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Unconventional Meissner screening induced by chiral molecules in a conventional superconductor
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The coupling of a superconductor (SC) to a different material often results in a system with unconventional
superconducting properties. A conventional SC is a perfect diamagnet expelling magnetic fields out of its volume,
a phenomenon known as the Meissner effect. Here, we show that the simple adsorption of a monolayer of chiral
molecules (ChMs), which are nonmagnetic in solution, onto the surface of a conventional SC can markedly
change its diamagnetic Meissner response. By measuring the internal magnetic field profile in superconducting
Nb thin films under an applied transverse field by low-energy muon spin rotation spectroscopy, we demonstrate
that the local field profile inside Nb is considerably modified upon molecular adsorption in a way that also
depends on the applied field direction. The modification is not limited to the ChMs/Nb interface, but it is long
ranged and occurs over a length scale comparable with the superconducting coherence length. Zero-field muon
spin spectroscopy measurements in combination with our theoretical analysis show that odd-frequency spin-
triplet states induced by the ChMs are responsible for the modification of the Meissner response observed inside
Nb. These results indicate that a ChMs/SC system supports odd-frequency spin-triplet pairs due to the molecules
acting as a spin-active layer, and therefore, they imply that such a system can be used as a simpler alternative
to SC/ferromagnet or SC/topological insulator hybrids for the generation and manipulation of unconventional

spin-triplet superconducting states.

DOLI: 10.1103/PhysRevMaterials.5.114801

I. INTRODUCTION

The elementary charge unit of a superconductor (SC), the
Cooper pair of electrons, offers degrees of freedom with
respect to its orbital, frequency, and spin symmetry. In a con-
ventional SC, the Cooper pairs of electrons are condensed into
a ground state that is described by a macroscopic wave func-
tion with a spatially isotropic (s-wave) even-frequency and
spin-singlet symmetry [1]. One of the hallmarks of such a con-
ventional superconducting state is the diamagnetic Meissner
screening [2], meaning the expulsion of an applied external
field from the interior of a conventional SC.

Over the past two decades, it has been demonstrated that
unconventional superconducting states can be generated from
the combination of a conventional SC with a different mate-
rial. One of the most peculiar examples of such a combination
is that consisting of a SC coupled to a ferromagnet (FM).
Here, the exchange field of the FM causes a change in the spin
symmetry of the Cooper pair wave function inside SC, which
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due to the Pauli principle results in the emergence of odd-
frequency spin-triplet superconducting states [3—8]. Similarly,
it was suggested that a self-assembled monolayer (SAM) of
chiral molecules (ChMs) can induce a modification of the
superconducting order parameter (OP) of a conventional SC
onto which it is adsorbed [9-12]. This suggestion is based
on the chiral-induced spin-selectivity effect that ChMs exhibit
due to the preferential transmission of electrons with a certain
spin orientation through them [13,14], yielding the ability of
ChMs to magnetize FMs [15-17]. Indeed, low-temperature
scanning tunneling microscopy [9,10] and transport measure-
ments [11,12] show that zero-energy bound states compatible
with odd-frequency spin-triplet superconductivity can emerge
in a ChMs/SC system. Sparsely adsorbed ChMs also seem
to act as magnetic impurities, inducing surface Shiba-like
states [12,18]. Although these results suggest that ChMs can
modify locally the OP of a conventional SC [9-12], they do
not explain whether the effects observed are just limited to
the ChMs/SC interface or whether the ChMs can also modify
the intrinsic superconducting properties of a SC, such as the
screening-current distribution in a SC even further away from
the ChMs/SC interface. Moreover, the magnetic spin activity

©2021 American Physical Society
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FIG. 1. Schematic of the low-energy muon spin rotation (LE-uSR) spectroscopy measurement setup. LE-uSR in a transverse-field
configuration with the external field By, applied parallel to the sample surface and perpendicular to the spin precession plane of the muon.
Normalized muon stopping distributions simulated for the ChMs/Nb (65 nm) system are also shown for a few representative energies (black

lines).

of the ChM layer coupled to a SC, as known to exist at SC/FM
interfaces, has never been demonstrated.

Here, we use low-energy muon spin rotation (LE-uSR)
spectroscopy to resolve the impact, in terms of both its
depth dependence and magnitude, which a SAM of ChMs
has on the intrinsic superconducting screening properties of
a conventional SC thin film. Our results provide evidence
for a long-ranged modification of the symmetry of the su-
perconducting OP and elucidate the physical mechanisms
responsible for it. The OP modification is evidenced by a
radical variation in the screening properties of a SC thin film
upon ChMs adsorption deep inside the SC. We attribute this
modification to the emergence of unconventional spin-triplet
superconductivity induced by the magnetic spin activity of
the ChMs/SC interface. The spin activity is demonstrated by
LE-uSR measurements in zero field (ZF) as well as in trans-
verse field (TF), where we also show the asymmetry of the
unconventional Meissner screening observed in the ChMs/SC
system upon switching of the applied field direction.

II. UNCONVENTIONAL MEISSNER SCREENING
INDUCED BY ChMs

In this paper, we adsorbed a SAM of «-helix polyalanine
(AHPA) ChMs onto the surface of SC thin films of Nb (~65
and ~55 nm in thickness). Successful adsorption of ChMs
onto the Nb surface was already reported [9], and we also
demonstrated it on our Nb samples using scanning Kelvin
probe microscopy (see Appendixes A and B). After adsorb-
ing ChMs onto a 65-nm-thick Nb film, we used LE-uSR to
probe the depth dependence of the local magnetic field profile
(Bioc) inside this sample and then compared the measured B,
profile with that obtained for a 65-nm-thick Nb film grown in
the same deposition run under the same conditions but with-
out the ChMs. We measured B, as this is directly correlated
to the spatial distribution of the SC screening supercurrents,
which ultimately depends on the OP inside the SC.

LE-uSR allows probing the By variation along the muon
implantation direction (z axis in Fig. 1) with a sensitivity bet-

ter than 0.1 Gauss and a depth resolution of a few nanometers
[8,19-24]. Thanks to these unique features, the LE-uSR tech-
nique has already been used, for example, to resolve the depth
variation of By, and detect an anomalous Meissner response
due to the formation of unconventional superconducting states
in a SC coupled to a FM [8,22,23] or to a topological insulator
[24].

We performed the LE-+SR measurements on the ChMs/Nb
(65 nm) and bare Nb (65 nm) in a TF configuration, where the
external field Bex; was applied parallel to the sample surface
(v axis in Fig. 1) and perpendicular to the precession plane
of the spin of the muon (xz plane in Fig. 1). At a given
implantation energy E, the spins of the muons precess around
Bioc at an average Larmor frequency By(E) = y,Bioc(E) =
S VuBioc(2)p(z, E)dz, where y,, = 851.616 Mrad(sT)™! is the
gyromagnetic ratio of the muon, and p(z, E) is the muon
stopping distribution [25] simulated with the Monte Carlo al-
gorithm TRIMSP [26]. We reconstructed the depth dependence
of the local field by determining By, [Z(E )], meaning the aver-
age local field experienced by muons at different implantation
energies, since each implantation energy E corresponds to an
average implantation depth zZ(E )—which we determined from
p(z, E) (black profiles in Fig. 1).

The signal that we measured, known as asymmetry
As(t, E), is proportional to the muon spin polarization, and it
is experimentally obtained from the difference in the number
of decaying events of the muons counted by the left and
right arrays of positron detectors (Fig. 1) normalized to the
total counts of the detectors. At a given E, B, .[Z(E)] is ob-
tained from a single-energy fit of Ag(t, E) ox exp[—(52t%)/2]
cos[yul_?loct + @o(E)], where & and ¢ are the depolarization
rate of the muons and average initial precession phase, respec-
tively, which we also extract from the fit [27].

Figures 2(a) and 2(b) show By,:[Z(E)] measured for both
Nb (65 nm) samples in the normal state, at a temperature
T = 10K, and in the superconducting state at 7 = 2.8 K.
The superconducting critical temperature 7; is ~9.15 K for
the Nb (65 nm) sample, as shown in Appendix B (typically,
T. is reduced by <1% upon ChMs adsorption [28]). In the
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FIG. 2. Magnetic field response in ChMs/Nb and bare Nb probed by low-energy muon spin rotation (LE-SR spectroscopy). (a) and (b)
Average local magnetic field By, and (c) and (d) muon spin depolarization rate & as a function of implantation energy E (bottom axes) and
average muon stopping depth Z (top axes). The error bars in (a) and (b) are within the size of the symbols. The data are collected for both
samples in the normal state at 10 K [hollow symbols; blue for Nb (65 nm) and red for ChMs/Nb (65 nm)] and in the superconducting state at
2.8 K [filled symbols; blue for Nb (65 nm) and red for ChMs/Nb (65 nm)]. The data in (b) and (d) correspond to those in the dashed boxes in

(a) and (c).

normal state, B, is independent of depth and represents an
accurate in situ measurement of the applied field By, ~ 302.6
Gauss. In the superconducting state, our measurements show
that B, exhibits a significant change with respect to By for
both the bare Nb and the ChMs/Nb samples because of the su-
perconducting screening currents flowing inside the Nb films.
Nevertheless, we also observed a pronounced difference in the
By, profiles at 2.8 K between the two samples, although the
two Nb thin films are grown in the same conditions [Fig. 2(a);
filled symbols].

