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HIGHLIGHTS

e Proximal metallic films can influence the properties of YBCO.

e A barrier layer between metal and YBCO was used.

e The deposition method of the metallic films plays a crucial role.

o Electron beam evaporation or ion beam sputtering were utilized for metal deposition.
e A transient increase of T, and J. was observed for samples prepared with evaporation.
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The presence of a metallic layer can influence the properties of high-temperature superconductors underneath.
We investigate the influence of metallic structures deposited in form of nanoparticles or continuous layers by
electron beam evaporation or ion beam sputtering on the properties of Y;BaaCu3O7.x (YBCO) thin films. To
generally avoid diffusion of metal atoms an additional barrier layer is introduced. Detailed measurements of the
magnetic moment of the superconductor as a function of temperature and magnetic field have been performed
using SQUID magnetometry. It is found that the modification of the superconducting properties of coated YBCO
strongly depends on the deposition method of the metal on top rather than the type of metal (Ni or Ag), its
magnetic properties (ferromagnetic or paramagnetic) or its morphology (nanoparticles or thin film). The main
result is a transient increase of the critical temperature T, and critical current density J. that was observed for
samples prepared by electron beam evaporation.

1. Introduction the oxygen stoichiometry that can be adjusted over a wide range. Thus,

the highest transition temperature T. = 93 K is reached for the compo-

The discovery of superconductivity in YBapCuzO7_x (YBCO) with a
transition temperature T, of more than 90 K, well above the boiling
point of liquid Ny, finally marked the beginning of the era of high-
temperature superconductivity [1]. Among all high-temperature su-
perconductors (HTS), YBCO is the most intensively studied due to its
unique properties that are highly appealing for large-scale applications
such as superconducting power cables, motors, magnetic energy-storage
devices, fault current limiters and transformers [2-4].

The superconducting properties of YBCO are strongly correlated to

sition YBayCu3Og 92, whereas for the oxygen content 7-x < 6.4 the
compound is not superconducting [5]. T, is determined by both the hole
concentration in the CuO planes and the relative oxygen charge within
the planes [6]. Oxygen diffusion can be enhanced by storage of YBCO
films in vacuum or by direct irradiation with ultraviolet light (UV) [7].

In addition to high transition temperatures, application-ready su-
perconductors also require in many cases a high flux pinning capability
in large magnetic fields combined with a high irreversibility line. In the
last few years several possibilities to suppress vortex motion have been
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introduced leading to an increase of the superconducting critical current
density, J. [8]. A number of methods introducing natural and artificial
pinning centers have been developed such as the creation of oxygen
vacancies [9], microstructural variations [10,11], or the addition of
secondary phases [12,13], magnetic nanoparticles or layers [14,15].

In particular, Ag is known to stabilize the oxygen content in cuprate
superconductors [16]. The superconducting Ag composites are consid-
ered as potential candidates for technical applications due to their
induced increase of the critical current density of YBCO films by up to
50% [17]. Furthermore, the normal state resistivity is lowered [18], a
better chemical stability is reached and the mechanical strength in-
creases [19].

Nickel atoms have been used for doping YBCO at the Cu site leading
to a significant decrease of T.. Although it has been found that for small
doping concentrations the critical current density can be higher than for
pure YBayCu3Oy . films a further increase of doping leads again to a drop
[20].

Ni has a detrimental effect on YBCO for Rolling Assisted Biaxially
Textured Substrate (RABITS) tapes that require the deposition of oxide
buffer layers [21].

Interesting results evolve from heterostructures formed of super-
conductors and metallic layers. If a ferromagnetic material is put in close
contact with the superconductor a variety of coupling phenomena can
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take place such as proximity [22,23] and inverse proximity effects [24],
spin-orbit [25] or dipolar coupling [26,27]. Thus, to avoid proximity
effects [28] and to suppress diffusion of metal atoms a thin barrier layer
is frequently introduced at the SC/FM interface [29]. This stops metal
diffusion and limits possible superconductor-ferromagnetic (SC/FM)
interaction to dipolar coupling [26,27].

