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Abstract

Heterostructures based on superconductors and ferromagnets show strong potential for innovating
device applications in spintronics and quantum computing. SrRuO; (SRO) has recently attracted
much attention among transition metal oxides because it is the only 4d oxide to exhibit itinerant
ferromagnetism and metallic conductivity. YBa,Cu30;_, (YBCO) is one of the most studied high
critical temperature (high-T,) superconductors with a wide range of potential applications. We report
morphological, structural, magnetic and magnetotransport characterization of YBCO/SRO (HS-YS)
and SRO/YBCO (HS-SY) heterostructures grown on low miscut SrTiO5 (001) single crystals by high
oxygen pressure sputtering. All samples exhibit epitaxial growth with good crystal quality and sharp
interfaces. The heterostructures exhibit T, of 87 Kand 57 K for HS-YS and HS-SY, respectively, both
reduced compared to bulk YBCO (91 K). The reduction in T, and intriguing features in
magnetoresistance measurements around the onset of superconductivity are robust indicators that a
proximity effect takes place in such heterostructures, and inspire further theoretical and experimental
investigations.

1. Introduction

Proximity effects are intriguing phenomena that emerge from the interfaces of thin film heterostructures. Of
particular interest are such effects at interfaces between superconductors and ferromagnets, due to the
intrinsically strong electron correlation effects in these classes of materials [1]. Such phenomena originate from
the competition between the superconducting (SC) and ferromagnetic (FM) electronic structures. They have
been studied theoretically and experimentally [2—4]. The potential exploitation of proximity effects in
superconducting spintronics [5], in the development of fluxonic devices [6, 7] for quantum computing and in
the development of quantum electronics [8], has motivated their more detailed study.

Recent magnetotransport and neutron scattering experiments on Nb/FePd heterostructures have revealed
proximity effects associated with the strength of the perpendicular magnetic anisotropy (PMA) of the FM layer
[9-11]. Domain-wall and reverse domain superconductivity were observed in heterostructures with FePd layer
showing high PMA and maze magnetic domain structure, whereas long-range supercurrents through the FePd
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layer were observed in heterostructures with low PMA and stripe magnetic domain structure. These results
demonstrate that it is possible to control the superconducting order parameter at the nanoscale by adjusting the
PMA. Important to note is that these proximity effects appear due to the comparable energy and length scales: on
the one hand the comparable magnitudes of the FM stray-fields and the second critical field (B.,) of the SC, and
on the other hand, the generation of spin-triplet Cooper pairs with large penetration length into the FM
compatible with the typical dimensions of the in-plane magnetic texture of the FM layer [4, 12—14]. Typical
proximity effects in the form of oscillations of the critical temperature (T,) and diverging magnetoresistance are
observed when the thickness of the FM layer is varied in FM /SC/FM and multilayer heterostructures based on
conventional SC and FM metals and metallic alloys [15, 16].

Unique proximity effects are observed in SC/FM thin film heterostructures based on high-T,. SC and FM
spin-valves, which generally show in-plane magnetic anisotropy [17], such as YBa,Cu3O;_,

(YBCO)/La; ,Ca,MnO; (LCMO)and YBCO/La; ,Sr,MnO; (LCMO). In such heterostructures, a magnetic
proximity effect is observed above T., where a magnetic dead or depleted layer forms at the SC/FM interface and
suppresses the magnetic moment in the FM layer [3]. Below T, a superconducting proximity effect occurs. Spin-
triplet Cooper pairs leak into the FM-layer resulting in a subsequent decrease in T... In oxide multilayers and
tunnel-junctions with uniform magnetization, it has been observed that the FM layers can align
antiferromagnetically, resulting in the induction of a small magnetic moment into the SC via charge-transfer
driven by orbital ordering, and giant magnetoresistance [18—21]. Additionally, spin-triplet characteristics have
been detected in SC/FM planar devices utilizing high-T.. SC with FM junctions exhibiting in-plane
magnetization. The decay of supercurrents at distances around a few micrometers and the modulation of the
magnetoresistance signal, with an oscillation periodicity of = 30 mT, as well as the increase of in-plane
supercurrents when the Cu orbital moment is aligned perpendicular to the magnetization of the FM layer
suggests that spin-triplet Cooper pairs are present and are responsible for a long-range proximity effect [22, 23].
Long-range spin-triplet correlations have also been reported in SC/FM thin film heterostructures with
noncollinear magnetization. In such systems, the noncollinear magnetization arises from two FM oxide layers,
where one exhibits PMA and the other exhibits in-plane magnetic anisotropy. Superconducting currents were
observed up to a total heterostructure thickness of 50 nm, related to spin-polarized (spin-triplet) Cooper pairs
generated by the noncollinear magnetization of the FM layers in the heterostructure [24-26]. Although many
results have been reported on proximity effects in heterostructures based on high- T, SC and FM materials with
in-plane magnetic anisotropy, a detailed study is still lacking when considering proximity effects of high- T, SC
with FM exhibiting PMA.