The LE-uSR data in Fig. 2(a) show that, for the bare
Nb sample, By, indeed follows the profile expected for a
slab of conventional SC of thickness ds with a B, applied
parallel to its surface [29]. The ChMs/Nb sample instead
shows a B, profile exhibiting an enhancement (of several
Gauss) in diamagnetic screening close to the ChMs/Nb in-
terface with a simultaneous suppression in diamagnetism
(i.e., a paramagnetic shift) deeper inside the Nb thin film
(at £ > 5 keV). The crossover between these two re-
gions is reported in detail in Fig. 2(b). We verified the
presence and absence of ChMs in the ChMs/Nb and bare
Nb samples of Fig. 2, respectively, by performing x-ray
photoelectron spectroscopy (XPS) measurements after the

completion of the LE-uSR experiment (see Appendix B).
To collect the data shown in Fig. 2, before each energy scan
below T;, we degaussed the magnet of the LE-uSR setup
above T; (at T ~ 200 K). The magnet has a remanent field
of ~0.3 Gauss (measured using muons as accurate magnetic
field sensors), which is an order of magnitude smaller than the
difference between the By, profiles for ChMs/Nb and Nb in
Fig. 2(a). The measurement protocol followed, and the magni-
tude of the remanent field therefore rule out trapped magnetic
flux or pinned vortices as possible explanations for the uncon-
ventional Meissner screening observed for ChMs/Nb.

The change in the screening properties of the Nb thin film
upon the adsorption of ChMs is further evidenced by the
variation in the muon depolarization rate &, which is related to
the field distribution width and therefore to the homogeneity
in the local field experienced by muons at their implantation
sites. In the normal state, where the screening currents are
absent and muons primarily experience the dipolar fields of
the Nb nuclear moments, & is the same for both ChMs/Nb
and bare Nb, as expected [Fig. 2(c); hollow symbols]. In the
superconducting state, however, although the trends of & as a
function of E are qualitatively the same for both the ChMs/Nb
and Nb samples, we observe a clear shift in amplitude between
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them [Fig. 2(c); filled symbols]. We also note that the shift
between the two & (E) profiles becomes more pronounced in
the same E range [2-8 keV; Fig. 2(d)] where the crossover
between the two By, profiles [Fig. 2(b)] occurs.

The data obtained from the single-energy asymmetry fits
in Fig. 2 clearly demonstrate a modification of the screening
properties of the SC film upon adsorption of ChMs up to tens
of nanometers away from the ChMs/Nb interface. However,
the B profiles in Figs. 2(a) and 2(b) include the contribution
of depth averaging due to the width of the muon stopping
distributions p(z, E') (see Fig. 1). To obtain a more accurate
local field profile inside the samples, a global fit is commonly
used, where the experimental data obtained from all energies
are combined and fitted to an analytical model for By (z), as
further discussed below.

III. EVIDENCE FOR MAGNETIC SPIN ACTIVITY OF ChMs

The results presented in Fig. 2 suggest that ChMs, although
nonmagnetic in solution, act as a spin-active layer once ad-
sorbed onto the surface of a SC. This assumption, for which
indirect evidence is experimentally demonstrated in Ref. [12]
and theoretically predicted in Ref. [18], is at the heart of the
theoretical model and corresponding analytical expressions
used for the global fit presented below. To directly validate the
spin activity of the SAM of ChMs, we performed two different
experiments based on LE-uSR.

In the first experiment, we checked the effect of reversing
the direction of the in-plane applied external magnetic field
By on an additional ChMs/Nb (65 nm) sample, different from
that reported in Fig. 2. Figure 3 shows the normalized shift
in By, measured for this ChMs/Nb sample for two opposite
in-plane By, values. The normalized shift was calculated as
(Bioc, 2.8k — Bioc, 10k)/Bioc, 10k, Where Bioc, 25k 1s the local
field measured below T at T = 2.8 K, whereas By, 0k is the
local field measured above T; at T = 10 K. The data in Fig. 3
demonstrate that, while approaching the ChMs/Nb interface
(i.e., for E < 4 keV), a gap in the By, shifts progressively
between the two field orientations. Particularly, Bj,. measured
in Bext = 4300 Gauss exhibits an enhancement in the diamag-
netic shift from the normal-state By, at the ChMs/Nb interface
(consistent with data for the other ChMs/Nb sample in Fig. 2),
while Bj,. measured in Bey, = —300 Gauss almost recovers
the normal-state By, value at E = 1.6keV.

At higher implantation energies, meaning moving away
from the ChMs/Nb interface, the difference between the B
shifts in Fig. 3 nearly vanishes, which is consistent with the
fact that the unconventional Meissner screening measured in
ChMs/Nb originates from a superconducting proximity effect
at the ChMs/Nb interface.

The different dependence of By, in the superconducting
state for the two field directions shown in Fig. 3 also confirms
that the SAM of ChMs is spin polarized, with a net spin
component that can be aligned either along or opposite to
the applied field and which in turn results in a suppression
or enhancement of the local magnetic field near the ChMs/Nb
interface. This collective behavior of ChMs, which breaks in-
plane rotational symmetry, has been experimentally observed
upon adsorption of ChMs to a FM layer [30] and has been the-
oretically predicted to arise because of the magnetic exchange
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FIG. 3. Magnetic dependence of the unconventional Meissner
effect in ChMs/Nb. Shift in the average local magnetic field B
between the superconducting and normal state in a ChMs/Nb (65 nm)
sample as a function of muon implantation energy E (bottom axis)
and average muon stopping depth Z (top axis) for By = +300 Gauss
(light blue symbols) and By, = —300 Gauss (green symbols). The
shift in By, is determined as the difference between By, at T = 2.8 K
and By, at T = 10K normalized to By, at T = 10K.

interaction between ChMs [31]. The dependence of the uncon-
ventional Meissner screening effect on the relative orientation
of the net polarization of the ChMs about By, also supports
our theoretical model, which assumes a spin activity of the
ChMs layer, as discussed below. Importantly, the datasets for
the two field directions in Fig. 3 were acquired on the same
ChMs/Nb sample after the same cooldown. This result rules
out any sample-to-sample variations in the superconducting or
any other physical properties of the Nb thin films as an expla-
nation for the difference in the local field profiles reported in
Fig. 2. Also, we note the data in Fig. 2 were collected after
ZF cooling the ChMs/Nb sample, whereas the data reported
in Fig. 3 for the same field By, = 4300 Gauss were collected
after field cooling the ChMs/Nb sample, which shows that the
enhancement in Meissner screening at the ChMs/Nb interface
is consistently observed in Bex; = +300 Gauss independent of
the field-cooling history.

To further corroborate the spin activity of the ChMs, we
performed a second experiment where we carried out LE-uSR
measurements in ZF on an additional ChMs/Nb sample with
Nb thickness of ~55 nm and 7; ~ 8.7 nm and also on a bare
Nb (55 nm) film prepared in the same deposition run un-
der identical conditions (Fig. 4). The ZF measurements were
carried out for both samples at E = 8keV (corresponding to
Z ~ 30 nm, i.e., approximately to the middle of the Nb films)
and £ = 3keV (closer to the surface) in the temperature range
from 2.8 to 10.5 K. We fit the Ag(¢, E) signal measured in ZF
to the Kubo-Toyabe function [32] (see Appendix C) P,(t) =
e+ 31— 62t2)exp(—#)], in which & is associated
with the depolarization of muons due to nuclear moments and
other static dipolar moments in the sample, while O accounts
for contributions to the depolarization of the muons arising
from the appearance of additional small magnetic field fluctu-
ations in the sample.
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FIG. 4. Zero-field (ZF) low-energy muon spin rotation (LE-
uSR) spectroscopy in ChMs/Nb and bare Nb. Average muon
depolarization rate 6 measured in ZF at E = 3keV across the su-
perconducting transition for a ChMs/Nb (55 nm) sample (red curve)
and a bare Nb (55 nm) sample (blue curve). The inset shows the dif-
ference in & (G4;r ) measured between the two samples as a function
of temperature.