In this work we investigate heterostructures of YBCO thin films
grown by Pulsed Laser Deposition (PLD) and different metals. The metal
structures in particular were deposited by two different techniques,
namely electron beam evaporation and ion beam sputtering. Using
magnetization and XRD measurements, we explore the impact of the
type of metal (Ni or Ag), its magnetic properties (Ni as ferromagnetic
and Ag as paramagnetic metal), its microstructure (nanoparticles and
continuous film) and, finally, the deposition process on the super-
conducting properties of the YBCO film underneath. Contrary to most of
other works where the metal was introduced in the YBCO matrix or
deposited directly on top, we separate the materials by a thin barrier
layer. Even if we can rule out proximity, inverse proximity and dipolar
coupling effects, we still find systematic results that the deposited metal
substantially influences the superconducting properties of YBCO films.

sputtering

Nior Ag

evaporation

Nior Ag

Ag

Fig. 1. Sketch of the sample stack for sputtered (a) and evaporated (b) metals; SEM images of the surface for (c) Ni layer, (d) Ni nanoparticles, (e) Ag layer and (f) Ag

nanoparticles.
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2. Results and discussion

Optimally doped YBCO thin films with a thickness of 200 nm were
grown using pulsed-laser deposition (PLD) on single-crystalline SrTiO3
(001) substrates with a lateral size of 5 x 5 mm?. On top of the YBCO
films a 5 nm STO barrier layer has been deposited by PLD to avoid
proximity effects. The deposition of both layers was made at 830 °C in
0.3 mbar O, atmosphere, with a laser energy of 67 mJ, followed by
annealing in 1 bar O,.

Subsequently, Ni or Ag were deposited utilizing two different
deposition techniques. We used first an electron beam evaporation
technique, namely glancing angle deposition (GLAD) [30] to deposit Ni
or Ag onto the superconductor. The glancing angle, here 83°, is chosen
such that the material is deposited discontinuously on the substrate. Fast
rotation of the substrate about its azimuthal axis is applied during the Ni
or Ag deposition to obtain individual nanoparticles. Scanning electron
micrographs are shown in Fig. 1 d) and f). The deposition was performed
by electron-beam evaporation with a vacuum chamber pressure in the
range of 10 ®mbarina setup that has been described previously [30]. A
thin layer of Ti was deposited both before the Ni or Ag growth to
facilitate adhesion and after the Ni or Ag deposition to act as a protection
layer. The randomly ordered Ni nanoparticles have diameters of 10-20
nm, in case of Ag we find 20-30 nm.

Second, for comparison, Ni and Ag layers of 50 nm thickness with a 2
nm Al capping layer were deposited using ion beam sputtering in UHV
atmosphere at room temperature. With this method continuous thin
films are obtained [31] and the morphology is visualized in Fig 1 c¢) and
e).

We will further refer to the samples prepared with electron beam
evaporation as evaporation and to the ion beam sputtered samples with
the abbreviation sputtering. The sketch of the sample stack can be seen in
Fig. 1 for sputtering (a) or evaporation (b), with the corresponding SEM
images for (c) Ni layer, (d) Ni nanoparticles, (e) Ag layer and (f) Ag
nanoparticles.

All samples have been characterized by SQUID magnetometry using
a Quantum Design MPMS3. For our purpose, magnetization measure-
ments were preferred to transport ones to exclude the contribution of the
metal. The external magnetic field poH was always applied perpendic-
ular to the plane of the sample. To measure T, the samples were zero-
field cooled (ZFC) to T = 5 K, a small field of 1 mT was applied and
the temperature was increased to 100 K while measuring the magnetic
moment m(T). At the superconducting transition temperature the
diamagnetic signal vanishes. To better reveal the influence of different
metallic layers on the superconducting properties of YBCO corre-
sponding hysteresis loops have been measured at 25 K and 85 K and the
value at remanence has been extracted. To determine the critical current
density J. the Bean relation has been applied [32] modified for a
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plate-like geometry [33]:
JC(A/cmz) = 60|m(emu)I/V(cm3) «1(cm);

where Vrefers to the sample volume and L is the lateral size of the square.

The microstructure of the heterostructures has been analyzed by
high-resolution X-ray diffraction (XRD) using Cu Ka radiation in the
range 20 = 10°-60°.

Fig. 2 presents examples of the magnetization measurements con-
ducted for all samples. In panel a) typical m(T) curves in an applied field
of 1 mT under ZFC conditions are shown. Black (solid square, solid line)
refers to results obtained with a pristine YBCO sample (“before”), after
the deposition of Ni nanoparticles using electron beam evaporation the
films are immediately remeasured (brown open square, dashed line, Ni
deposition, time 0), finally red (triangle, dotted line) depicts the
behavior after some time (“after”, expressed in weeks).

