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Abstract: The deposition of a ferromagnetic layer can affect the properties of high-temperature super-
conductors underneath. We investigated the influence of ferromagnetic CaRuOj3 on the properties
of YBayCu3Oy7.« (YBCO) superconducting thin films when the layers are either in direct contact or
separated by a barrier layer of 5 nm SrTiOj3. Detailed measurements of the magnetic moment of
the superconductor and ferromagnet as a function of temperature and magnetic field have been
performed using SQUID magnetometry. Magnetometry and relaxation measurements show that
the modification of the superconducting properties of YBCO strongly depends on the interaction
with the ferromagnetic layer on top. The barrier layer has a significant impact on both the supercon-
ducting properties of the YBCO film and the ferromagnetic ordering of CaRuO3. The physical
properties mentioned above were discussed in correlation with the materials” structure determined
by XRD analysis.

Keywords: superconductor-ferromagnetic heterostructures; critical temperature; SQUID magnetometry

1. Introduction

Since the high-temperature superconductor YBa;CuzOy., (YBCO) with a critical tem-
perature T, of more than 90 K was discovered [1], high-temperature superconductors (HTS)
were taken seriously into account for the fabrication of various devices. Some of these
large-scale applications where YBCO fits very well are superconducting power cables, mag-
netic energy-storage devices, motors, fault current limiters, and transformers [2-4]. Most of
the superconducting properties are significantly influenced by the amount of oxygen in
YBCO [5].

For an application-ready superconductor, besides a high transition temperature, high
critical currents are needed; in particular, exhibiting small dissipation at high magnetic
fields. To fulfil this criterion, vortices in the material have to be strongly pinned. Many
possibilities to inhibit vortex motion have been found that led to an increase of the super-
conducting critical current density, /. [6]. Some of the methods developed to introduce
natural and artificial pinning centers are: microstructural variations [7,8], creation of oxy-
gen vacancies [9], the addition of secondary phases [10,11], magnetic nanoparticles, or
nanolayers [12-15].

Among these methods, the interaction of the superconductor (SC) with a ferromagnet
(FM) leads to very interesting results [16-18]. If the superconductor and the ferromagnet
are in direct contact, coupling phenomena such as proximity [19-22] and inverse proximity
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effects [23], spin-orbit [24], or dipolar coupling [25,26] can take place. For power applica-
tions, to eliminate the unwanted proximity effects [27] and increase the J. a thin barrier
layer is introduced at the SC/FM interface [28]. On the other hand, SC/FM heterostructures
are also of great interest in superconducting electronics [29-32] where the properties of the
ferromagnet are of utmost importance.

CaRuOj3 (CRO) is a metal exhibiting interesting properties [33], in particular when
deposited as a thin film on various substrates [34-36], using several deposition meth-
ods [37,38]. In respect to superconducting electronic devices, Josephson junctions have
been created using YBCO and non-magnetic CRO [39,40].

Many studies have been performed to fully understand the occurrence of ferro-
magnetism in CRO [41-46], including studies on heterostructures with CRO [47]. Tri-
pathi et al. [36] observed that CRO thin films deposited epitaxially on SrTiO3 (STO) sub-
strates become ferromagnetic due to tensile epitaxial strain. Ferromagnetism in CRO has
also been found; for example, when doping it with Ti [48]. Ivan et al. [49] managed to
deposit magnetic CRO on YBCO and studied the magnetic and structural properties of
the heterostructure.

In this work, we have investigated the influence of an intermediate STO layer on
heterostructures composed of YBCO and CRO thin films grown by pulsed laser deposition
(PLD). Using XRD measurements and detailed measurements of the magnetic moment as a
function of temperature, magnetic field, and time we analyzed the influence of CRO on
the superconductor and vice versa, and the role of oxygenation on their properties. We
observed that CRO has good ferromagnetic properties only if it is deposited directly on
YBCO and without post oxygenation.