Recently, SrRuO; (SRO) has attracted considerable interest as a promising material in the emerging field of
quantum electronics, a novel form of electronics based on the quantum degrees of freedom [8]. This new
application of SRO would move it beyond consideration as only an electrode in ferroelectric capacitors and
superconducting junctions [27, 28]. SRO is the only one 4d oxide that presents both itinerant ferromagnetism
and metallic conductivity below T, = 160 K, and also exhibits strong PMA when epitaxially grown on SrTiO;
(STO) substrates [8, 29]. Moreover, it shows high spin—orbit coupling as well as anomalous Hall and Berry
effects, desirable properties for developing Berrytronics and topological superconductivity [8, 30-34]. The
structural compatibility and subsequent interplay of physical properties between SRO and other technologically
relevant oxides are being explored, paving the way for applications in various fields such as electronics, catalysis,
energy storage, and more [35]. In the present context, the SRO narrow domain wall width of 3 nm, with
magnetic periodicity ranging from 200 nm to 1 gm [36], which is suitable for the generation of spin-triplet
states, has motivated a more detailed study of its interfacial proximity effects with high- T, superconductors. A
highlylocalized long-range proximity effect has been observed in a bilayer heterostructure of SRO/YBCO [37].
Low-temperature scanning tunneling microscopy revealed that crossed Andreev reflections around well-
defined stripe regions near domain walls are responsible for the penetration of the SC order parameter into the
SRO layer to depths up to 20 nm.

STO is considered the standard substrate for the epitaxial growth of many complex oxides, such as SRO,
because above 105 K it has cubic perovskite crystal structure with a lattice parameter of 3.905 A [38,39]. SRO, on
the other hand, has an orthorhombic crystal structure (space group Pbnm) with lattice parameters of a,, = 5.53 A,
b,,=5.57 Aand Cor=17.85 A [8,40]. Since SRO has an aristotype perovskite structure, its orthorhombic unit cell
comprises four units derived from the perfect cubic perovskite structure. This arrangement leads to a pseudocubic
lattice constant a,,. = 3.93 A [8,40, 41], which is quite compatible with STO substrate. YBCO has an orthorhombic
crystal structure (space group Prmmim) with lattice parameters of a = 3.8227 A, b=3.8872Aandc=11.6802 A
[42]. Therefore, epitaxial growth is possible given the lattice mismatch 0f 0.64% for SRO/STO, 1.66% for YBCO/
STO and ~2% for YBCO/SRO [43].

We report on the growth and characterization of YBCO/SRO and SRO/YBCO thin film heterostructures,
with the aim to investigate proximity effects in high-T.. SC coupled with FM with PMA. The coexistence of SC
and FM together with the reduction of T. and anomalous magnetoresistance near the SC onset suggest thata
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proximity effect occurs at the YBCO/SRO interface. This effect may be driven by the competition of the SC and
FM anisotropies and inspires further investigation.

2. Experimental details

SrTiO; (001) single crystals with miscut angle between 0.05° and 0.1° were used as substrates as they provide the
most suitable surface for the coherent growth of SRO films while ensuring the presence of PMA [29]. Prior to
growth, the substrates were chemically etched for 30 s using a buffered NH,F-HF (BHF) solution and then
annealed at 950 °C for 2 h in air to obtain a well defined TiO, surface termination [44].

The thin films and heterostructures described in this work were prepared from stoichiometric SRO and
YBCO targets using High Oxygen Pressure Sputtering (HOPS) [45—47]. Prior to deposition, a base pressure of
10~° mbar is stabilized and the targets are pre-sputtered for one day to ensure a clean deposition chamber and a
target free of contaminants. Pure oxygen (99.99%) is used as a process gas and pressures (PO,) in the range of 1
to 3 mbar are achieved by the combination of mass flow controller, oil-free backing pump and turbomolecular
pump. The substrates are placed directly on a heater block. We define the temperature of the heater block as the
growth temperature (Ty.,). The target-substrate distance (Drs) ranges between 1 and 3.5 cm. D directly
correlates to growth rate and surface quality, and has been separately optimized for both SRO and YBCO. The
targets can be sputtered using two different methods of plasma generation, Radio frequency (RF) and Direct
Current (DC).

SRO layers were deposited using RF sputtering at Tgep, = 785 °C, PO, = 1.5 mbar and Dys = 2.5 cmina
HOPS system dedicated to the growth of transition metal oxide films. YBCO layers were deposited using DC
sputtering at Tye, = 930 °C, PO, = 2.5 mbar and Drs = 1 cm in a separate dedicated HOPS system. Precise
pyrometer measurements of the substrate temperature show that it is about 110 °Clower than Typ,. This is in
agreement with [48]. SRO has a growth rate of 12.5 nm/h, while YBCO has a growth rate of 100 nm/h. To
achieve the correct oxygen vacancy concentration in YBCO and ensure the highest possible T¢, a post-annealing
treatment was carried out by cooling the YBCO to 500 °C and holding it at this temperature at a pressure of 10
mbar for 24 hours [49, 50]. Heterostructures of YBCO/SRO (HS-YS) and SRO/YBCO (HS-SY) were prepared
by a two-step process that combines the above described deposition of SRO and YBCO. Heterostructure HS-SY
was subjected to two post-annealing processes: one after YBCO growth and another after SRO growth. The
second annealing time was 30 min. This is performed to assure a high critical temperature in the heterostructure,
as during the high oxygen pressure growth of SRO the oxygen content in YBCO is reduced and recovers much
more slowly during a second annealing due to the limited diffusion of oxygen through the SRO layer.

