni(2.8)-Nb(200) film sample at an applied field of 1 mT.

(a) Non-spin-flip cross-section PNR data (points) with theoretical fits (line) at 20 K. (b) Nuclear (yellow, top) and magnetic (green, bottom)
scattering length densities corresponding to the theoretical fits shown in (a). The best fit parameters are given in table 1. Z = 0 refers to the
Si substrate surface. (c) The spin asymmetry at 20 K (red) and 3 K (blue). (d) The changes in the spin asymmetry between 20 K and 3 K.
A horizontal line at SA»ox — SA3zx = 0 is included to indicate to the reader that there are no significant changes to the PNR signal when the
sample is cooled into the superconducting state. Presented uncertainties represent one standard error.

an oscillation. As expected, the fit corresponding to the struc-
tural and magnetic profile of figure 2(b) describes the spin-
asymmetry well.

At 3 K, magnetic contributions from the superconducting
state are expected in addition to that of the Ni layer. As we
demonstrate in the supplementary information (figure S2), at
the 1 mT applied field, the Meissner contribution is too small
to influence the PNR data in a measurable way. Therefore,
when entering the superconducting state, only contributions
from magnetic interactions, including the expected profile of
equation (1), influence the PNR.

The key result of our PNR study is that comparing the
measured spin asymmetry above and below the supercon-
ducting T, we observe no systematic changes with the onset
of superconductivity. To be clear, the PNR data show no

evidence of a magnetic proximity effect in near-zero field.
That result is highlighted in figure 2(d), where we plot the
difference in spin asymmetry (SAzox — SAsk). The only devi-
ations from SA,ox — SAszx = 0 are the scatter of individual
data points. Such differences are not consistent with simula-
tions of either a Meissner screening profile, equation (1), or
a combination of both. To confirm whether our data set is
consistent with SAyox — SA3x = 0, we perform a X2 analysis
relative to zero. The returned x> = 175.15 for 157 data points
suggests that the difference in our data is indistinguishable
from zero with ~2¢0 confidence level. In a restricted region
near the critical angle from Q = 0.012 to 0.022 A~! where the
difference should be most pronounced, the calculated X2 =
24.7 for 34 data points, which gives a reduced x> smaller
than 1.



Supercond. Sci. Technol. 36 (2023) 054002

N Satchell et al

DJJ ,
Nb Ni |
|

Si/SiOx (sub)

(b)

2 b F-I-S-DJJ
<
E
—° 1
0
10 5 0 10

5
Applied Magnetic Field u,H (mT)

Figure 3. Representative I.(B) Fraunhofer patterns for the DJJ
devices at 1.8 K. (a) The DJJ is placed on a Ni (2.8)-Nb (90)
bilayer. (b) A control sample where an Al,O3 (2.5 nm) insulator
layer is added between the Ni and Nb. The error in determining /. is
smaller than the data points. Solid lines show fit to equations (2)
and (3) to extract Hpifi, the amount the Fraunhofer pattern is shifted
from zero applied field. Both devices show a small negative H it

3.3. Detection Josephson junctions

DJJs are fabricated above the Ni (2.8)-Nb (90) bilayer. The
geometry of the devices is shown in the inset of figure 3(a)
and our DJJs are designed to closely follow the devices the-
oretically proposed to measure the EM proximity effect in
[7]. The design width of the bottom electrode, containing the
Ni/Nb bilayer, is 18 pm. The length of the bottom electrode is
2400 pm and six DJJs are placed along the length of the bot-
tom electrode with design widths of 3 pm. In-plane magnetic
fields are applied along the long axis of the bottom electrode.

Figure 3 shows representative /. (B) Fraunhofer response of
our DJJs. The Fraunhofer patterns of two samples are presen-
ted. In the first sample, the superconducting Nb layer is in dir-
ect electronic contact with the Ni layer. In the second con-
trol sample, the Nb layer is separated from the Ni layer by a
dielectric Al,O3 layer, which removes any electronic proxim-
ity effects. For circular Josephson junctions, the /. (B) response
can be described by the Airy function [67],

Ic:ICO‘ZJI(TF(P/(I)O)/(W(I)/@O)L (2)

where [, is the maximum critical current, J; is a Bessel func-
tion of the first kind, ®g = h/2e is the flux quantum, and P is
the flux through the junction. In our case,

O = 1g(Happ — Hsnirt)w(2AL +d), 3

where w, AL and d are the width of the junction, the effect-
ive London penetration depth of the electrodes [67], and the
total thickness of all the normal metal layers and F' layers in
the junction. H,pp, is the applied field and H gyt is the key para-
meter we report here, the amount I, is shifted from H = 0.
We expect that Hgfe corresponds to the condition when the
external applied field cancels the internal field from the EM
proximity effect (B,) at the junction, poHpisy = —Bsy.

