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ABSTRACT

The interplay between ferromagnetism and superconductivity has attracted substantial interest due to its potential for exotic quantum
phenomena and advanced electronic devices. Although ferromagnetism and superconductivity are antagonistic phenomena, ferromagnets (F)
can host spin-triplet superconductivity induced via proximity with superconductors (S). To date, most of the experimental effort has been
focused on single S/F/S junctions. Here, we have found the fingerprints of long-range superconducting proximity effect in micrometric weak-
link arrays, formed by embedding YBa,Cu;0O, superconducting islands in a half-metallic ferromagnet La,;Ca3MnO; film. These arrays
show magnetoresistance oscillations that appear at temperatures below the critical temperature of YBa,Cus;0; for currents below a threshold,
indicating their superconducting origin. This realization paves the way for device architectures displaying macroscopic quantum interference

effects, which are of interest for field sensing applications, among others.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0189305

The possible coexistence of ferromagnetism (FM) and supercon-
ductivity (SC) has attracted interest for many years.' Singlet supercon-
ductivity (SC) and ferromagnetism (FM) are antagonistic phenomena
because the exchange field of an F tends to spin-polarize Cooper pairs’
electrons with opposite spins. The recent discovery of superconductiv-
ity in a P-doped EuFe,As, compound” with extremely weak exchange
interaction between electrons and localized moments is a rare case of
coexistence of ferromagnetism and singlet superconductivity. Another
possibility for F/S coexistence is spin-triplet superconductivity. Here,
equal-spin Cooper pairs can survive over long distances in ferromag-
nets. Triplet pairing is also very rare as an intrinsic phenomenon, and
has only been observed in uranium compounds.” ° However, it has
been theoretically and experimentally demonstrated that triplet corre-
lations can emerge at the interface between a ferromagnet (F) and a
superconductor (S) resulting from the presence of inhomogeneous
magnetization,”” non-collinear magnetizations in ferromagnetic mul-
tilayers,'”'" and spin-dependent scattering or momentum-dependent
exchange fields due to the spin—orbit interaction.””'* In experiments
with both conventional low-temperature superconductors and

high-temperature superconductors, supercurrents have been observed
across S-F-S junctions in which F thickness is in the tens of nanome-
ter range,’” " significantly exceeding the expectations for the singlet
S-F proximity effect, thereby supporting the triplet scenario.
Additionally, lateral (planar) devices based on half-metallic ferromag-
nets (like CrO, and Lag;Sro3MnQO;) have exhibited supercurrents
decaying over even longer distances, up to micrometers, which
strongly indicates proximity-induced triplet superconductivity.”' *> All
those realizations have paved the way to the so-called superconducting
spintronics. This research field, at the intersection of superconductivity
and ferromagnetism, has garnered significant attention due to its
potential for quantum computing™® and sensing,'” and for the explora-
tion of exotic quantum phenomena.””

Most of the studies on S/F proximity effects have focused on indi-
vidual S/F/S junctions and multilayers. Yet, for nonmagnetic systems,
a different type of 2-dimensional (2D) proximity structures has been
explored which consists of superconducting islands embedded, e.g., on
metallic,”® semiconducting’”"’ or insulating films.”' In these struc-
tures, superconductivity is induced around the superconducting
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islands by proximity effect, which allows the global propagation of
superconducting correlations across all the embedding material, the
space between the S islands behaving as weak links. Such 2D weak-link
arrays constitute an interesting platform for studying a variety of phys-
ics problems that span from Berezinskii-Kosterlitz-Thouless (BKT)
transitions to dimensional or geometric frustration effects.””" In this
paper, we explore the long-range superconducting proximity effect in
2D weak-link in which the proximitized materials is a ferromagnet. In
particular, we investigate arrays based on the high-temperature super-
conductor YBa,Cu;O; (YBCO) and the half-metallic ferromagnetic
Laj;Cap3sMnO; (LCMO). We find macroscopic superconducting
quantum interference effects that dominate magnetotransport despite
the very long (micrometer) separation between superconducting
islands, thus highlighting the presence of triplet superconductivity. We
believe this class of 2D weak-link arrays, based of triplet superconduc-
tivity, offers much potential for the manipulation of superconductivity
based on the spin degree of freedom, which bears both significant fun-
damental and technological interest.