Sample morphology and local roughness were characterized by Atomic Force Microscopy (AFM) using an
Agilent 5400 AFM/SPM microscope in intermittent contact mode with Mikromash type HQ:NSC15
cantilevers. The crystal structure, layer thickness and total roughness were investigated by means of X-ray
diffraction (XRD) and X-ray reflectivity (XRR) measurements performed on a Rigaku SmartLab diffractometer.
The epitaxial growth and the atomic scale structure were probed by cross-sectional high-resolution transmission
electron microscopy (HR-TEM) on a FEI Titan G2 60-300 HOLO microscope and a FEI Titan 80-300 TEM.
Magnetic hysteresis, zero-field cooled and field cooled measurements were performed to investigate the
magnetic field and temperature dependence of the magnetization. The measurements were carried outona
Superconducting Quantum Interference Device (SQUID) MPMS-XL Magnetometer and on a Physical
Properties Measurement System (PPMS DynaCool) with the Vibrating Sample Magnetometer (VSM) option.
Temperature dependence of the electrical transport and magnetotransport measurements were performed
using the standard four-point probe method on a Physical Properties Measurement System (PPMS) from
Quantum Design. Sample stoichiometry was characterized by Rutherford Backscattering Spectroscopy (RBS).

3. Characterization and results

3.1. Morphology and structural characterization

Post-etched and annealed STO substrates exhibited a TiO, surface termination, characterized by a terraced
morphology of one STO unit cell in height. A schematic representation of the SRO thin film, HS-YS and HS-SY
are depicted in figures 1(a), (b) and (c), respectively. The thicknesses of the SRO thin film and the HS-YS and HS-
SY heterostructures were measured using X-ray reflectivity and cross-sectional TEM (see Supplementary
Material [51], figures S1 and S2). The morphology of the YBCO thin films has been extensively studied and is
reported elsewhere [52, 53]. The AFM topography and phase micrographs of all prepared samples are shown in
figures 1(d)—(i). The SRO thin film exhibits a smooth surface with local root mean square roughness o < 1 nm.
A terraced termination mimicking the TiO, termination of the STO substrate can be observed in figure 1(d). The
homogeneity of the SRO thin film can be observed across the 5 x 5 um? scan area of the phase micrograph shown
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Figure 1. Sketch of the (a) SRO thin film, (b) YBCO/SRO (HS-YS) (b) and (c) SRO/YBCO (HS-SY) heterostructures deposited on low
miscut STO substrates. Atomic force microscopy topography and phase micrographs of the (d, g) SRO thin film, (e, h) HS-YS and (£, i)
HS-SY heterostructures.

in figure 1(g). Despite achieving a considerable degree of surface quality, the presence of small islands along the
terrace edges implies a growth mode that deviates from step-flow [54—58]. Therefore, the film shows a tendency
towards a step-bunching growth mode accompanied by island formation.

The morphology characterization of HS-YS is presented in the AFM micrographs shown in figures 1(e) and
(h). The rectangular grains are related to the local growth of YBCO ab-planes oriented perpendicularly to the
SRO surface (a-axis epitaxial growth), and the spirals are related to the growth of YBCO ab-planes oriented
parallel to the SRO surface (c-axis epitaxial growth) [52, 53, 59, 60]. The local root mean square roughness o is
2.9nm =+ 0.4 nm. The AFM topography and phase micrographs of the HS-SY, presented in figures 1(f) and (i),
respectively, indicate that the SRO grew in island mode with twinning along the [110] direction. HS-SY exhibits
ahigh local root mean square roughness (o = 6.8 nm + 0.4 nm) when compared to HS-YS. Such a value is
expected considering that the YBCO prepared directly on STO substrates can have mixed a-axis and c-axis
orientation [45,47, 52, 53] and that YBCO thin films are usually rougher than SRO thin films, with alocal
roughness of ~ 3 nm. Furthermore, during the growth and post-annealing process of the YBCO films, the
formation of CuO and BaCuOj precipitates/nanoparticles can occur [61, 62]. These nanoparticles protrude
from the film’s surface, influencing the YBCO morphology. They can be seen as dots at the surface of HS-YS in
the AFM micrograph shown in figure 1(h) and partially dissolved in the SRO layer deposited on YBCO layer.
Therefore, the SRO layer of HS-SY was not grown on a smooth buffer layer as in the case of HS-YS, where it grew
on a smooth and well-terminated surface of the SRO.