2. Materials and Methods

We used pulsed-laser deposition (PLD) (Surface, Hiickelhoven, Germany) to epitaxi-
ally grow thin films of CRO, YBCO, and STO. In all cases, a 200 nm thick film of optimally
doped YBCO was grown on single-crystalline SrTiO3 (001) substrates with a lateral size of
5 mm X 5 mm. Then, for half of the samples, a 5 nm STO buffer layer was deposited on top
of the YBCO surface also by PLD. The deposition of both layers was made at 830 °C in a
0.3 mbar O, atmosphere with a laser energy of 67 m]J, followed by annealing in 1 bar O,. In
the next step, 130 nm thick CaRuO3; was deposited at 720 °C and 0.6 mbar O,. The pulse
laser energy was 43 m] and annealing was performed at 0.3 bar O,. The heterostructures
were then carefully broken into halves and a half of each was furthermore annealed at
550 °C in O, atmosphere for 15 h.

A sketch showing the preparation process is depicted in Figure 1. The results in this
work were subdivided into three stages of preparation: (I) reference samples YBCO (I-a)
and YBCO with 5 nm STO (I-b), (I) YBCO with CaRuQOj in direct contact (II-a), YBCO with
CaRuOj3 separated by STO (II-b), (IIT) YBCO with CaRuOj in direct contact oxygenated
(IlI-a), and YBCO/STO/CRO oxygenated (III-b).

The X-ray diffraction (XRD) characterization was carried out with a Bruker D8 Ad-
vance diffractometer (Karlshruhe, Germany) operated at 40 kV and 40 mA (CuK, radiation)
in medium resolution parallel beam setup where reciprocal space mappings (RSMs) were
recorded. Furthermore, the 26-w scan was performed using a Rigaku SmartLab diffrac-
tometer (Tokyo, Japan) using monochromatized radiation Cu-K; (A = 1.5406 A). The
morphology of the samples was investigated using a Gemini 500 Carl Zeiss field emis-
sion scanning electron microscope (FESEM) (Carl Zeiss Microscopy GmbH, Oberkochen,
Germany), equipped with LaBg filament, NanoVP mode, InLens, and SE2 detectors. The
FESEM images were taken using the Inlens detector, in high vacuum.

The magnetic properties of all samples were measured with SQUID magnetometry
(Quantum Design, San Diego, CA, USA) using a quantum design MPMS. In all measure-
ments, the external magnetic field noH was applied perpendicular to the plane of the
sample. For the measurement of the superconducting transition temperature T, the sam-
ples were cooled in zero field (ZFC) to T = 5 K. Then, a magnetic field of yjpH = 1 mT was
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applied and the temperature was increased to 100 K while measuring the magnetic moment
m(T). We extracted T, at the temperature the diamagnetic signal vanishes. In addition,
the critical current density J. was determined from the magnetization data using the Bean
relation [50] modified for a plate-like geometry [51]:

_ 40-m
TVii-g)

where m is the magnetic moment in emu, V—the sample volume in cm?, L is the length
and [ is the width of YBCO thin film in cm, and the resulting /. is in A/ cm?.

I I I _._-_ Post-oxygenation I II

@ T=550K

Figure 1. The three steps process together with the related FESEM images of the surface of each
film: I: YBCO or YBCO/STO deposition on STO, II: deposition of CRO on the two samples, III: post
oxygenation of the samples at T = 550 °C for 15 h.

For a more detailed analysis of vortex pinning in the superconducting film, we com-
plemented the J. data by measurements of the thermally activated relaxation of the magne-
tization. This allowed a detailed description of thermally activated depinning processes.
We studied the corresponding pinning energies by long-time relaxation measurements:
the sample is cooled (ZFC) to different temperatures, a magnetic field of 0.2 T is applied
and the decay of the magnetic moment in time m(t) is registered for a time window t,, of
30 min.

The averaged normalized magnetization relaxation rate S = —Aln(1m|)/Aln(t) and
implicitly the normalized vortex-creep activation energy U* = T/S can be extracted in
the range where In(Im|) vs. In(f) is linear. This is reasonable in regions of the T-H
phases diagram that are not too close to the irreversibility line (IL) and for a moderate
relaxation time window, t,, averaged over t,, [52]. Typically, U* increases with temperature
in the collective (elastic) vortex creep regime (where the vortex phase is ordered) [53] and
decreases for plastic (dislocation mediated) creep (disordered vortex phase) [54].