Figure 4 shows the temperature dependence of & in both
the ChMs/Nb (55 nm) and Nb (55 nm) samples measured
at E =3keV. We observe that 6 for the ChMs/Nb sample
is larger than that for the Nb sample at all 7, but the dif-
ference between the & values of the two samples increases
systematically only below 7 (see inset in Fig. 4). The overall
increase in & with decreasing 7 for each sample can be related
to temperature-dependent diffusion of muons in the presence
of impurities in Nb thin films, even though, in the presence
of impurities, it has been observed that & should flatten or
decrease for T below T [33,34]. Although & indeed flattens
for the bare Nb sample below 7'~ 6.5 K consistently with
previous studies [33,34], for the ChMs/Nb samples, we ob-
serve that, in the same T range, & increases with reducing 7.
Considering that both Nb samples were grown in the same
deposition and are thus expected to have similar impurity and
defect densities, we infer that the relative change in & between
ChMs/Nb and Nb and its occurrence right below T;. can only
be explained as due to the spin activity of the SAM of ChMs.

The same behavior was observed also deeper inside
the sample, for an implantation energy of E = 8keV [see
Fig. 10(a)], although the difference in & between the two
samples at E = 8keV starts increasing at somewhat lower
T than those reported in Fig. 4 for E = 3keV, which also
confirms that the origin of the effect must be related to dipolar
fields originated by the adsorbed ChMs at the ChMs/Nb in-
terface. The ZF LE-uSR data therefore support the results on
the asymmetry of the unconventional Meissner screening with
respect to the Bey direction reported in Fig. 3 and show that
a SAM of ChMs acts as a magnetically active layer—which
the superconducting condensate “senses” below T, inducing
local screening and therefore an increase in &.

We also performed TF measurements on the same
ChMs/Nb (55 nm) sample to which the ZF data in Fig. 4
refer. The results of these TF measurements are reported in
Fig. 14 and show a local field profile consistent with that
measured for the two other ChMs/Nb samples with 65-nm-
thick Nb reported in Figs. 2 and 3, which demonstrates the

reproducibility of the unconventional Meissner screening in
Nb thin films upon ChMs adsorption.

IV. ANALYSIS AND DISCUSSION

To determine a suitable analytical expression for the global
fit of the LE-uSR data in Fig. 2, we first numerically cal-
culated the field profile expected theoretically in ChMs/Nb.
Based on the ZF results in Fig. 4, we modeled the ChMs/Nb
system as an insulating spin-active layer (the ChMs) coupled
to a SC (Nb). Using the appropriate boundary conditions for
a spin-active layer, having a net magnetization component
opposite to the applied field direction, we applied the Green’s
function formalism and solved the quasiclassical Usadel equa-
tion simultaneously with the Maxwell equations, through
nested self-consistency iterations, to determine the spatial
variations of the superconducting OP, denoted as A, and the
magnetic field profile inside ChMs/Nb (see Appendix D).
The insulating nature of ChMs, which we assume for the
numerical model, was confirmed by previous transport mea-
surements on devices where ChMs were used as an interlayer
between two metallic electrodes [12].

The results of our numerical calculation of the field profile
are shown in Fig. 5(b). We find that the SAM of ChMs has
a twofold effect on varying the superconducting screening
inside Nb, which results in a field profile [yellow curve in
Fig. 5(b)] that differs from that expected for conventional
Meissner screening [dashed black curve in Fig. 5(b)]. First,
our theoretical model suggests that the superconducting prox-
imity effect between the spin-active layer of ChMs and Nb
leads to the generation of odd-frequency spin-triplet pairs,
which in turn induce a net magnetization M inside Nb [red
area in Fig. 5(b)]. This contribution appears in addition to
the diamagnetic screening that is already present in Nb due
to conventional spin-singlet pairs. In our model, we consider
only the generation of spin-triplet pairs with spin-projection
S = 0 along the magnetization direction of the spin-active
interface and do not include fully polarized spin-triplet pairs
with § = %1 since § = 0 pairs are sufficient to generate an
unconventional Meissner response due to their odd-frequency
nature [8,35,36]. Second, our theoretical analysis suggests the
magnetization stemming from the ChMs leads to a suppres-
sion of A at the ChMs/Nb interface compared with its value
A for the bare Nb film [blue area in Fig. 5(b)], in analogy
with what is expected for the interface between a SC and an
insulating ferromagnet. According to our simulations, both
A and M decay on a length scale of the order of the Nb
superconducting coherence length & which is ~13-16 nm
for Nb thin films with similar properties [37]. The increase
in diamagnetic screening at the Nb surface for the ChMs/Nb
sample with respect to the bare Nb sample, which we find
experimentally, results within our model from the boundary
condition, meaning that the molecular layer obtains a net
magnetization component antiparallel to the applied field di-
rection. The results of reversing the field direction in Fig. 3
are also consistent with the assumption of this model because,
upon reversing Bex, the net magnetization generated by the
ChMs layer becomes aligned parallel (rather than antiparallel)
to Bext, Which leads to a positive shift in By at the surface.

114801-5



HEN ALPERN et al.

PHYSICAL REVIEW MATERIALS §, 114801 (2021)

To perform the global fit mentioned above, we need to
derive an analytical expression that can properly represent the
theoretical field profile calculated numerically. For the bare
Nb sample, we used the analytical expression for conventional
Meissner screening, here denoted by Bioc, conv.(z), given by
the Ginzburg-Landau theory for a superconducting slab with
thickness d; in the presence of an external field Bey applied
parallel to its surface [29]:

d,
z—3 d
Bloc,conv.(z) = Bex cosh - /COSh< - >7 (1)
GL 2hGL

where Agp is the Ginzburg-Landau penetration depth that
we used as a fitting parameter. The blue curve in Fig. 5(a)
is derived by convoluting the Bjoc, conv.(z) Obtained from the
global fit [yielding Agp, = 66.4(£1.2) nm] with the p(z, E)
distributions (see Appendix E). This curve reproduces the
LE-uSR data from single-energy fits [Fig. 5(a); blue sym-
bols], thus confirming that the bare Nb sample indeed exhibits
conventional Meissner screening.

For the ChMs/Nb sample, we adopted an analytical ex-
pression for the local field, here named Bioc, unc.(z), Which
captures the two physical effects described by our theoretical
field profile and underlying the unconventional screening in
ChMs/Nb. We set

Bloc,unc.(z) = BMeiss,unC.(Z) + Bspin (Z)

12

dy

2
Mz)

= Bex: COsh : >
2A(2)

+ Bgpin €Xp <— : ) 2)
spin
(a) _
z (nm)
12 18 24 30 36 42 48 54
304 ——T————T1 117
Bext
—— ChMs/Nb (ungonv. Meissner) 4
@ —— Nb (conv. Meissner)
& 296 +
CQ—
oL L . 11 )
2 4 6 8 10 12 14 16
E (keV)

(b)

where the term Byeiss, unc.(2) 1S @ modification of Bioc, conv.(2)
obtained by introducing a depth dependence for A(z) to
mimic the suppression of A from the ChMs/Nb interface. The
additional term By, (z2) = Bspin exp(—ﬁ) is introduced in
Bioc, unc.(2) to model the M contribution inside Nb due to the
generation of odd-frequency spin-triplet pairs. Here, Bgpyin (2)
mimics the effect of M, and indeed our theoretical simulations
suggest that its decay length &g, is ~ &;.

Following reports on other LE-u SR studies [20,38], in the
global fit, we also assume the existence of a “dead layer”
of thickness z* ~ 10 nm from the Nb surface (i.e., z = 0;
Fig. 1), where an inhomogeneous distribution of screening
currents results in a reduced deviation of Bj,. from By (see
Appendix E). We assume the presence of a dead layer also
at the Nb/SiO, substrate interface. Muons get implanted into
the SiO; substrate at £ > 16keV, as suggested by the p(z,E)
in Appendix E and confirmed by the deviation at E = 16keV
of the measured field in Fig. 5(a) from the theoretical profiles
for both Bioc, conv.(2) and Biec, unc.(z) shown in Fig. 5(b).