The XRD patterns of all samples are shown in figure 2. The SRO thin film exhibits long range Laue
oscillations, confirming its high crystalline quality and large coherent volume ([51], figure S3). The thickness
estimated by the period of the oscillations is 57 nm, which is in good agreement with the thickness obtained by
XRR (60.0 nm £ 0.5 nm) ([51], figure S1). While the thickness determined by Laue oscillations corresponds to
the single crystalline layer thickness, the thickness determined by reflectivity corresponds to the total layer
thickness. In addition, the epitaxial growth was verified by high resolution reciprocal space mapping ([51],
figure S3).

The heterostructures exhibit a high crystalline quality, as evidenced by the intensity of the crystallographic
reflections. The intense (100) reflections indicate that the YBCO has a greater amount of a-axis domains
embedded in a matrix of c-axis domains for HS-YS than for HS-SY. CuO, BaCuO,, Y,BaCuOs and YBa;Cu,O,
nanoparticles are also indexed, as indicated by the triangles in figure 2 [61, 62]. In the HS-SY XRD pattern, the
YBCO reflections are slightly shifted to smaller angles, which can be related to strain. In addition, the XRD
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Figure 2. X-ray diffraction patterns along the surface normal of STO substrate (black), SRO thin film (green), YBCO/SRO (HS-YS)
(orange) and SRO/YBCO (HS-SY) (blue) heterostructures. An STO substrate pattern is shown (black) as reference. The curves have
been shifted vertically for better visibility. The asterisks point to the STO (00]) peaks. The triangles point to reflections from BaCu
oxides precipitates embedded in the SRO layer of the HS-YS heterostructure. The empty circles indicate the formation of different
SRO out-of-plane lattices parameter for the HS-SY heterostructure.

pattern of HS-SY shows broad and low-intensity SRO peaks as marked by the empty circles, indicating multiple
c-axis orientations and non-uniform lattice parameters, suggesting an SRO layer with inferior crystalline quality
in comparison to the one in HS-YS. This is expected since SRO was deposited on a relatively rough YBCO
surface containing growth spirals, a-axis grains and possible precipitates, whereas in HS-YS, it was grown on a
well-defined STO surface.

To further investigate the samples crystalline structure and, more importantly, the interface quality, an SRO
(35nm)/YBCO(20 nm)/SRO(35 nm) heterostructure was grown on an STO substrate and lamellas along the
[001] and [110] crystallographic directions were prepared for characterization via transmission electron
microscopy (TEM). Figure 3 shows cross-sectional images obtained along the [110] crystallographic direction.
Figure 3(a) shows a wide panel of the lamella with the SRO/YBCO (top), YBCO/SRO(middle) and SRO/STO
(bottom) interfaces highlighted. One can see the reduced structural quality of the SRO layer grown on the YBCO
layer in comparison with the SRO layer grown on the STO substrate. The epitaxial growth of the
heterostructures is confirmed in figures 3(b)—(d), given the cube-on-cube relation with considerable sharp
interfaces.

Table 1 summarizes the experimentally determined values for thickness (calculated from XRR and TEM),
surface (AFM) and interfacial (XRR) roughness described in this section. Table 1 also presents values of T ;e
and T, determined from magnetization curves discussed in subsection 3.2.

3.2. Magnetic and electrical transport properties

Field cooled (FC) and electrical transport measurements of a 60 nm SRO thin film are shown in figure 4. It can be
seen that although the SRO thin film has T ;. = 154.7 K £ 0.5 K and exhibits PMA, the saturation moment
values calculated at 5 K are much lower (=~ 0.2 uz/Ru) compared to the bulk value (~ 1.6 uz/Ru) [8,40]. In
addition, the temperature dependence of resistivity is similar to that of a semiconductor. RBS measurements
([51], figure S4) revealed that our SRO films can have & 25% of Ru deficiency, resulting in SRO thin films with
reduced magnetization, reduced PMA and poor metallicity. This happens due to the high volatility of Ru during
thin film growth [63] and the low growth rate, a characteristic of the RF sputtering method. However, even films
prepared with DC sputtering present a Ru deficiency of approximately 16% [54]. This suggests that the SRO thin
films may have a considerable number of defects due to Ru vacancies, which results in the observed
semiconductor-like property unlike stoichiometric SRO films. Although our samples have Ru deficiency,
affecting their electric and magnetic properties, PMA is present in all samples.

Zero-field cooled (ZFC) and FC measurements were performed to investigate the superconducting and
ferromagnetic properties of the HS-YS and HS-SY bilayers. As a protocol, a magnet reset was initially performed
on the SQUID coils to guarantee zero-field while cooling the sample down, therefore ensuring no trapped flux in
the superconducting layers. After reaching 5 K, 10 Oe was applied perpendicular to the sample surface (out-of-
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Figure 3. High resolution transmission electron microscopy images of the (a) SRO(35 nm)/YBCO(20 nm)/SRO(35 nm)
heterostructure grown on a STO substrate along the [110] crystallographic direction. The respective (b) SRO/YBCO, (c) YBCO/SRO
and (d) SRO/STO interfaces between the respective layers are pointed out with white arrows. Minor smearing of the images at the
interface may be an artifact from sub-optimal alignment of the sample.