Figure 1 shows a sketch of the sample preparation process, as well as the surface
morphology images obtained by scanning electron microscopy (SEM). The thickness of the
YBCO film is 200 nm, the CRO film is 130 nm, and the STO interlayer, where it appears, is
5 nm thick. A major difference compared to ref [49] is that the CRO was deposited after the
samples were taken out of the PLD chamber and introduced again.
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3. Results and Discussion

Figure 2a presents the m(T) curves for all samples in all three stages of preparation.
Initially, YBCO (with and without STO), stage I, is shown in blue; after the deposition
of CRO, the results are shown in black/grey (II) and, finally, after oxygenation (III), the
measurements are shown in red curves. All measurements were performed in a small
applied magnetic field of 1 mT. As expected, the reference samples (YBCO and YBCO/STO)
have almost identical properties, exhibiting a T, of about 86 K. After the deposition of
CRO, we observe a drastic decrease of T, for both samples to around 53 K. We managed to
partially recover T. of the superconducting film by a subsequent oxygenation at 550 °C for
15 h, after which T. increased to 70 K.
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Figure 2. (a) m(T) in an applied filed of upH =1 mT under ZFC conditions; (b) temperature-dependent
critical current density J(T) in the remnant state of reference samples (blue, open circles—I-a, light
blue, closed circles- II-a), and the heterostructures (black, open squares—II-a; gray, closed squares—
II-b, orange, open triangles IlI-a, and red, closed triangles III-b).

For a better understanding of the properties of the superconductor, we measured
the magnetic moment m below T, to reveal the influence of the STO barrier layer and the
post oxygenation on the diamagnetic response of the YBCO film. Figure 2b presents, in
logarithmic scale, the temperature-dependent magnetic moment of the initial YBCO films
(YBCO I-a and YBCO/STO I-b), of the samples after CRO deposition (YBCO/CRO II-a and
YBCO/STO/CRO II-b) and, finally, after the post oxygenation (YBCO/CRO oxy IlI-a and
YBCO/STO/CRO oxy III-b). The magnetic moment has been measured in the remnant
state after cooling the sample in zero magnetic field to a temperature T = 5 K and applying
an external magnetic field pgHex = 0.3 T for several seconds. Then, the external field is
reduced to zero and the magnetic moment is measured while continuously heating up until
T.. The behavior of the reference samples is as expected: the high diamagnetic moment
(and, implicitly, the resulting J.) decreases from low temperatures while heating up towards
T.. The deposition of CRO leads to a significant suppression of J.. Interestingly, after the
oxygenation, even though the T is partially recovered, | at low temperatures is further
decreased. A possible reason may be the occurrence of a modification in the site of apical
oxygen in YBCO [55].

In the next step, we focus on the ferromagnetism in CaRuOj3. As shown in ref [36],
CaRuQO3 can be ferromagnetic in case of a certain thickness when grown on STO. CaRuO3
can be ferromagnetic as well if it is deposited on YBCO during a one-step process (first
deposition of YBCO, then deposition of CRO, without taking the sample out of the PLD
chamber) [49].

Our purpose was to try to preserve the good superconducting properties of YBCO
while having ferromagnetic CRO on top. For the characterization of the ferromagnetic order,
we measured magnetic hysteresis curves at room temperature (300 K). During analysis, the
diamagnetic contribution of YBCO and STO substrate has been subtracted (Figure 3). In the
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case of sample II-a (CRO on YBCO), a characteristic ferromagnetic behavior is found which
qualitatively corresponds to results in the literature [49]. After the reoxygenation process
(stage III), the magnetic moment of CRO strongly decreases. On the other hand, if CRO
is deposited on 5 nm STO on top of YBCO, the sample shows very weak ferromagnetism
which is slightly increased after the reoxygenation.
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Figure 3. Main panel: Hysteresis loops of all the studied samples measured at 300 K. Inset: M(T)
ZFC-FC above T, in an applied field of 10 mT for sample II-a.