For consistency, prior to each measurement we follow the
following initialization routine. The samples are first held
above the T, of Nb at 12 K and magnetized with an in-plane
applied field of +1 T to fully saturate the Ni layer. The field
is applied in the long axis of the device’s bottom electrode.
The saturation field is removed and we cool the sample in zero
applied field (in practice there will inevitably be a small reman-
ent field due to trapped flux in the magnet). Once the temper-
ature reaches 1.8 K (the base temperature of our cryostat), the
samples are measured by recording the / — V characteristic to
extract I.(B) at each applied field in the range 10 to —10 mT.
After the measurement sequence is complete, the sample is
warmed to 12 K and we repeat the cycle.

The I.(B) Fraunhofer measurements shown in figure 3 are
representative examples of /.(B) device behavior. We per-
formed multiple measurements on a total of six devices (3 F-S
and 3 F-I-S control samples) to calculate average values of
Hgisi. For the F-S devices, poHgyis = —0.26 & 0.02 mT. For
the F-1-S control devices, pioHgnise = —0.23 & 0.03 mT. There-
fore, although we do observe that pioHgpre # 0, there is not an
obvious signal attributable to the EM proximity effect as the
poH it is observed in the control samples also.

There are two potential sources of the observed non-zero
Hgpyise in our experiment which would be expected to be present
for both the F-S and F-I-S control samples. The first is trapped
flux in the superconducting coils which apply the measure-
ment field. To explore this contribution, we measure identical
DJJ device without the Ni layer. Any Hge observed in the
sample without the Ni layer is related to the trapped flux in our
superconducting coils. As shown in supplemental figure S4,
the observed poHgpire = 0.15 mT indicates that a small posit-
ive applied field must be applied to cancel the trapped flux and
achieve the zero field condition. Interestingly, the direction of
H iy observed in the sample without the Ni layer is opposite
to the direction of Hgy;r; observed in the devices with the Ni
layer.

A second possible source of non-zero Hgys; are stray fields
from the Ni layer. There are many possible sources of stray
fields from the Ni layer including any combination of return
fields, the edges of the devices, domain walls, and orange peel
roughness [68]. We believe that stray fields are the most likely
source of our observed small negative Hp;s;.
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The differences in the 7.(B) and width of the central lobe
of the Fraunhofer patterns of the two presented devices shown
in figures 3(a) and (b) are due to the sample to sample vari-
ation in defining the diameter of the DJJ by photolithography.
The fitted diameter of the F-S sample is 2.9 ym and the F-I-S
control sample is 2.3 pm.

4. Discussion

PNR simulations of equation (1) applied to our Ni-Nb bilayer
imply that changes in the sample magnetization or excluded
magnetic field due to the EM proximity effect should mani-
fest in the spin asymmetry, as this quantity is sensitive to the
magnetic induction in the sample. By comparing the fidelity
of our experimental data in figure 2 to the results of these sim-
ulations, we do not see any evidence of additional magnetism
from proximity effects but can estimate an approximate limit
on the size of Agy at zero applied field. First we note that the
field expulsion expected with a London penetration depth of
96.2 nm from the Meissner effect [23] at 3 K in a 1 mT field
does not detectably alter the model for the reflectivity and spin
asymmetry. (As shown in supplementary figures S2 and S3,
this behavior contrasts with that observed in a larger field of
150 mT.) Next we consider the variation in the spin asymmetry
that is expected if Agy = £0.9 mT, which matches the mag-
nitude of the effect observed by Flokstra et al in Co (2.4)-Nb
bilayers [5]. As a reminder, Agy in equation (1) is propor-
tional to the Ni magnetization in our case, which was determ-
ined from the PNR fit shown in figures 2(a) and (c) to be 317
emucm > (table 1) in the 1 mT remanent field. As seen in
figure 4, the models for these values of Agy, deviate substan-
tially from the 3 K PNR spin asymmetry data, especially in
the region near the critical angle. The magnitude of Agy, was
gradually decreased in order to approximate the sensitivity of
the PNR measurement. Figure 4 shows the model fits calcu-
lated for Agy = & 0.27 mT, which seem to be just above the
detection limit for this technique.