Table 1. Thickness by XRR (txgr) and TEM (trgnm), roughness by AFM (0 apm) and XRR (oxrr)> Tcurie and T
calculated from magnetization measurements of the SrRuO; (SRO), YBa,Cu30;_, (YBCO) thin films, and the

heterostructures HS-YS and HS-SY, respectively.

Value SRO YBCO HS-YS HS-SY
txrR (NM) 60+0.5 84.3+3 — —
trgym (Nm) — — 40.6+0.7 82.8+19
Oapm (nm) 0.23£0.01 25405 29+04 6.81+0.4
oxgrr (Nm) 1.8+0.3 2.54+0.1 — —
Tcurie (K) 154.74+0.5 — 151£0.5 151£0.5
T.(K) — 87.5+0.6 87+0.5 57+0.5

plane, B // [001] crystallographic direction). The field direction was chosen to correspond to the magnetization
easy axis of SRO. The magnetization of the samples was measured while heating up the sample to 300 K with 10
Oe applied parallel to the [001] crystallographic direction. Upon reaching 300 K, the sample was cooled down
again to 5 Kwith 10 Oe applied parallel to the [001] crystallographic direction, while the magnetization was

measured during the cooling of the samples.




10P Publishing

Phys. Scr. 100 (2025) 075985

V A de Oliveira Lima et al

T T E 107
--=+-- Out-of-plane [001] ]
-—-=-- |n-plane [100]
--=-- Resistivity
'g {108
. , e
o 2| = Fion | o2 ] -
i Ay SR £
o e b
— Y.+ / S c
= 0 {105 5
i o =
o A i ] Q
I 1 i 5K
<] S i
s R T i 1
-5.0-25 0.0 25 5.0 ”
: Field [T] a0
0.0 M
0 50 100 150 200 250 300

Temperature [K]

Figure 4. Field cooled magnetization acquired with a magnetic field of 50 Oe applied perpendicular (blue) and parallel (red) to sample
surface and zero field electrical transport p(T) (green) of a 60 nm SRO thin film. Magnetic hysteresis loops performed at low
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Figure 5. Zero-field cooled (a) and Field cooled (b) magnetization measurements of HS-YS and HS-SY acquired with magnetic fields
of 10 Oe applied parallel to the [001] crystallographic direction, respectively. Magnetic hysteresis loops performed at low temperature
and around the superconductor T for (¢) HS-YS and (d) HS-SY.

ZFC data of HS-YS and HS-SY are shown in figure 5(a). Initially, at lower temperatures, both
heterostructures exhibit a negative magnetization attributed to the diamagnetic response of the SC state of
YBCO [43, 64]. As the temperature increases, the magnetization exhibits a small positive value, defining the
heterostructures SC critical temperature T, of 87 K 4- 0.5 K for HS-YS and 57 K £ 0.5 K for HS-SY. The inset in
figure 5(a) provides a detailed view of magnetization between the temperature range of 55 K and 300 K. Within
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this range, the magnetic moment remains positive, and distinct features emerge: HS-YS displays a minimal
magnetic moment, whereas HS-SY exhibits a broad maximum around 100 K, and a sharp magnetic transition is
observed at 151 K for both heterostructures, which may correspond to the Ty, of the SRO films. The broad
hump-shaped unexpected transition observed around 100 K for HS-SY, shown in the inset of figure 5(a), may be
attributed to the lattice-coherent [45] CuO and Y,03 nanoparticles formed during the growth and post-
annealing process of HS-SY. One can see the nanoparticles at the surface of our HS-YS sample in figure 1(h) and
elsewhere [52, 53]. Yanmaz et al [61] reported anomalous magnetic behavior in YBa,Cu;0; powders coming
from CuO and Y,0O3 components. They observed a weak ferromagnetic signal at several temperatures, which is
correlated with the CuO and Y,03; components grinding time and nanoparticles size. We believe that CuO
nanoparticles, present on the surface of the YBCO layer, were incorporated into the SRO layer during the growth
of the HS-SY sample and present a plausible explanation for this observed smeared out magnetic transition.

Although some small and positive magnetization is observed above T, in the ZFC curves, the strong
diamagnetism of the superconductor hinders the study of the ferromagnetism of SRO at low temperatures. To
overcome this issue, and to specifically define T of the SRO in these heterostructures while proving that the
ferromagnetic ordering is present at low temperatures, FC measurements were performed for both
heterostructures and the results are shown in figure 5(b). T Was determined by analyzing the first derivative
of the FC data, as shown in the inset of figure 5(b). Remarkably, for both samples, T was found tobe 151 K+
0.5 K, which corresponds to the sharp magnetic transition observed in the inset of figure 5(a). One can see that
the SRO ferromagnetism is present for the entire temperature range of temperature below Tcyie, given the
positive magnetization values at low temperatures for both samples. This confirms the coexistence of SC and FM
below T.. A small guide field (10 Oe) was sufficient to overcome the superconducting diamagnetism of YBCO
because out-of-plane oriented magnetic field can penetrate through superconducting film in the form of
Abrikosov vortices. Additionally, its out-of-plane orientation aligns with the easy magnetization axis of SRO,
and the mixed a- and c-axis growth of YBCO disrupts the uniformity of superconducting screening along the c-
axis. As a result, the out-of-plane diamagnetic response is weakened, potentially lowering B.; and allowing
magnetic flux penetration even at low magnetic fields.