To better emphasize the ferromagnetic behavior for sample YBCO/CRO, we measured
the ZFC-FC temperature dependence of the magnetization in 10 mT, above T until 300 K.
The observed bifurcation is specific for ferromagnetic materials.

As expected, if YBCO is protected by the STO layer or not, the superconducting proper-
ties of YBCO are very similar (stage I). Then, after deposition of CRO (stage II), a significant
difference appears (as seen from the shape of the m(T) curves) which implies that the STO
plays an important role in the YBCO. On the other hand, the only sample with good ferro-
magnetic properties of CRO is the one in which CRO is deposited directly on YBCO which
means that STO has a big impact on the magnetic properties of CRO. The post oxygenation,
although helpful for the recovery of T. of YBCO, is damaging the ferromagnetism of CRO.
Another approach should be used to keep the good superconducting properties of YBCO
while maintaining ferromagnetic CRO.

Due to the complex behavior of the critical current density and for a better understand-
ing of the role of the decoupling layer on the pinning scenario in YBCO, we performed
relaxation measurements in an applied field of 0.2 T.

After each measurement, the field is reduced to 0, the sample is heated above T,
then cooled down to the next temperature. Subsequently, the field is applied and the
measurement is started. Figure 4a depicts magnetic relaxation m(t) curves normalized to
t =100 s for all samples at 20 K which are linear in a log-log plot.

In our analysis, we excluded the early relaxation stages (t < 100 s) where the flux
redistribution across the sample or the influence of flux flow at a very short time becomes
important [56]. As it can be observed, in a log-log representation, the relaxation curves
are almost linear and the normalized vortex-creep activation energy was determined
using U* = T/S where S = —Aln(1m1)/Aln(t) (Figure 4b). It is known that the low-T S(T)
maximum (in our representation the behavior of U* at temperatures under 35 K for the
reference samples) is generated by the occurrence of thermo-magnetic in-stabilities (TMI)
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at low temperatures [56]. Then, with increasing temperature, U* increases indicating an
ordered vortex phase. At higher temperatures, U* decreases, due to plastic creep. At the
crossover temperature, U* can be identified with the characteristic pinning energy U.. The
U*(T) dependence was the subject of intensive studies on YBCO films with different pinning
centers [57]. However, the crossover collective creep—plastic creep always appears in DC
magnetization relaxation measurements in samples with random pinning. For strongly
pinned samples, the thermal energy can be neglected when T is significantly below T.. At
low temperatures, | is closer to J. because the relaxation is smaller, the effective pinning
is weak and the intervortex interactions are dominant, giving rise to collective pinning.
On the other hand, at high T the energy balance changes, because | relaxes faster and
U* increases leading to the apparition of dislocations in the vortex system due to vortex
pinning and the creep becomes plastic. Roughly, this dynamic crossover appears when the
effective depth of the pinning potential well equals the vortex deformation energy [58].
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Figure 4. (a) Magnetic relaxation m(t) curves normalized to t = 100 s in a log-log plot for all samples
at 20 K in an applied magnetic field of uyH = 0.2 T. The normalized vortex-creep activation energy U*
was extracted and represented in panel (b).

As expected, the U*(T) dependence and the values for the two reference samples
are very similar (Figure 4b). Then, after deposition of CRO, due to a decrease in critical
temperature in the samples, U* also shows smaller values. Sample II-a, which exhibits
ferromagnetism at room temperature due to CRO, has the smallest pinning energies. Then,
after oxygenation, pinning energies increase and the two ‘bumps” in U*(T) dependence are
visible again for both samples. Surprisingly, in all temperature ranges, U* is higher for III-a
and b samples than for II-a and b samples. At small temperatures, the differences between
the heterostructures with and without STO are small and increase with temperatures.

For a deeper insight into the flux pinning properties of the superconducting film we
want to distinguish between the pinning force density that is proportional to the critical
current density /. and the pinning energy U* extracted from the relaxation experiments. A
more descriptive picture identifies the pinning force density with the maximum slope and
the pinning energy with the depth of the pinning potential. This simplified consideration is
reasonably accurate for an individual particle, namely individual vortices at low magnetic
fields. This holds quite well for the results in this work.