The Josephson junction experiment can also be used to
estimate the limit of the EM proximity effect and the parameter
Agm- The Fraunhofer pattern of the DJJ is centered where the
total field in the junction is zero. Assuming no stray fields or
trapped flux, in the presence of the EM proximity effect the
total field in the DJJ will be zero when the external applied
field cancels the internal field of the EM proximity effect,
which from equations (1) and (3) is the condition pigHghis =
—B,. If poHghire = 0, we can estimate the limit of Agy from
the experimental uncertainty in determining poHgpig. In our
experiment, due to the presence of stray fields and/or trapped
flux, poHgng # O for either the F-S or F-I-S control samples.
In this case, it is the difference in poHgpnn between the two
sample geometries which provides B, and hence Agy. The
experimental uncertainty in determining jioHgpie; from the F-S
DJJ devices is £0.02 mT and from the F-/-S control samples
is 20.03 mT. Therefore, it is reasonable to expect to be able
to observe changes in poHgpuise between the sample geometries
that are of the order 0.1 mT. A difference of £0.1 mT would
correspond to Agy at the Ni-Nb interface of +0.27 mT, which

SC, H=1 mT :

0.16 F ——sC, Agy=0.90 mT

|~ — -SC, Agy=-0.90 mT

| ——SC, Agy=0.27 mT
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Figure 4. The spin asymmetry of the Si(sub)-Ni(2.8)-Nb(200) film
at 3 K (color circles) with model fits assuming superconductivity
with a London penetration depth of 96.2 nm in a 1 mT field. The
effects of an additional proximity effect are considered for Agy =
40.27 mT (solid and dashed color lines) as well as 0.9 mT (solid
and dashed color lines). Presented uncertainties represent one
standard error.

we conclude from both the DJJ and PNR techniques to be the
upper limit of the EM proximity effect at zero applied field in
our samples.

The absence of detectable Agy in the PNR and DJJ meas-
urements suggests that any signals of the EM proximity effect
at zero applied field are below the observable limit resolu-
tion of our presented measurements, which we estimate to be
Apm < £0.27 mT. By comparison to this limit, Flokstra et al
report Agpm = —0.9 mT in Co (2.4)-Nb bilayers by the muon
technique [5]. An Agy of this magnitude, if present in our
samples, should be observable in both of our experiments.

Alternatively, the absence of detectable Agy in our exper-
iments may indicate a new phenomenon that requires exten-
sion of current theory. An important difference between the
experimental results we report in this work and the previ-
ous F-S experimental works using the muon technique is the
coexistence of conventional screening currents in those pre-
vious works. In the muon technique, the measurements are
performed in an applied magnetic field, typically 10—40 mT,
and the reported observations of F-S proximity effect mani-
fests as a modification of the conventional Meissner screening
[2-6, 30-32]. Our observations may imply that the expected
EM proximity effect manifests only when there are coexisting
screening currents, and not in the zero field condition of this
work. The zero field muon experiment has not been attemp-
ted, but the applied field dependence of the excess screening
reported by Flokstra et al may support such conclusions [3].

High field measurements using the DJJs are not possible
due to the Fraunhofer physics of the junction. On the other
hand, PNR can be performed at high field and exploratory
measurements in an applied field of 150 mT are reported in
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supplemental figure S3. The PNR at 150 mT shows a pro-
nounced difference upon entering the superconducting state
for our sample with the Ni adjacent to the Nb layer and for a
second sample with the Ni and Nb separated with an insulat-
ing spacer layer. The Ni-Nb data are not well described by a
model accounting for only simple Meissner screening in the
superconducting state. We present a fit to the Ni-Nb data with
a linear combination of the Meissner and EM proximity form-
alisms in the superconducting state, which is not inconsistent
with a finite Agy. However, to fully describe the data, a model
accounting for vortices is required.

The observation in our DJJ experiments of Hgs in both
our proximity samples and control samples (in which the
proximity effect is suppressed by the addition of an insulat-
ing layer) highlights the importance of control experiments in
this field.

5. Conclusions

In conclusion, we have performed PNR and DJJ measurements
on a bilayer sample of Ni(2.8 nm)/Nb. Our measurements
probe for additional contributions to the screening and mag-
netization of the samples below the superconducting trans-
ition temperature at close to zero applied field. We report the
absence of any signals originating from EM proximity effect
in zero applied field. Our observations indicate that either
EM proximity effect is below the detection resolution of both
of our experiments or may indicate a new phenomenon that
requires extension of current theory. From our measurements,
we estimate a limit of the size of the zero field EM proximity
effect in our Ni-Nb samples to be £0.27 mT.

The data associated with this paper are openly available
from the NCNR and University of Leeds data repositories [69].
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