Magnetic hysteresis curves taken at different temperatures are shown in figure 5(c) for HS-YS and in 5(d) for
HS-SY. Measurements were carried out starting with an applied magnetic field (Hey) of 5 T, then sweeping it to
H.,.=-5Tandback to H,; = 5 T again, as indicated by the arrows. In both samples, there is a change from a SC
state to a FM state with increasing the temperature. From the hysteresis loops at low temperatures, we observe
that both heterostructures are in a SC state, given the diamagnetic nature of the hysteresis curve, which is
generally explained by the Anderson flow model [42, 65]. In addition to the Meissner effect, magnetic flux lines
are trapped in defects of the sample crystal structure, near H,,, = 0 for values smaller than B, (= 10 mT for
YBCO), which results in maximum magnetization. However, as H., increases, stronger magnetic flux lines
penetrate and spread in the YBCO and the magnetization decreases. The magnetization data shown in
figures 5(c) and (d) exhibit characteristic behavior seen in high- T, superconductors [66—68], indicating robust
pinning effects in both heterostructures. Near T it is possible to detect a FM response from the shape of the
hysteresis curve. This behavior becomes more pronounced when measuring at temperatures slightly below/
above the heterostructure T, for example at 87 K for HS-YS and 55 K for HS-SY, as shown in figures 5(c) and (d),
respectively. From this behavior we infer that a competition between the SC and FM states occurs. The pinning
of flux lines is also confirmed, given the difference of almost three orders of magnitude in the magnetization of
the heterostructures when comparing the SC and FM states [66].

Electrical transport measurements, shown in figure 6, show a drop in resistivity around the critical
temperatures T, determined from Zero-field cooling magnetization measurements. T, values of 87.2 K £ 0.6 K
for HS-YS and 57.8 K £ 0.9 K for HS-SY were obtained by taking the first derivative of p(H =0, T). As the
transport properties of superconducting cuprates are related to hole-doping concentration [69], HS-YS is
optimally doped (given the linear relation between resistivity and temperature above T,) while HS-SY is
underdoped (given the non-monotonic relation of p(T) above T.). T, values in HS-YS and HS-SY are reduced
compared to our single YBCO thin films (91.1 K).

Itis known that the interface quality and/or the direct contact of a SC layer with a normal metal (N)/FM
layer can reduce T, and change the width of the superconducting transition [70, 71]. Therefore, a reduction in T
of a few Kelvins is expected for HS-YS and HS-SY, and may be due to a proximity effect, considering the presence
of the FM layer in both heterostructures. This proximity effect is short-ranged, given the small coherence length
values of type-II superconductors, such as YBCO. The reduction of ~ 35 K in T, for HS-SY in comparisontoa
purely YBCO film is not solely due to the proximity effect, but also to the sample configuration. This large
reduction is explained considering that the YBCO layer is not optimally hole-doped (the oxygen transport
through the SRO is hindered during the post-annealing process and therefore the YBCO layer cannot be
properly oxygenated). This sample configuration prevents a rapid oxygen diffusion to the YBCO layer, thereby
resulting in a YBCO film that is not optimally doped, but underdoped, and with lower T, as confirmed by the
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Figure 6. Zero-field p(T) measurements of HS-YS and HS-SY heterostructures. The first derivative of p(T) for both heterostructures is
plotted in the inset.

p(T) dependence shown in figure 6. Therefore, during the deposition of the SRO layer in HS-SY, the YBCO
oxygen content changes causing the reduction in T, which is not recovered even after a second post-annealing
process. For these reasons, HS-SY degrades faster than HS-YS, preventing a complete investigation.

3.3. Magnetotransport
Features in magnetotransport measurements of SC/FM heterostructures p(H, T) can be robust indicators of
proximity effects [10, 11, 15]. p(H, T) was measured at selected temperatures around T, as shown by the colored
squares in the Zero-field p(T) curves in figure 7(a) for the HS-YS heterostructure. The measurements shown in
the subsequent figures were carried out by sweeping the applied magnetic field H, from 5 T to -5 T (black
curves) and then from -5 T to 5 T (colored curves). The colors correspond to the color of the squares in the
figures 7(a), and thus the temperature at which the sweep was performed. H., was applied parallel (in-plane,
Hexe,)), figure 7(b), and perpendicular (out-of-plane, Hey, | ), figure 7(c), to the heterostructure surface. The in-
plane and out-of-plane p(H, T) measurements were performed with current density J|| Heyx, and J L Heyy,
respectively. MR data for HS-SY are not presented in the current study due to technical reasons.