To extract the role of the decoupling STO layer for flux pinning during three steps of
preparation we consider the ratio of J. and U* for heterostructures with and without the
STO layer, respectively. Figure 5 shows the relative change of |. and U* due to the presence
of an additional decoupling STO layer for the three preparations stages I (blue), II (black),
and III (red). The filled symbols refer to the pinning energy U*, the open ones describe the
J data.

The two blue curves describing the influence of an additional STO layer on a bare
YBCO film show the expected behavior. Over the whole temperature range, we find a value
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of about one showing that the pinning in the YBCO film is not influenced by an additional
epitaxial STO film with a thickness of 5 nm. After the deposition of the CRO film, the
situation changes as described by the black curves. If YBCO and CRO are electronically
decoupled by 5 nm of STO, the pinning suppression is drastically reduced. Pinning remains
much stronger, apparent in both J. and U*. This result is quite obvious to explain. First, the
presence of the STO layer reduces the magnetic moment in the CRO; second, there is no
direct contact between the superconductor and ferromagnet. The black curves describing
the effect of the separation layer exhibit values larger than 1. In addition, the observed
pinning strongly increases with temperature. This is more prominent in the case of U*
(filled black symbols) than in /. (open black). This evidently shows that the description of
pinning by J. and U* is not equivalent. The more pronounced difference that occurs in U*
might be explained by the suppression of superconductivity in a layer of finite thickness
due to the adjacent ferromagnet. This reduces the effective length of individual vortices
and, thus, the pinning energy. This does not necessarily suppress J. in the same way, in
particular when considering that also magnetic pinning provides a contribution [13].
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Figure 5. Ratio of . with and without STO decoupling layer for each step (J.(I-b)/]. (I-a), Jc (II-b)/]c
(II-a) and J. (IIl-b)/]. (IlI-a)), open symbols, and ratio of the corresponding pinning energy U*,
filled symbols.

After annealing in oxygen (stage III, red curves), the situation changes. The introduc-
tion of the STO layer leads to a decrease in pinning of about 30% leading to a ratio of about
0.7. The suppression of current transport in the YBCO film by the STO layer proves that the
direct contact of both films after oxygenation has beneficial consequences for J. and U*. The
post-oxygenation has recovered the oxygen stoichiometry of YBCO close to the interface by
oxygen diffusion through the STO at least partially [59]. The superconducting phase is in
direct contact with the ferromagnetically ordered CRO. In this situation, magnetic vortex
pinning occurs that leads to an increase of J. and U*, respectively. A separating STO layer
reduces this effect, the red curves show values smaller than 1. In the case of U*¥, the reduc-
tion sets in above about T = 25 K. This shows that thermally activated depinning of vortices
is not the dominant process that limits the critical current density at low temperatures. This
is consistent with the established descript of temperature-dependent critical currents in
YBCO thin films and multilayers in small magnetic fields [60,61].

For a better understanding of the interaction between SC and FM, the final step of
our study was the correlation of the physical properties of the heterostructures with the
materials’ structure by XRD analysis.
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The XRD data in the 20-w scan were recorded after sample alignment for miscut
cor-rection of the single crystal substrate, and the results are shown in Figure 6a are the
lines corresponding to multiple reflections on the (001) planes of the cubic STO substrate
(ICDD # 00-035-0734), of the orthorhombic YBCO structure (ICDD # 01-086-0477), and of the
orthorhombic CRO (in pseudocubic indexing, CROp.) (ICDD #04-006-6459) are detected.