Our simulations suggest that the spatial variation of A(z)
in Bpeiss. unc.(2) 1s negligible for z > z*, and therefore, we
used a constant Agp in addition to By, and & as fit-
ting parameters for Bjoc, unc.(z) (for details about the fitting
procedure, see Appendix E). The global fit yields Bgpin =
—6.6(%1.1) Gauss, and Ag. = 73.9(£1.0) nm which is close
to AgL = 66.4(£1.2) nm obtained for By, conv.(z) in bare Nb.
The difference between Agp for Nb and ChMs/Nb may be a
combination of a small sample-to-sample deviation as well
as of the fact that a larger Ag. mimics the suppression in A
at the ChMs/Nb interface. The fit also returns a length scale
for the exponential decay of By equal to &gpin = 6.0(£2.0)

ChMs Conv. S (Nb) 1
/ 1.00
B / s
ext // g
098 T
2 NS
&
=" {-]140.96
conv. Meissner
1 »
2 4
z/&E

FIG. 5. Global fit and theoretical model of the local field profile in ChMs/Nb. (a) By, (z) profile from the global fit convoluted by the muon
stopping distributions (solid lines) and comparison with single-energy asymmetry data (filled symbols) for bare Nb based on the Ginzburg-
Landau model (blue solid curve) and for the ChMs/Nb sample based on the theoretical field profile for unconventional Meissner screening due
to spin triplets (red solid curve). (b) Theoretical field profile for unconventional Meissner screening in ChMs/Nb (yellow curve) calculated by
solving simultaneously the Usadel and Maxwell equations. This field profile differs from that expected for conventional Meissner screening
based on Ginzburg-Landau model (black dashed curve) because of two additional terms, both decaying on a length scale comparable with
the Nb coherence length &s: one term (B, ) related to the generation of odd-frequency spin-triplet pairs, which leads to a magnetization M
component adding to the magnetization M, inside Nb (red area), and a second term related to the suppression of A at the ChMs/Nb interface

(blue area).
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nm. The effect of By, should also extend to part of the
dead layer since spin triplets must be present herein, but this
effect cannot be resolved by muons due to the inhomogeneous
current distributions which they experience inside the dead
layer. Given the value obtained for &g, and z*, we conclude
that the effect of By, extends over a length scale comparable
with &;, in agreement with our theoretical model.

The field profile, which is obtained by convoluting
Bioc, unc.(z) generated by the global fit with the muon stop-
ping distributions p(z,E), is represented by the red curve
in Fig. 5(a), and it properly reproduces the experimental
data from the single-energy asymmetry fits [Fig. 5(a), red
symbols]. This result confirms that our theoretical model
and its analytical description can indeed explain the physi-
cal effects underlying the unconventional Meissner screening
inside Nb induced by ChMs through the generation of
odd-frequency spin-triplet states. We also note that the odd-
frequency nature of the spin-triplet states generated at the
ChMs/Nb interface is an essential condition for the obser-
vation of an unconventional Meissner response, as already
demonstrated by previous theoretical [35] and experimen-
tal [8,24] studies. The combination of inversion symmetry
breaking at the ChMs/Nb interface with the high spin-
orbit coupling in Nb can lift Kramers degeneracy and
induce a mixed superconducting state with spin-singlet
and spin-triplet pairs that are even in frequency, but such
even-frequency pairs are not sufficient to generate an uncon-
ventional Meissner response, as also evidenced by B-nuclear
magnetic resonance measurements in NbSe, [39], a SC that
should host such a mixed even-frequency spin-singlet/spin-
triplet state.

In conclusion, the magnetic activity of adsorbed ChMs is
responsible for the generation of odd-frequency spin-triplet
correlations, for a suppression of the superconducting gap,
and for inducing a spin-magnetization in Nb [Fig. 5(b)], which
in turn modify the screening currents distribution over a dis-
tance of the order of & inside Nb. Our results demonstrate that
a single monolayer of ChMs constitutes a spin-active layer
that can radically modify the screening properties of a con-
ventional SC thin film, not only on a local scale limited to the
ChMs/SC interface but much deeper inside the SC by adding
an odd-frequency spin-triplet component to the superconduct-
ing state. In addition, by varying the direction of the applied
external field with respect to the spin polarization induced by
the ChMs, we can tune the superconducting screening proper-
ties of the ChMs/Nb system. Our findings therefore pave the
way for the fabrication of hybrid molecular-superconducting
devices for superconducting logic and memory operations,
where the magnetic flux coupled through a SC can be not
only varied in a local controlled way through the adsorp-
tion of ChMs onto selected areas of the SC surface but also
modulated by switching the orientation of an applied external
magnetic field.
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APPENDIX A: MATERIALS AND METHODS

1. Sample preparation

The Nb thin films were grown onto SiO, substrates by di-
rect current magnetron sputtering in an ultrahigh vacuum de-
position chamber with a base pressure <1073 Torr. The pairs
of Nb samples with a specific thickness (i.e., 65 or 55 nm),
of which one was used for the adsorption of ChMs and
the other as a control sample (i.e., without ChMs) for the
LE-u#SR measurements, were grown in the same deposition
run. The Nb samples with different thicknesses instead were
grown using the same growth parameters and conditions but
in different deposition runs. The electrical resistance of the
thin films was measured in a four-probe configuration inside a
cryogen-free system (Cryogenic Ltd.) with base temperature
of ~1.5 K using a current-bias setup with current <0.1 mA.
The low-angle x-ray reflectometry (XRR) measurements on
the Nb thin films were performed using a Rigaku Smartlab
diffractometer with a double-bounce channel cut Ge (220)
monochromator and an incident slit of 0.05 mm.

The ChMs used were AHPA molecules with 36 amino
acids CAAAAKAAAAKAAAAKAAAAKAAAAKAAAA
KAAAAK (C stands for cysteine, A for alanine, and K for
lysine) and with a calculated length of 5.4 nm (molecules
were produced by Sigma Aldrich). A SAM of such molecules
was adsorbed onto Nb after dipping the Nb samples for 12 h
into a 1 mM solution of ChMs in ethanol, followed by rinsing
in ethanol and drying under N, flow inside a glove box with
N, atmosphere. To ensure reproducibility between samples,
we also followed the same preparation steps for the bare Nb
thin films used for the LE-u SR measurements, meaning that
we also dipped them in an ethanol bath for 12 h inside a N,
atmosphere but without ChMs.

2. Surface topography measurements

The Kelvin probe force microscopy (KPFM) measure-
ments were conducted on an Ntegra modular apparatus
(NT-MDT) embedded with a scanning probe microscopy op-
tion and using a conductive tip. The KPFM measurements
were performed using tip bias and a grounded sample. A
double-path measurement technique was adopted, where in
the second path (i.e., the KPFM data collection), the tip was
kept at a fixed distance of 10 nm from the sample surface.
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3. XPS

XPS measurements were done on a Kratos Axis Supra
x-ray photoelectron spectrometer (Karatos Analytical Ltd.,
Manchester, U.K. installed in 2019) with an Al Ko monochro-
matic radiation source (1486.7 eV) using a 90 ° takeoff angle
(normal to analyzer). The vacuum pressure in the analyzing
chamber was maintained at 2 x 10~ Torr. The XPS high-
resolution spectra for C 1s, O 1s, N 1s, S 2p, and Nb 3d
levels are obtained with pass energy 20 eV and step 0.1 eV.
The binding energies are calibrated relative to the C 1s peak
energy position at 285.0 eV. Data analysis of the XPS data is
carried out using the CASA XPS (Casa Software Ltd.) and the
ESCAPE data processing software programs (Kratos Analyti-
cal Ltd.).

APPENDIX B: SAMPLE CHARACTERIZATION

To verify adsorption of ChMs onto Nb, we defined areas for
selective adsorption of ChMs on our Nb thin films using elec-
tron beam lithography (EBL). Squared areas (10 x 10 um in
size) were patterned by EBL into a poly(methyl methacrylate)
(PMMA) resist layer, which was then developed leaving the
Nb surface available for molecular adsorption. We adsorbed
ChMs by dipping the sample in solution according to the
procedure described in Appendix A, and we then removed the
PMMAA resist by dipping the samples in acetone.

To verify the presence of the molecules in the areas defined
by EBL and their absence in the PMMA areas unexposed
to the electron beam, we used KPFM. The KPFM data in
Fig. 6 show that the surface potential pattern perfectly matches
the lithographic pattern defined in the PMMA layer, which
demonstrates the successful adsorption of ChMs onto the Nb
areas defined by EBL.

We also carried out XPS measurements on the same
ChMs/Nb (65 nm) samples investigated by LE-uSR to con-
firm the presence of the ChMs on Nb during the LE-uSR
experiment. We considered contributions to the XPS spectra
coming from N 1s as evidence for the presence of ChMs since
N is only present in the chemical structure of the AHPA ChMs
which we used in this paper, but it was absent in Nb. Figure 7
indeed shows that spectral contributions from N 1s are only
detected in the ChMs/Nb (65 nm) sample investigated by LE-
USR, but these spectral contributions were absent in the bare
Nb (65 nm) thin films used in the same LE- SR experiment.

In addition to verifying the ChMs adsorption onto Nb and
the presence of the ChMs in the samples investigated by LE-
USR, we also performed a characterization of the electronic
transport and structural properties of the same Nb thin films
used for the LE-SR experiment.