For temperatures above T'= 93 K, no special features are observed in the p(H, T) curves shown in
figures 7(b)—(c) for HS-YS, and the magnetoresistance (MR) curves resembles that of YBCO thin film at these
temperatures ([51], figure S5). For T < 88 K, the YBCO layer increasingly enters a completely SC state, as evidenced
by the zero resistivity. However, a very intriguing behavior is observed at the SC onset (93 K > T > 90 K) while
sweeping down (black curves) and up (colored curves) Hey: a crossover from a dip to a peak for Hey, | and froma
peak to adip for H,, | centered at 0 T. The crossover corresponds to a change in the MR signal and appears at the
same temperature for H,; applied in-plane and out-of-plane.

To gain more insight into the MR low field region, the p(H, T) curves shown in figures 7(b)—(c) are plotted
from -2 T to 2 T as a function of temperature in figures 7(d)—(f) for Hey | and figures 7(g)—(i) for Hey, | . For

better comparison, the plotted values of MR are normalized using the expression MR (%) = W.
p
The dip (peak) observed at 91 K transforms into a peak (dip) at 89 K for Heyy,| (Hext, 1)- Additionally, the features

observed at 90 K and 89 K appear broader for Heyy,| than for Hey, | , indicating a damping effect in the parallel
field configuration. Although sharp peaks near zero field are not observed for 90 K and 89 K for Hey, |, the change
in the MR signal is present for both field directions. The switching field, the field at which the magnetoresistance
begins to change, is larger for p(H, T) acquired with Hey j (£ 1 T) than Hey, | (0.4 T).

Note that the observed MR features appear at switching fields that do not correspond to the coercive field of
the SRO thin film. The electrical resistivity values shown in figures 7(a)—(c) are significantly lower than that of a
single SRO thin film (see figure 4). Assuming the electrical resistivity of the SRO layers in HS-YS is comparable in
magnitude to that of standalone SRO thin films, it can be hypothesized that the magnetoresistance observed in
this heterostructure is predominantly influenced by the YBCO layer.

4. Discussion

Heterostructures of YBCO/SRO (HS-YS) and SRO/YBCO (HS-SY) have been prepared by high oxygen
pressure sputtering. In both samples, the YBCO thin film exhibits local epitaxial growth of mixed a and ¢

9



10P Publishing

Phys. Scr. 100 (2025) 075985 V A de Oliveira Lima et al

a b 130¢ . : i 5 ma — - 130
125
125 :;i 125
100 — e
E £ 120 1 :;§ e STUp——————————, V]
C 75 J115
A 115 {1 89K
3 g W 88K
Koo ot p 5 100
Q s [T, ,ﬂ‘f it
50 %\‘N,ﬁ P 1 85k
i v — 84K
U 1 L 1 0 1 2 .I. 2t 1 1 1 1 0
85 90 95 -5.0 =25 0.0 2.5 5.0 =50 =25 00 2.5 5.0
Temperature [K] In-plane poHexe [T] Out-of-plane ugHexe [T]
e 0.6 . . . f 0.5 : .
- 90.00 K ~— 89.00 K

0.5 <
0.0t :
0.4
203 & -o05
o 0.2 o
= 0. = 10
0.1 ,
0.0 =157
-2 -1 0 1 2 -2 -1 0 1 2
In-plane poHext [T] In-plane poHext [T] In-plane poHext [T]
g o1 . : ; h . ; . i - . . . -
91.00 K : ) - 90.00K I : - B9.00K .
0.0 : “ : 151 TNy EEE
/ L A
— —0.1 M | - oz} T - 1 /
S S S| Y 7 1
@ -0.2} 1 x L o
s = 0.0 E i s 05f .
-0.3F 1 vl .
=02} o c‘-'-‘? J:;;, _ 0.0 b
0.4} ! 1 v
-2 -1 0 1 2 -2 -1 0 1 2 0351 0 1 2
Out-of-plane poHext [T] Out-of-plane LgHext [T] Out-of-plane ugHext [T]

Figure 7. (a) Zero-field p(T) curve illustrating the temperatures where p(H, T) curves were performed with an in-plane (b) and out-of-
plane (c) magnetic field measured on HS-YS heterostructure. Normalized magnetoresistance acquired with magnetic field applied in-
plane for (d) 91 K, (e) 90 K and (f) 89 K. Normalized magnetoresistance acquired with magnetic field applied out-of-plane for (g) 91 K,
(h)90Kand (i) 89 K.

crystallographic domains, as shown in figures 1(e), (h) and (f), (i). In addition, the formation of CuO, BaCuO,,
Y,BaCuOs and YBa;Cu,O, nanoparticles is observed during the YBCO growth and post-annealing stages, as
identified by XRD and observed by AFM as small nanoscale features in the YBCO surface of HS-YS sample
shown in figures 1(e), (h). These nanoparticles may have been partially dissolved within the SRO film during the
growth of the HS-SY heterostructure, reflecting in its high roughness. On the other hand, prepared SRO thin
films have a Ru deficiency that can reach values of 25% ([51], figure S4). As a result, the SRO thin films have
reduced saturation magnetization and semiconducting behavior, seen in figure 4. This deficiency can be even
more pronounced for the heterostructures, once the YBCO is prepared at a higher T, than the SRO.
Nevertheless, SRO is magnetic with a Ty e 0f 154.7 K £ 0.5 K and exhibits perpendicular magnetic anisotropy
(PMA) in both heterostructures as concluded from magnetic measurements shown in figure 5.