To show the epitaxial relationships between YBCO and CRO layers with respect to the
STO substrate and to determine the in-plane structural parameters, the RSM measurements
were acquired on tilted diffraction planes. The data were collected near the -103 and -013
nodes of STO to determine both a and b in-plane lattice constants of the orthorhombic
YBCO. The lattice parameters calculated from RSMs are presented in Table 1. Firstly, sample
I-a presents in-plane compressive strain and out-of-plane tensile strain, which is opposite
to the values observed for sample I-b even though both have the highest T, (see Figure 2b).
In this reasoning, the differences observed in structural parameters of samples I-a and I-b
do not have a high impact on the stoichiometry of the YBCO layer. After the deposition of
the CRO layer, for all samples was observed the same value of compressive strain for the b
lattice constant of the YBCO layer and a tensile strain in the case of 2 and c lattice constants.
Moreover, the T of YBCO is smaller in these samples regardless of the presence of the STO
interlayer, which may imply a modification in stoichiometry leading to an under-doped
YBCO [62,63]. Differences observed in the strain of the YBCO layer and temperature-
dependent magnetic moment curves from Figure 2b of samples II-a, II-b, IlI-a, and III-b,
respectively, may be partly caused by a change in the site of apical oxygen [55]. The CRO
layers show an out-of-plane compressive strain and in-plane tensile strain, respectively.
Only for sample II-a, the CRO layer has an in-plane compressive strain for the a lattice
constant, similar to the situation discussed in [49]. Thus, according to other studies [49],
to achieve the ferromagnetism in the epitaxial CRO layer, an induced strain in the CROp
pseudo-cubic structure is required, but a tensile strain in both in-plane directions decreases
drastically the saturation magnetization as shown in Figure 3.

Table 1. Lattice constants and strain calculated from RSMs.

YBCO-Layer
a(A) b (A) c(A)
Sample Strain Strain Strain
La 3.793 3.834 11.69
—0.63% —1.26% 0.07%
b 3.845 3.905 11.657
0.74% 0.57% —0.21%
o L 3.834 388 1173
Ao 3817 A 0.45% —0.08% 0.41%
b=3.883A b 3.857 3.88 11.705
c=11.682 A 1.04% —0.08% 0.2%
lLa 3.88 3.88 11.697
1.64% —0.08% 0.13%
3.861 3.88 11.69
1-b 1.14% —0.08% 0.07%
CRO-Layer
a(Ad) b (A) cA)
Sample Strain Strain Strain
a 3.826 3.883 3.818
—0.35% 1.13% —0.57%
3.861 3.887 3.813
CROp b 0.53% 1.24% —0.7%
Bulk pc
a=3.840 A lll-a 3.88 3.876 3.813
1.03% 0.93% —0.7%
b 3.864 3.887 3.812

0.63% 1.24% —0.73%
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Figure 6. XRD characterization in: (a) 20-w scan were the lines corresponding to multiple reflections
on the (001) planes of the cubic STO substrate, of the orthorhombic YBCO structure, and of the
orthorhombic CRO (in pseudocubic indexing, CROpc) are detected; (b) RSMs around the -103 and
-013 nodes of STO substrate for all samples.
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However, the interaction between YBCO and CRO is complex and we took into
account only some effects which appear at the interface. Probably there are also other
effects such as spin diffusion, evidenced in ref [16], which will be further studied.

4. Conclusions

In summary, we investigated the properties of heterostructures of CaRuO3 (CRO)
and YBay;Cu3Oy7.« (YBCO) thin films. It has been of particular interest if the layers are in
direct contact or separated by a barrier layer of SrTiOs. The influence of CRO on YBCO
and vice versa has been studied by SQUID magnetometry. Detailed measurements of the
magnetic moment of the heterostructures as a function of temperature, magnetic field, and
relaxation time have been performed. It has been found that a large ferromagnetic signal
is found in the case of direct deposition of CRO on YBCO, while in the case of separated
layers, the magnetization is reduced. Furthermore, we observed a strong suppression of
superconductivity after the direct deposition of the CRO film. A subsequent oxidation
process shows that the superconducting properties are partially recovered, most likely due
to an efficient oxygen diffusion through the STO barrier. The materials’ structure has been
investigated by XRD analysis identifying mechanical strain to be the origin for the formation
of a ferromagnetic state in CRO. The highest magnetization has been obtained when the
thin layer CRO layer was deposited directly on YBCO, without further oxygenation.
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