The resistance vs temperature [R(7)] curve in Fig. 8 was
measured in a current-biased setup with a four-point measure-
ment technique, and it shows that the Nb films with thickness
of 65 nm have a superconducting critical temperature (7;) of
~9.15 K and a residual resistivity ratio (RRR) of ~4. We also
verified that the 7; of the same film did not vary significantly
after adsorption of the ChMs.

Low-angle XRR measurements were also performed on the
same Nb thin films used for the LE-uSR experiment (Fig. 9).
The analysis of the XRR spectra allowed us to quantify

[S]
S

Surface potential (mV)
(=}

[
=]

4
X (um)

FIG. 6. Surface potential of a Nb thin film with selective ad-
sorption of ChMs. Surface potential image in (a) three dimensions
(3D) and (b) two dimensions 2D measured by Kelvin probe force
microscopy on a 10 x 10 um area of a Nb (65 nm) thin film with
ChMs selectively adsorbed onto its surface. The surface potential in
(c) is measured along the blue line in (b). Selective adsorption of
ChMs is obtained by defining squares by e-beam lithography into a
poly(methyl methacrylate) (PMMA) resist layer and then adsorbing
the ChMs onto the patterned area. The PMMA is removed after
the adsorption. The presence of the ChMs in the adsorbed area is
evidenced by a variation in the surface potential of ~35 mV.

structural parameters of the samples like the thickness of the
Nb,Os oxide passivation layer, the Nb thickness, and the den-
sity of both layers (Nb,Os and Nb). A precise determination
of these parameters is important for the global fit described in
Appendix E since these parameters were fed as input into the
software TRIMSP to calculate the muon stopping distributions,
which were then used by the global fit algorithm.

APPENDIX C: ZF LE-uSR DATA

We explain our experimental LE-xSR results based on a
theoretical model that assumes that the layer of ChMs act
as a spin-active interface that induces the generation of odd-
frequency spin-triplet pairs inside Nb. Given the lack of any
direct previous experimental evidence for the magnetic spin
activity of ChMs upon adsorption on Nb, we first examined
the effect of reversing the applied field direction By, in the TF
setup. As shown in Fig. 3, reversing By leads to a variation of
the local field profile depending on the relative alignment of
the spin polarization induced in the superconducting state of
Nb by the ChMs with Bey. This result suggests a spin activity
associated with the monolayer of ChMs upon adsorption onto
a SC layer.

To further prove the validity of our assumption on the spin
activity of ChMs, we performed LE-uSR in ZF. The asym-
metry function A4(7) in ZF was fitted using the Kubo-Toyabe
function, which accounts for the muon depolarization induced
by the Nb nuclei moments and other static moments inside the
sample, times an exponentially decaying term that depends
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FIG. 7. X-ray photoelectron spectroscopy (XPS) measurements. XPS spectra for (a) N 1s and (b) C 1s for ChMs/Nb (65 nm; green curves)
and Nb (65 nm; red curves) with corresponding analysis of the chemical bonds contributing to the spectra. The XPS spectra are collected on
the same ChMs/Nb (65 nm) and Nb (65 nm) samples used for the low-energy muon spin spectroscopy (LE-uSR) measurements discussed
in this paper, after completion of the LE-uSR study. Quantification of the atomic concentration for Nb, C, N, O on the surface of the same
bare (c) Nb (65 nm) and (d) ChMs/Nb (65 nm) sample determined from analysis of XPS spectra acquired on the samples. The existence of
the molecules on the surface of the ChMs/Nb sample is verified through the signal contribution from N 1s orbitals, which are present in the

a-helix polyalanine (AHPA) molecules used in this paper.

on fluctuations inside the sample. These two contributions are
related to the parameters & and ¥, respectively, which were

1'0_ T T T T T T T T T T T

R/R,, ()

8.4 8.8

9.6 10.0

0.0

7(K)

50 100 150 200 250 300
T'(K)
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FIG. 8. Electronic transport properties of a Nb thin film used
for low-energy muon spin rotation (LE-uSR) spectroscopy mea-
surements. R(7T) normalized to the resistance at 293 K (Ry93x) and
measured in a four-probe configuration on a Nb (65 nm) thin film,
with the inset showing a zoom on the same R(T)/R,g3x curve across
the superconducting transition. The data show that the thin film has
T. ~ 9.15K and a residual resistivity ratio (RRR) of ~ 4.

extracted from the fits of Ag(¢) based on the Kubo-Toyabe
model (see Appendix E).

Figure 10(a) shows & as a function of temperature (7)
across T for both ChMs/Nb (55 nm) and the bare Nb (55 nm),
measured at an additional energy (E = 8 keV) compared with
that reported in Fig. 4. As explained in detail in Appendix E,
we assume that ¥ is a T-independent fitting parameter, mean-
ing a parameter common to all the measurements performed in
a given sample as a function of 7. Consistent with the data in
Fig. 4 measured at E = 3keV, Fig. 10(a) also shows that 5 (T")
increases below 7 faster in the ChMs/Nb (55 nm) sample than
the bare Nb (55 nm) sample.

Figure 10(b) shows representative profiles of As(¢) cor-
responding to the two data points in Fig. 10(a) obtained
for ChMs/Nb (55 nm) at T = 2.8 and 10 K (i.e., measured
above and below T¢) and their corresponding fits based on
the Kubo-Toyabe model [solid lines in Fig. 10(b)]. The dif-
ference between the fitting curves at low relaxation times
between 0.1 and 4 us in Fig. 10(b) is properly captured by
the different & values obtained from the fit of As(¢) based
on the Kubo-Toyabe function. The variation in & across 7
represents strong evidence for a spin activity of the ChMs
layer, as explained in this paper.

114801-9



HEN ALPERN et al.

PHYSICAL REVIEW MATERIALS §, 114801 (2021)

—— Experiment

g 106 —— Theory fit
5

- sl
2 10

<
N—
210t

[72]

=
8 3
g 10

2 1 1
10 ] 3

2
20 (degrees)

FIG. 9. X-ray reflectometry (XRR) for a Nb (65 nm) thin film
sample. XRR data (blue curve) measured on a Nb (65 nm) thin
film deposited on a SiO, substrate and used for the low-energy
muon spin spectroscopy (LE-uSR) measurements done to acquire
the results shown in Fig. 2. The fit to the experimental data indicates
the presence of a surface native oxide Nb,Os layer with thickness
of 3.847 & 0.04 nm, density = 3.482 £ 0.04 g/cm?, and roughness
0.796 nm £ 0.1 nm on top of a Nb thin film with thickness 64.678 £
0.05 nm, density = 8.5 £ 0.04 g/cm?, and roughness of 1.56 £ 0.1
nm. The density and the thickness values obtained from this fit for the
Nb,Os and Nb layers are given as input to the program TRIMSP to
simulate the proper muon implantation distributions for the sample.

We also note that the raw data for A;(¢) in Fig. 10(b) deviate
at high relaxation times, which is something, however, that
cannot be picked up by our numerical fits. This limitation
derives from our fitting procedure that takes ¥ as T indepen-
dent to avoid the large cross-correlations which otherwise we
would obtain between & and ¥ if they were both used as fitting
parameters. Therefore, although we keep ¥ as a T-independent
parameter, the raw data also suggest some small variations in v
across the superconducting transition of the ChMs/Nb (55 nm)

(a) (b)
0.50 . .
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FIG. 10. Low-energy muon spin rotation (LE-uSR) spec-
troscopy asymmetry data in zero field (ZF). (a) Average muon
depolarization rate & measured in ZF at E = 8keV across the su-
perconducting transition for a ChMs/Nb (55 nm) sample (red curve)
and a bare Nb (55 nm) sample (blue curve). The inset shows the dif-
ference in & (G4 ) measured between the two samples as a function
of temperature. (b) Asymmetry signal corresponding to the points in
(a) measured above T; at 10 K (black symbols) and below T at 2.8 K
(blue symbols) with fits to the Kubo-Toyabe model (solid lines with
corresponding colors). The variation between the curves is related to
an increase in the & value of the model, as defined in this paper, and
it shows the presence of additional spin activity in the sample with
ChMs below T..

sample, possibly related to spontaneous spin fluctuations as-
sociated with the ChMs layer.

APPENDIX D: NUMERICAL SIMULATIONS OF THE
SCREENING IN CHMs/Nb

As discussed in this paper, the numerical simulation of the
screening in the SC (Nb) is obtained by solving the Maxwell
equations for the vector potential A, which takes the form

VZA = —p0d, DD

where [ is the vacuum permeability, J is the electric cur-
rent density, and the Coulomb gauge has been assumed to
be V- A = 0. The current density J is determined from the
expression

i |€|l)0D
16

/ deTr[py(gRVER — g‘*vg‘*ntanh%, (D2)

where e is the electron charge, v, is the density of states at
the Fermi level, D is the diffusion constant, ¢ is the quasi-
particle energy, 8 = 1/kgT with kg the Boltzmann constant,
and T the temperature, and ps = diag(+1, +1, —1, —1). The
Green’s function gR is a 4 x 4 matrix with structure in spin
and particle-hole space. Furthermore, g% = —p4 (&%) ps.