In this study, we have used a simple approach to fabricate
YBa,Cu30,/Lag ;Cag sMnO3 planar weak-link arrays. To do so, a sin-
gle layer of YBCO (24 nm) was grown on top of SrTiO; (001) by high-
oxygen pressure sputtering at 900 °C at P(O,) = 3.4 mbar followed by
a 30-min baking at 550°C at P(O,) =900 mbar. Subsequently, a
19 x 19 matrix of YBCO micropillars was defined using conventional
photolithography and wet etching. The micropillars are 3.5 x 3.5 yum?
in size and are separated by L= 1.33 um. Figure 1(c) displays an AFM
image of the YBCO micropillars, which appear well separated exclud-
ing the presence of shorts between them. On top of this matrix, a single
layer of LCMO (d=30nm) was deposited using the same sputtering
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growth process used for YBCO. Figure 1(a) shows a side-view sche-
matic of the resulting device indicating the dimensions. Figure 1(b)
shows a top view of the device, featuring the four-point measurement
configuration employed to measure magnetoresistance. In this config-
uration, current flows across several YBCO micropillars and their
respective LCMO spacers, and a magnetic field is applied perpendicu-
lar to the current direction.

The resistance vs temperature of the device is depicted in
Fig. 1(d). The sharp drop of the resistance at 87.5K signals the T of
YBCO. Above it, we observe two maxima of the resistance related to
the presence of LCMO. For an LCMO single layer, only one maximum
is expected for its characteristic insulator-to-metal transition.”* The
presence of two maxima suggests the existence of two LCMO phases
with different metal-to-insulator transitions (MIT), one at
Twrr = 230K, close to the one expected for the optimally doped thin
layers,}’l and a second one, extremely suppressed, at Tyyr= 130K,
which might be attributed to variations in the growth process of
LCMO (on either STO or YBCO surfaces) or a potential oxygen
migration between LCMO and the ab-planes of YBCO.

To further investigate whether these two FM phases are inter-
mixed or spatially separated, we imaged the magnetic domain struc-
ture of the S/F array as a function of temperature. We employed
photoemission electron microscopy (PEEM), using x-ray magnetic cir-
cular dichroism (XMCD) as the magnetic contrast mechanism. The
angle of incidence of the incoming x-ray beam is set to 16° with respect
to the sample surface with its in-plane projection parallel to the (010)
LCMO direction (parallel to one of the edges of the YBCO squares).
This configuration ensures large sensitivity to the in-plane magnetiza-
tion. Images of the array were obtained at the Mn L; edge (640.3¢V)

FIG. 1. (a) Sketch of the lateral view of

the device structure: YBCO micropillars
N (3.5 x 3.5 um? and 24 nm thick separated
by 1.33 um) matrix, in yellow, covered by
a single layer of LCMO (30 nm), in blue.
The central red circle indicates the direc-
tion of the field. Current is injected left to
right. (b) Measurement configuration and
optical microscope image of the device.
Green squares indicate where the sput-
tered gold contacts were deposited to
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inject current and measure voltage. (c)
AFM image of a representative part of the
matrix, showing the separation between
YBCO micropillars. (d) Resistance vs tem-
perature of the device with a current level
of 10 wA. Both the MIT of LCMO and the
superconducting transition of YBCO can
be observed. Inset: R vs T in linear scale,
highlighting the two MITs of LCMO.
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FIG. 2. (a) XAS of the zone to be measured. (b)—(g) XMCD signal evolution in function of temperature after application of 1000 Oe in plane, measured in remanence. Two
Curie temperatures can be clearly observed, the one of the LCMO on top of the YBCO and the one of the LCMO between YBCO and outside the YBCO matrix. (h) Reversal of

the magnetization after applying —10000e in plane, measured in remanence.

with incoming left (¢7) and right (¢*) circularly polarized radiation.
The XMCD is computed as XMCD = (¢~ — ¢7)/(¢~ + ¢™). The blue
(red) color scale used to illustrate the resulting XMCD images high-
lights magnetization parallel (anti-parallel) to the x-ray beam propaga-
tion direction. White colored regions, corresponding to XMCD =0,
result from regions with zero magnetization or with the magnetization
orthogonal to the beam propagation direction. XMCD images were
obtained at remanence for different temperatures after applying a
1000 Oe magnetic field pulse (1s) at T = 55K, along the (010) direc-
tion. The results are shown in Fig. 2. The temperature-dependent
XMCD reveals the existence of two spatially separated ferromagnetic
LCMO phases in our system: the LCMO layer on top of YBCO dis-
plays a higher Curie temperature, Ty (between 240 and 160 K) com-
pared to the LCMO located between YBCO micropillars (with Tcyyie

between 145 and 100 K). The XMCD analysis validates the observation
from resistance measurements of the presence of two different Ty,
as Typr and Teyge are linked in manganites.’%s’36 It is essential to
empbhasize that all the LCMO remains ferromagnetic well above and
below the critical temperature (87 K) of YBCO.