Superconducting T, of 87 K+ 0.5 Kand 57 K £ 0.5 K are observed in Zero-field cooled magnetization and
electrical transport measurements for HS-YS and HS-SY, respectively, as presented in figures 5 and 6. Both
heterostructures show coexistence of SC and FM below T, with the easy magnetization axis lying along the out-
of-plane direction. Magnetoresistance (MR) measurements were carried out around the superconducting T’ of
HS-YS. We observed an anomalous MR behavior as a function of temperature and applied magnetic field
direction near the onset of SC. Such a feature is not observed in pure YBCO and SRO thin films ([51], see figure
S5). The MR of pure YBCO thin films is always positive and becomes infinite below T.. SRO thin films exhibit a
strong negative magnetoresistance in high fields and show the typical butterfly loop of FM materials, however,
small positive MR can be found at H,,; < H,atlow temperatures and particularly when Hey||J. It is known that
MR of SRO thin films can be anisotropic with respect to the crystalline directions rather than to the direction of
the current. The anisotropic magnetoresistance can be related to an anisotropic spin-orbit interaction,
therefore, suggesting the presence of weak anti-localization in SRO thin films [72-76].
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We suggest that the reduction in T, and the anomalous MR behavior observed in the YBCO/SRO
heterostructure is driven by the proximity of the SC and FM layers in the heterostructures. The nature of
competition between the two layers appears to be modulated by the anisotropic coherence length £ of YBCO,
which is larger along the ab crystallographic plane, and the uniaxial magnetocrystalline anisotropy of SRO,
which has its easy axis along the [001],,. direction. This leads to two cases: (i) for a magnetic field applied along
[100], direction, SRO magnetization lies on its hard magnetization axis and the larger magnitude of &, of
YBCO requires alarge magnetic field to show prominent features near its critical temperature T, thus the
anomalous behavior in the MR is not strong and the peaks appear broader (as seen at 91 K) and damped/not
visible (as at 90 K and 89 K), since YBCO &, dominates the weak hard-axis magnetization of SRO; (ii) for a
magnetic field applied out-of-plane, SRO magnetization lies on its easy magnetization axis and therefore shows a
higher magnetic moment in comparison to the in-plane direction. In this case, the relatively smaller £, of YBCO
in this direction is more sensitive to magnetic fluctuations, as observed by the sharp peaks around zero field in
the MR low field region. Our experimental results point to an as yet fully unexplained and possibly novel
proximity effect. Furthermore, the fact that our YBCO films show only positive magnetoresistance while the
SRO films present negative magnetoresistance corroborate with the occurrence of a proximity effect.

Our MR measurements show neither the separated minima nor the sharp maxima that are indications of
domain superconductivity and the generation of long-range spin-triplet components. This is evident when
considering that the SC coherence length £ of YBCO is not compatible with the characteristic length scales of the
SRO magnetic domain pattern, nor does the critical field B, match the stray fields of SRO. Considering the
reduced magnetization and the semiconductor properties of the SRO layer, one can argue that the YBCO/SRO
interface can be semiconducting or insulating as well as magnetically dead/depleted. Indeed there is an
intriguing similarity between the shape of p(H, T) as a function of the applied magnetic field direction at
temperatures around the SC onset and the shape of the quantum corrections to conductivity, more precisely
weak localization and weak anti-localization, commonly observed in semiconductor and insulating systems
[1,77]. However, quantum corrections to conductivity are a true low temperature phenomena and are unlikely
to explain our results. The formation of a magnetic dead layer should be further investigated with stoichiometric
thinner samples, which would increase the sensitivity to the interface properties. The observed complex
behavior around T, could also be correlated with the interplay between the presence of defects, orbital
reconstruction due to strain in the interfaces, strong spin—orbit coupling and potential charge transfer between
the layers. The coupling between these factors should be further elucidated by carrying out experimental
investigations supported by first principle calculations.

5. Conclusion

Epitaxial samples based on the high-T, SC and FM with PMA were prepared with the aim to characterize
proximity effects at the interface between high-T,. SC and FM layers and to understand the nature of such
proximity effects. Due to compatible crystal structures and the presence of PMA, heterostructures of SRO and
YBCO prepared on STO substrates were selected and prepared in good quality by HOPS. Due to incompatible
characteristic length scales between the SRO magnetic domain periodicity and the YBCO coherence length £ on
the one hand, and the incompatible sizes of the magnetic stray field of the SRO domain structure and the critical
field B, of YBCO on the other hand, the proximity effects observed in heterostructures of FM and conventional
SC, such as domain superconductivity and the generation of long-range spin-triplet components do not occur in
the investigated heterostructures. We propose, as alternative, a proximity effect that is modulated by the
competition between the anisotropic coherence length in YBCO and the uniaxial magnetocrystalline anisotropy
of SRO. The findings inspire further theoretical and experimental explorations in fundamental science and
technological applications, especially in the field of quantum materials.
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