To find &R, we solved the quasiclassical Usadel equation in
the superconducting material, which takes the form [40]

DV - RVR +i(eps + A, g =0,
where A = antid~iag(+A, —A,+A, —A), A is the supercon-
ducting OP, and V@R = V@R — i£(Apy, g%). Here, A must be

determined through self-consistent iterations using the expres-
sion

(D3)

VoA
A= _ 0k

A (D4)

P
de (<§’1§3 - 3’12\3) tanh %’

where g‘}l indicates the element in column i and row j of the

matrix g8, and A; is the superconducting coupling constant. A
value of A; = 0.25 has been assumed.

The adsorbed ChMs are modeled as a spin-active boundary
condition, given as [41]

n- RV = —iGy[g}, m - 61, (D5)

where n is the vector normal to the surface, and G, gives the
strength of the spin-dependent scattering phase shifts experi-
enced upon reflection at the interface, with spin direction m.
Furthermore, 6 = diag(e, 6*), where o is a vector containing
the Pauli matrices. Here, m is assumed collinear with the
applied magnetic field Be;.

The numerical model is schematically illustrated in Fig. 11.
The width of the SC was chosen to be L = 8&;, where &
is the superconducting coherence length, and its thickness is
dy = 4&,. We assume the presence of a vacuum layer with a
thickness of 5&; surrounding the SC material. The spin-active
boundary conditions are applied along the top surface of the
SC, indicated by I'y,, whereas vacuum boundary conditions
n- VgR = 0 are assumed along the other three surfaces, de-
noted as I'y.

To initialize the solution procedure, the superconducting
OP was set equal to an initial guess A = Ay, and the vector
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FIG. 11. Theoretical model. Schematic of the theoretical model
used to determine the field profile in ChMs/Nb.

potential was chosen such that it represents the external mag-
netic field, meaning that A = Ay = A¢. Equation (D3) was
then solved in the superconducting material using the finite
element method (for details see Ref. [42]). This provides the
next iteration of A and the screening current J; via Egs. (D2)
and (D4), respectively.

Finally, the next iteration of the vector potential A; was
found by solving Eq. (D1) in both the SC and the vacuum
regions while at the external boundary of the latter, indicated
by I'ex, enforcing the boundary conditions

n-Vn-a)=0,
(D6)
a—n(n-a)=0,

for a = A — A. These conditions are equivalent to set-
ting the calculated magnetic field B equal to the applied
magnetic field By, along ['ey. This procedure was repeated
until self-consistency in both OP and the vector potential
was achieved. Once both have converged, the magnetization
induced by odd-frequency spin-triplet superconducting corre-
lations is calculated from

M = SKBl0 /dsTr[a—(gR — #")Jtanh 25

32 2
where g = 2 is the Landé g factor, and ug is the Bohr magne-
ton.

The local field profile Bj,.(z) that is computed using our
theoretical model and normalized to Bey; = 302.6 Gauss for
a SC dy; = 4&,, is shown in Fig. 11. It can be inferred from
Fig. 11 that Bj,(z), which also corresponds to the yellow
curve in Fig. 4(b), properly reproduces the trend of the ex-
perimental LE-uSR data reported in Fig. 2(a), whereas a
conventional Meissner model (black curve in Fig. 12) cannot
properly reproduce the trend followed by the same dataset.

D7)

APPENDIX E: FITTING PROCEDURE FOR THE
LE-xSR DATA

1. Theory and single-energy fitting of the LE-uSR data

A schematic illustration of the experimental apparatus
used to probe the local magnetic field profile Bjo.(z) in the
ChMs/Nb and bare Nb samples (with Nb thicknesses of 65
and 55 nm) is given in Fig. 1. In this section, we describe how
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Q
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L Il L L L 1 "
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FIG. 12. Theoretical field profile calculated based on our model.
Depth dependence of Bjc(z)/Bexe computed from our theoretical
model (red curve) for a ChMs/Nb system with B.y, = 302.6 Gauss
as during the collection of low-energy muon spin rotation (LE-uSR)
spectroscopy data in Fig. 2. The profile is simulated assuming a
Nb thickness ds = 4&;. A profile derived from the Ginzburg-Landau
model (black curve) for Bj,(z)/Bex in the case of conventional
Meissner screening is also shown for comparison. We note that z = 0
corresponds to the ChMs/S interface in our model, with the ChMs
being modeled as the equivalent of a spin-active insulator. At the
interface between the surface of the spin-active insulator and vacuum
(not shown here), the local field in our model coincides with Bey,.

the analysis was carried out for LE-uSR measurements done
in a TF configuration, where the initial muon polarization was
perpendicular to the applied external field Bex:.

The starting point for the analysis of the muon data was
the asymmetry signal Ag(¢, E), which was experimentally
determined from the number of events N(¢,E) counted by the
left and right arrays of positron detectors (in the following, we
denote the parameters referring to the left and right detectors
with the subscripts L and R, respectively). The number of
positron events N (or equivalently of muon decaying events)
is related to As(¢, E') by the expressions

NL(t, E) = Noe /™[ 1 4+ Ay(t, E)] + Nokg 1, (E1)

and

Nr(t, E) = agNoe /™ [1 — As(t, E)] + Nokgr,  (E2)

where Ny, is the time-independent background contribution
due to accidental coincidences, T, ~ 2.2 us is the muon life-
time, and «; ~ 1 is a correction factor for detector efficiency.

The signal As(¢, E) can be determined from Egs. (E1) and
(E2) because it corresponds to the difference of the counting
events between left and right detectors divided by their sum,
meaning that

aq[NL(t, E) — Nokg, L] — [Nr(2, E) — Nigg, r]

oq[NL(t, E) — Nokg, L] + [Nr(f, E) — Nokg, r]
(E3)

As(ts E) =
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FIG. 13. Asymmetry signal and corresponding fits. Examples of raw data (symbols with error bars) and theoretical fits (solid lines) for the
asymmetry signal Ag(¢) measured for (a) a ChMs/Nb (65 nm) sample and (b) a Nb (65 nm) sample. The top panels in (a) and (b) show the raw
As(t) data and corresponding fits obtained for both samples below 7. at T = 2.8 K and E = 3keV (black symbols and lines) or E = 7.5keV
(green symbols and lines). The bottom panels in (a) and (b) show the raw Ag(7) data and corresponding fits obtained for both samples above T
atT = 10K and E = 3keV (red symbols and lines) or £ = 7.5keV (blue symbols and lines).

The asymmetry function is proportional to the muon po-
larization. Particularly, As(¢, E') can be written in its simplest
form as

As(t, E) = Ay cos {y,Bioc[Z(E)]t + 9o (E)}G(t, E), (E4)

with y, = 27135.5MHz Tesla™! being the muon gyromag-
netic ratio, Agy the initial asymmetry amplitude, ¢o(E) the
initial phase of the muon precession, and G(¢, E) the depo-
larization function due to inhomogeneities and/or dynamics
in the local field experienced by muons at their implanta-
tion sites. Equation (E4) includes the broadening effect of
the muon stopping distribution p(z,E) on the determination
of Bioc[Z(E)] since Bio[Z(E)] is the weighted average of the
actual local field By, (z) over p(z,E).

Equations (E3) and (E4) are used in combination to per-
form a single-energy asymmetry fit at a specific energy E. For
all the ChMs/Nb and Nb samples, the best fits were obtained
with a Gaussian G(t, E) function, meaning with (¢, E) =
exp[—%(f—;)], where & is the muon depolarization rate.

In Fig. 13 below, we show some representative single-
energy asymmetry fits based on the model described above.
The representative asymmetry fits are shown for both
ChMs/Nb (65 nm) and Nb (65 nm) at two different energies
(E =3 and 7.5 keV) and two different temperatures (7), of
which one is below T, (T = 3 K) and the other one above T
(T = 10K). Figure 13 shows that the fits accurately reproduce
the raw data, as also evidenced by the very low x2/number of
degrees of freedom (NDFs) of ~1.02 obtained in the fitting

software MUSRFIT. By performing single-energy asymmetry
fits like those shown in Fig. 13 for a few representative cases,
we determined the sequence of Bjo.[Z(E)] values as a function
of E such as that shown, for example, in Fig. 2(a), which
provides a preliminary estimate of the local magnetic field
profile Bjoc(z) inside the sample.