For a better understanding of the magnetic characteristics of the
system, magnetoresistance curves were measured above and below the
critical temperature of YBCO. Figure 3(a) displays the magnetoresis-
tance at 90 K, which shows the expected behavior for an LCMO film,””
anisotropic low-field magnetoresistance (AMR) features (with peaks
indicating a coercive field of 20 mT) combined with the negative mag-
netoresistance background at high field, which corresponds to the
colossal magnetoresistance (CMR). Remarkably, as the temperature is
decreased below 15K, the magnetoresistance reveals an oscillating

a)1 20 b)4 72
T=90K ’
4,71+ FIG. 3. (a) Magnetoresistance curves with
magnetic field applied in plane above Tc
1154 4,701 of YBCO with | =60 pA. A typical LCMO
o o magnetoresistance curve is observed,
== ~ 469 with coercive fields close to 20mT. (b)
14 ™ Magnetoresistance curves with a mag-
110+ 468 netic field applied in a plane below the
el Tc of YBCO. Fraunhofer-like oscillations
appear, showing a small hysteretic behav-
4,674 ior only at low fields.
-450 -300 -150 0 150 300 450 -450 -300 -150 0O 150 300 450
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pattern, superimposed on the LCMO magnetoresistance, with a peri-
odicity of 37mT [Fig. 3(b)]. For this composition of the manganite,
the low-temperature phase is homogeneous, ie., it does not show
phase separation which is known to be pronounced for other mangan-
ites.”® Here, the only source of inhomogeneity is at the metal to insula-
tor transition, away from the temperature range of the observed
resistance oscillations.

Furthermore, the amplitude of the oscillations decreases by
increasing either the applied current (above 260 uA) or the tempera-
ture (above T =19 K) of the system, while maintaining the same peri-
odicity [Figs. 4(a) and 4(b)]. This behavior suggests a superconducting
origin of these oscillations.

The abrupt resistance drop observed when temperature is
reduced below the critical temperature of YBCO [see Fig. 1(d)] is a
strong indication of the ferromagnetic/superconducting proximity
effect on the LCMO layers. As we discuss on what follows, this resis-
tance drop can only be understood if we assume a strong suppression
of the LCMO resistance below that temperature. To probe it, we esti-
mate the expected resistance values at 100 and 4K in the case of no
proximity effect. We start from typical resistivity values for YBCO and
LCMO. We will assume that the resistivity of LCMO™ at 100K is
Pr—100k = 0.35 mQ c¢m and at 4K pr_sx=0.2 mQ cm, and that the
resistivity of YBCO is pr—;pox = 0.07 mQ cm in the normal state and
pr—4x =0 mQ cm in the superconducting state, according to the mea-
surements done in single layers. Considering that voltage is measured
across three YBCO/LCMO micropillars (with LCMO and YBCO com-
ponents connected in parallel) connected in a series through the
LCMO spacer [see measurement configuration shown in Figs. 1(a)
and 1(b) and supplementary material, Fig. S1], we have estimated the
resistance at different temperatures with the following formula:

Rpoar = N - (Rewor) o+ Riomoz) = N - (M + RLCMOZ)»

RRicmo1-Rysco
where Ricmo1 is the resistance of the LCMO on top of YBCO, Rygco
is the resistance of YBCO, and Ricyo2 is the resistance of the LCMO
spacer. N is the total number of devices (i.e., 1 YBCO/LCMO micropil-
lar connected in series with 1 LCMO spacer). Each resistance is calcu-
lated by taking into account the resistivity at different temperatures
and the dimensions of the devices [as shown in Fig. 1(a)].