We note that we also performed TF LE-# SR measurements
in Beyy = 300 Gauss on the same ChMs/Nb (55 nm) sample on
which the ZF LE- SR measurement data shown in Fig. 4 were
collected. The Bj,.(z) profiles for this sample, which were
also determined as a sequence of the single-energy asym-
metry fits as a function of E, are reported in Fig. 14. The
results in Fig. 14 show that also, for ChMs/Nb (55 nm) in the
superconducting state at 2.8 K, we can reproduce the same en-
hancement in Meissner screening at the ChMs/Nb interface
measured for the two different ChMs/Nb (65 nm) samples and
reported in Figs. 2 and 3.

2. Global fitting and analytical model

To obtain a more accurate Bj,.(z), a common fit for all
energy runs that also considers the contribution of the muon
stopping profiles p(z,E) was performed. For the global fit,
Eq. (E4) was replaced by the expression

Ast, E) = /P(Z, E)Aso 08 [VuBioc ()t + o (E)IG(1, E)dz,
(E5)
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FIG. 14. Magnetic field response in ChMs/Nb (55 nm). Aver-
age local magnetic field Bj,. as a function of muon implantation
energy E (bottom axis) and average muon stopping depth Z (top
axis) determined by transverse-field low-energy muon spin rotation
(LE-uSR) spectroscopy measurements in the superconducting state
(T, ~ 8.7K) at T = 2.8 K (red symbols) and in the normal state at
T = 10K (black hollow symbols). The Bioe profile at 7 = 2.8K
shows an unconventional Meissner screening consistent with that
measured for the two other ChMs/Nb (65 nm) samples shown in Figs.
2(a) and 3.

where the integral was extended to the whole depth range
probed by muons at a given implantation energy E. In
Eq. (ES), Bioc(z) is not treated as a constant value [as for
Eq. (E4)], but it is given by an analytical expression that is also
fed as input to the fitting algorithm [along with the simulated
p(z,E), which are shown for several energies in Fig. 15]. The
aim of the global fit is therefore to find an analytical model for
Bioc(z) which is physically meaningful and that, at the same
time, properly fits the experimental data measured for all E.
For the bare Nb (65 nm) sample (i.e., without the ChMs),
in the global fit, we used as an analytical model for Bjo(z),

~
o
~—~

Implanted muons (%/nm)

100

40
z (nm)

60 80

which we define as Bjoc, conv.(2), the expression given by the
Ginzburg-Landau phenomenological theory of superconduc-

tivity meaning
ds
77— 2 d,
2 /cosh( s ), (E6)
AcL 261

where Agp, is the Ginzburg-Landau penetration depth, and dj
the thickness of the SC layer.

For the global fit instead for the ChMs/Nb (65 nm) sys-
tem, we modeled the local field with an analytical expression
Bioc, unc.(z) that qualitatively captures the main physical pic-
ture described by our theoretical model for the unconventional
screening in ChMs/Nb. The analytical expression for Bjoc(z)
which we adopted has the form

Bioc,unc. (2) = BwMeissner (2) + Bspin(Z),

where Beissner(2) 18 @ modified version of Bjgc, conv.(z) for
conventional Meissner screening given by Eq. (E6). As also
explained in this paper, in Byeissner(2), We introduce a spatial
dependence for A(z) to account for the variation in the screen-
ing properties of the SC while moving away from the interface
with ChMs—which we model theoretically as a spin-active
insulating layer. The two terms in Eq. (E7) are therefore
explicitly defined as
cosh [ Z;Z%S ]

Bueissner (2) = BextW

d ]’

2)(z

Bloc,conv.(Z) = Bext cosh (

)

>
~

(E8)

with
AGL
1+ aexp(—£)

")
Sspin .

AMz) = (E9)

and as

Bgpin ()= Bgpin€xp <_ (E10)

~
o
~

—a— Backscattered
—o—Nb,O,

—e—Nb

—a— SiO, _

Implanted muons

15

0 3 6 9 12
E (keV)

FIG. 15. Simulated normalized stopping profiles and fraction of implanted muons at different energies. (a) Normalized muon stopping
profile distributions p(z,E) for Nb (65 nm) thin film with a top 4-nm-thick Nb,Os native oxide layer simulated for different implantation
energy E values and (b) fraction of implanted muons stopping in Nb,Os (magenta curve), Nb (blue curve), in the SiO, substrate (green curve),
and of backscattered muons (gray curve). The thicknesses for the Nb,O5 and Nb layers are obtained from x-ray reflectometry (Fig. 9) done on
the same samples used for the low-energy muon spin rotation (LE-#SR) spectroscopy measurements. The layer of ChMs is not included in the
simulations due its negligible (monolayer) thickness and low stopping power (due to its low density) for the implanted muons.
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In Eq. (E9), &, is the length scale over which A(z) restores
to AgL, meaning to the penetration depth value that would
be measured in Nb without ChMs. Here, &, in Eq. (E10)
defines instead the length scale over which the By, (z) decays
from the ChMs/Nb interface. Using Egs. (E9) and (E10),
the expression given by Eq. (E7) can be therefore explicitly
written as

[~

-
—_

s
cosh[ MZZ

cosh[ 5]

Bioc,unc. (z2) = Bext

z
—G—Bspinexp(—S ‘ ) (E11)
spin

a. Consideration about the boundaries of the range for some
parameters used

The parameter « in Eq. (E9) should vary between —1 and
0 since A(z) at the ChMs/Nb interface (i.e., at z = 0) must
be larger than Agp according to our theoretical model—this
is equivalent to assuming a suppression of A at the interface
with ChMs due to their magnetic activity.

Here, Bgpin(z) in Eq. (E10) represents the magnetization
induced in the SC by odd-frequency spin-triplet correlations
generated at the ChMs/SC interface. Our theoretical simula-
tions, consistent with the Bjo(Z) profile from single-energy
asymmetry fits in Fig. 2(a), suggest that the amplitude of Bg,
at z = 0 in Eq. (E10) must be negative.

b. Consideration about fitting parameters and fitting procedure

To perform a global fit to the experimental LE-uSR data,
we used the software MUSRFIT [27]. In the input (.msr) file
to the fitting routine implemented by MUSRFIT, we defined
some parameters that are common to all the energy (E) runs
and some other parameters that are instead E specific. The
parameters that are common to all energies are named in the
input file as

(1) zgare = 0, which corresponds to the coordinate of the
top surface of the sample.

(2) Zgead, Which corresponds to the thickness (in nanome-
ters) of the oxide passivation layer forming on the Nb surface
plus any other additional layer where the distribution of
screening supercurrents is not homogeneous. In other terms,
Zdead defines the thickness of a layer from the top sample sur-
face, where the field drop from the external field is slower than
the exponential one expected according to Ginzburg-Landau
theory (see below for further details about this parameter).

(3) zend that represents the coordinate of the bottom inter-
face of the superconducting portion of the Nb sample.

(4) Zdead2, Which corresponds to the coordinate of the bot-
tom dead layer at the interface with the SiO, substrate (i.e.,
Zdead2 — Zend 18 the thickness of the bottom dead layer).

(5) B_ext corresponding to Bex in Eq. (E8), which is the
applied field.

(6) B_spin, which corresponds to the By, amplitude in
Eq. (E10).

(7) lambda_GL, which represents AgL in Eq. (E9).

(8) amp which corresponds to the parameter « in Eq. (E9).

(9) xi_lambda and xi_spin, which are &, and &, in
Egs. (E9) and (E10), respectively.

(10) rate_Nb, which is related to the depolarization of
muons due to Nb nuclear dipole moments.

Here, phase_L and phase_R represent the initial phase of
the muons with respect to the left and right arrays of detectors
(see Fig. 1), respectively. These parameters are determined by
the measurement setup.

Some of the above-listed parameters are kept fixed in the
fitting routine. One of these parameters is rate_Nb, which
is a material-dependent parameter since it is related to the
depolarization of the muons induced by Nb nuclear dipole
moments. The value of such a parameter can be estimated
from the single-energy asymmetry fits of the normal-state
LE-uSR data acquired at T = 10 K for bare Nb, for which we
find rate_Nb ~ 0.41. From a global fit including all the data
points at different E in the normal state for the bare Nb (65
nm) sample, we verify, however, that a slightly larger value
of rate_Nb ~ 0.45 results in a better fit, meaning in a fit with
a lower x2/NDF going from 1.11 down to 1.07 as rate_Nb
is increased from 0.41 to 0.45. It is reasonable to expect a
slight increase in rate_Nb to account for imperfections in the
model due, for example, to inaccuracies in the simulated muon
stopping distributions. Based on these considerations, we fix
rate_Nb = 0.45 for the global fit of the data collected in the
superconducting state on ChMs/Nb.

For the boundaries of the Nb film, we set zg,;y = 0 since the
Nb surface corresponds to the origin of the z axis according to
the reference system adopted in Fig. 1. We are also aware that
a Nb,Os oxide layer naturally forms by passivation when the
Nb surface is exposed to air [43]. In this oxide layer, which
we determine to be ~4 nm in thickness from the XRR data
in Fig. 9, no superconducting screening currents should be
present, and Bjoc(z) = Bex. As reported in previous LE-uSR
experiments [20,38], roughness at the interface between the
oxide layer and the SC underneath results in a layer, also
called the dead layer, where the screening current distri-
bution sensed by muons is disordered. We model the dead
layer via the parameter z4e.,q, Which we expect to be larger
than the thickness of the top Nb,Os layer due to roughness
at the Nb,Os/Nb interface, consistent with that reported in
Refs. [20,38]. Inside the dead layer, the decay in Bj,.(z) (from
Bext) is slowed due to the inhomogeneous screening currents
flowing herein, and it does not follow a proper exponential
drop from the SC surface. Therefore, for zy. < z < Zdead, W€
assume that Bjoc(z) ~ Bext.

The considerations made for the dead layer at the (top)
Nb surface also apply to the Nb/SiO, interface, where a
thin Nb,Os layer (~2 nm in thickness) also forms during
deposition of Nb on the oxide substrate [37]. We assume the
presence of this second dead layer at the Nb/SiO; interface by
setting a zenq value smaller than the nominal thickness of Nb—
which we know to be 65 nm from the XRR measurements in
Fig. 9. We note that this second dead layer also considers any
contributions to the measured asymmetry coming from muons
stopping in the SiO, substrate:

Bexls 0<z< Zdead
BuMeissner (2) + Bspin(Z)» Zdead < Z < Zend-
Bexts Zend < Z < Zdead2

Bloc,unc.(z) =

(E12)
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3. Global fit for the bare Nb sample

We used the same format for the MUSRFIT input file for
the global fits both for the ChMs/Nb sample and for the Nb
sample. We performed the fit through a multistep approach.
In all steps, B_ext = 302.6 Gauss is fixed (see above), and
we use phase_L and phase_R as global parameters (to fit)
common to all energy runs. For the other variable parameters
to fit, which are Zgead, Zend, Zdead2, and Agr, in each step, we do
not vary more than three parameters at a time.

At the end of the last step of the fitting routine, we get con-
vergence with a x2/NDF = 1.117 with the following param-
eter values: Zgeaq = 12.22 £ 0.2 nm, Zeng = 55.30 £ 0.88 nm,
Zdead2 = 62.1 nm (fixed), and AgL, = 66.4 &+ 1.2 nm.

The curve obtained with these parameter values convoluted
with the muon stopping distributions yields a good represen-
tation of the By, (Z) profile from the single-energy asymmetry
fit [see Fig. 5(a)], which validates the outcome of the global
fit algorithm for the bare Nb sample.

4. Global fit for the ChMs/Nb

Like for the case of bare Nb (65 nm), also for the global
fit of the LE-uSR data on ChMs/Nb (65 nm), we followed
a multistep approach, where we minimized the number of
fitting parameters used in each step. In each step, as for the
bare Nb case, we keep B_ext = 302.6 Gauss fixed and use
phase_L and phase_R as global parameters (to fit) common to
all energy runs.

In the first step of the fitting routine, we set Zgead, Zends
and zgeaqr fixed to the values obtained from the global fit
on bare Nb (65 nm). The assumption to use these values
as a starting point for the fit is reasonable because the two
Nb films are twin samples deposited simultaneously in the
same conditions. In addition, the bare Nb (65 nm) sample
was dipped overnight in an ethanol bath (but without ChMs)
before loading it into the LE-uSR setup for measurements.
This was done to follow the same sample preparation steps,
not only during growth but also before measurements, for both
the ChMs/Nb (65 nm) and Nb (65 nm) samples to rule out that
possible differences in the LE-uSR measurements between
the two samples would be caused by different experimental
conditions adopted for them. The immersion of a Nb film
in an ethanol bath, for example, may also contribute to in-
creasing the thickness of the Nb,Os oxide layer, as reported
in Ref. [44]. For the other variable parameters (AgL, Bspin,
and xi_spin), we get convergence after the first step with the
values AgL = 74.72 £ 0.59 nm, By, = —6.00 £ 0.34 Gauss
and xi_spin = 7.7 £0.81 nm.

In the second step of the fitting routine, we fix xi_spin,
Bgin, and Agp to the values found in the previous step,
and we do a fine tuning of the parameters Zgeag and Zend,
which yields zgeaq = 11.8 =21 0.18 nm and zepg = 55.44 &
0.18 nm—which are very close to the values obtained from
the global fit for bare Nb, as one would expect since the
Nb thin films were grown in the same deposition run. This
does not only suggest that the thickness of the dead layer is
reproducible between samples grown in the same run, but it
also suggests that the variations that we observe in the local
field profiles of ChMs/Nb (65 nm) and bare Nb (65 nm) shown

in Fig. 2 cannot be related to any effects due to the dead layer.
We also note that the results in Fig. 3 showing the asym-
metry of the unconventional Meissner screening in ChMs/Nb
(65 nm) under switching of the direction of B also rule out
that this unconventional Meissner response is originated by
effects due to the dead layer.

In the last step of the fitting routine, we keep zgeag = 11.81
nm (fixed), Zena = 55.44 nm (fixed), Zgead2 = 62.1 nm (fixed),
and use AgL, Bgpin, and xi_spin as fitting parameters. We
obtain convergence with y>/NDFs = 1.093 and the following
parameter values: Agr = 73.9 £ 1.0nm, By, = —6.6 = 1.1
Gauss, and xi_spin = 6.0 & 2.0nm. We also verify that the
correction to Agp, introduced in Eq. (E9) through the term
aexp(—z/&,) is negligible for zgeag < Z < Zend- The fit returns
a value of « very close to zero, meaning that this term can be
neglected beyond z4e,a ~ 10—11 nm from the Nb surface, in
agreement with the results of our theoretical simulations.

We note that the Agp. value obtained from the fit for
ChMs/Nb (65 nm) is slightly larger than the value obtained
from the fit for Nb (65 nm). This small difference is due to a
combination of small sample-to-sample variations in A, and
of the approximation that we make that that A(z) is constant
and depth independent for the ChMs/Nb sample. As a result
of this approximation, the fit should return a constant value in
between the value which A(z) takes at the ChMs/NDb interface,
which must be larger than Agp for bare Nb due to the gap
suppression at the ChMs/Nb interface, and the value that A(z)
takes deep inside Nb, where A(z) should recover to Agp for
bare Nb.

After substituting the parameter values listed above in
Eq. (E11) and convoluting the as-obtained curve by the
muon stopping profiles in Fig. 14(a), we get the red solid
curve in Fig. 5(a)—which represents a good fit to the single-
energy asymmetry fit data acquired on the ChMs/Nb (65 nm)
and therefore demonstrates the validity of our theoretical
model in describing the unconventional Meissner screening
in ChMs/Nb as well as the validity of the fitting procedure
followed.

5. Analysis of the ZF LE-uSR measurements

The dynamic depolarization rate as a function of tem-
perature for both the ChMs/Nb (55 nm) and bare Nb (55
nm) is presented in Figs. 4 and 10. In the absence of ex-
ternal magnetic field, muons will precess along the local
field generated by the magnetic moments of the Nb nuclei
and other static magnetic moments. Due to the polycrys-
talline nature of the Nb films, the dense (and randomly
oriented) nuclei moments average out to generate a normal

field distribution of a Gaussian centered about ZF: f(B;) =
2
>exp(—2<§132>), where j = x,y,z are the cartesian

1
N 2m(AB?
coordinates. By substituting this normal distribution into
the muon depolarization equation P,(t) = [ f (B)[cos2(0) +
sin?(0) cos(yﬂBMt)]dE, one gets the Kubo-Toyabe depolariza-
tion function [32] which has the form

2

=22
P,(t) = % +Z(1—6%2)exp <—%> (E13)

W
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The P,(t) depolarization function above is therefore re-
lated to the magnetic dipolar fields generated by the nuclei
and other static moments present inside the sample. In the
Kubo-Toyabe model, the P,(t) function is multiplied by a
decaying exponential term: e~ ', The exponential term e~
accounts for stochastic dynamical effects with field autocor-
relation time of % meaning that, after a certain time ¢t = %
a fluctuating moment assumes a random value taken from
a Gaussian field distribution f(B) centered about ZF. For a
static field with zero fluctuations, the Kubo-Toyabe function is
recovered, and in the limit that ¥ < &, the muon polarization

becomes
—u| 1 2 =22 &’
Pz(t)=e §+§(1—U t )exp —T s (E14)

Combining Egs. (E3) and (E14), we therefore fit the exper-
imental asymmetry measured in ZF using the expression

12 5212
AL E) = Age ™| = + 21 — a2 )exp -2 ) |.
373 2

(E15)
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