At 100 K, the unit cell formed by the bilayer spacer is expected to
have an R=67 Q. Since our measurement configuration involves
N = 3 micropillars [see Fig. 1(b)], the total resistance at 100 K would
be Rr—10x = 201 Q, a value close to the one experimentally measured

a) b)
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R =100k = 186 Q. At 4K, with the YBCO resistance now reduced to
zero, the resistance of the unit cell would be solely due to the LCMO
layer. The estimated value is Rr_4x =76 €, more than one order of
magnitude higher than the measured R, t—sx ~ 4 Q. Even consider-
ing a possible conduction in parallel across the 3 x 3 set of micropillars
covered by the contacts, the low-temperature resistance state
(Rr—4x =25 Q) would still be one order of magnitude above the mea-
sured value. This significant difference between the estimated and
measured resistances can only be understood if the resistance of the
LCMO spacer in between the YBCO/LCMO pillars is significantly
reduced by the superconducting proximity effect. In contrast to previ-
ous experiments,B’25 our study did not reveal a zero resistance state,
which suggests inhomogeneities across the array.”® Because the array
has multiple YBCO/LCMO/YBCO junctions connected in series, a
weaker superconducting proximity effect in one of the junctions along
the current path could mask the effects of fully proximized junctions.
Another possible explanation for the absence of zero resistance may be
related to the degradation of the YBCO micropillars at the edges upon
etching [see Fig. 1(c)]. This degradation may result in a decrease in the
T, at the interface in contact with the LCMO, thereby weakening the
efficiency of the proximity effect.

One important indication of the superconducting proximity
effect is found in the oscillations observed in the magnetoresistance
curves. The critical current of a Josephson junction oscillates with the
magnetic field according to the well-known Fraunhofer pattern,
IC(H) =lo

sin

D
%', where ®(H) =y HA.s is the fmagnetic flux
0

threaded by the junction, I is the maximum critical current, and @,
is the flux quantum (2.07 x 10715 Wb). In fact, the (magnetic field)
period of 37 mT of the oscillations observed corresponds to a weak-
link area of 0.056 um? which fairly matches the geometry of the
LCMO spacers between YBCO pillars. The effective area of the weak
link, i.e., the LCMO in between YBCO micropillars [Fig. 1(a)] can be
calculated as Ay = (L +24) - d = 0.055 um?, by assuming a value of
A =250nm for the London penetration depth of YBCO when in con-
tact with LCMO.> The good agreement between the expected and the
measured effective area demonstrates the superconducting nature of
the oscillations. As observed, increasing either temperature of the cur-
rent level decreases the amplitude of the oscillations, making them
eventually disappear as expected from the reduction of the critical cur-
rent. Notice that the magnetoresistance oscillations are not dampened
when increasing magnetic field, contrary to conventional single

4,74

4,72

G
4704

4,68

4,664 ¢

FIG. 4. Magnetoresistance oscillations with
a 37mT period appear below a certain (a)
current (at T=5K) and (b) temperature
threshold (with | =50 pA). In both cases,
the amplitude of the oscillations fades
away when either the current (a) or temper-
ature (b) is increased.
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H (mT)
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Josephson junctions. This type of behavior is expected in Josephson
junctions with an inhomogeneous current distribution.” For our mea-
surement configuration, the critical current should flow through the
upper and lower edges of the LCMO weak link [see Fig. 1(a)]. In fact, a
similar effect has been observed in Nb/Co/Nb™ triplet Josephson junc-
tions, where the long-range triplet correlations appear only in highly
localized channels at the edge of the ferromagnet. Fermin et al.* pro-
posed that this effect is due to the presence of an effective spin-orbit cou-
pling (SOC), originated via non-collinear spin textures present at the
barrier."**' This spin-orbit coupling can lead to the appearance of equi-
librium triplet Cooper pair spin currents flowing through the edges of the
barrier." " This behavior provides further confirmation of the triplet
weak-link Josephson junction characteristics in our system, even across a
relatively long barrier (1.33 um) of ferromagnetic LCMO and with
smaller widths (3.5 um) of SC/FM interfaces to generate triplet supercur-
rents, contrary to our previous works in which their large width could
make it difficult to understand how triplet supercurrents are generated.

In summary, we have shown evidence of magnetic flux quantiza-
tion effects in the resistance of YBa,Cu;0,/La,,Cay3MnO5 weak-link
arrays which can be extinguished by either increasing the applied cur-
rent or temperature. We rationalize these results in terms of a triplet
superconducting proximity effect over the micrometer-wide LCMO
spacers (1.33 um) between YBCO micro squares of the array. The
matrix of proximized LCMO weak links signals a promising avenue
for advanced quantum sensing or logic devices” incorporating the
spin degree of freedom.”"** Overall, the combination of ferromagnets
and superconductors in weak-link arrays holds great promise for prac-
tical applications in information processing and beyond.

See the supplementary material for a sketch of the resistors’ con-
figuration used to calculate the resistance at T = 100K and T = 4K.
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