Two main results can be extracted from Fig. 2 a): First, the onset of
the transition is significantly shifted to higher temperatures in case of Ni
(brown) and, second, the transition is much broader in case of the aged
curve (red). Note, a sharp transition refers to a homogenous sample. To
better emphasize changes in T, we show the time development of T, in
the inset using corresponding colors. A significant increase of T. of ~3 K
(from solid, black square to open brown) is observed after the deposition
of Ni nanoparticles followed by a drop until the initial value is reached
again in the measurement after 22 weeks (triangles, red). To correlate
this with the magnetic moment we measured the corresponding hys-
teresis curves at elevated temperatures, T = 85 K. Here, the basic
behaviour is the same: a significant increase of m after Ni deposition (of
54% at poH = 0 mT) is followed by a strong decrease after 22 weeks
(81% at poH = 0 mT). Correlating the shape of the dotted red curve in
Fig. 2 a) with the serious decrease of m at 85 K in panel b), we assume
that the observed behaviour originates either due to change of the ox-
ygen content in the crystalline lattice of YBCO or by the introduction of
additional pinning sites that change over time.

To check if the surprising increase of the superconducting properties
after the deposition of Ni nanoparticles using evaporation is due to the
specific deposition technique and not due to the ferromagnetic behavior
of Ni we replaced Ni by Ag and also analyzed YBCO with Ag nano-
particles prepared with evaporation. In addition, YBCO/Ni and YBCO/
Ag closed layers were deposited using classical ion beam sputtering.

Fig. 3 depicts the time evolution of T, and J.. The latter is extracted
from the hysteresis curves at 85 K in zero field (decreased from high
fields). Panels c) and d) are a different representation of a) and b) where
T. and J. are normalized to their initial values before deposition. Red,
full symbols represent results of evaporated samples and blue, open
symbols, refer to sputtered samples. Squares denote YBCO/Ni and cir-
cles refer to YBCO/Ag. The dashed lines serve as guide to the eye.

A significant increase of T, of ~3 K appears immediately after
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Fig. 2. a) m(T) in an applied filed of poH = 1 mT under ZFC conditions. T. is extracted for a YBCO reference sample (before), immediately after deposition of Ni
nanoparticles with evaporation (Ni deposition) and re-measured after 22 weeks (after). b) The corresponding hysteresis loops at 85 K show a substantial increase of

the magnetization immediately after Ni deposition is observed.
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Fig. 3. a) Time evolution of T,, the first points correspond to the initial measurements of pristine YBCO samples, 0 marks the measurement after deposition of Ni or Ag and the
other values refer to measurements after several weeks. b) J. at 85 K extracted from the hysteresis curves in remanent state. ¢) and d) depict a different representation of a) and
b) where the data are normalized to the initial values before deposition, M is Ag or Ni. Dashed lines are guide to the eyes. Blue refers to sputtered metals, red to evaporated ones.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

deposition of Ni or Ag on top of YBCO for samples deposited using
electron beam evaporation under glancing angles. After some time this
increase decays and finally reaches the initial value. A similar behaviour
is observed for the critical current density J.(t) as well, however here,
the final decay is more prominent. It is found that the values of J. almost
vanish at T = 85 K.

Identical metals were used for deposition by ion beam sputtering. In
this case, no significant change in T, or J. is observed. This leads to the
conclusion that the deposition technique of the metal plays an important
role for the consequences on the superconducting properties of YBCO.

We extracted the critical current density from the hysteresis curves at
T =25Kand T = 85 K as done before and represented it as a function of
time. Full symbols give the samples prepared with evaporation and open
symbols refer to the sputtered films. In addition, data of two more
samples are included, namely continuous Ni films prepared by evapo-
ration. One film has been deposited at room temperature and another
film while cooling the substrate by LN2.

As can be observed in Fig. 4 a), J. shows a considerable decrease for
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normalized J,

the evaporated samples at T = 25 K while no change is detected for the
sputtered metals. At T = 85 K, a significant increase (up to a factor of 3
for the sample with Ag nanoparticles) was noticed, followed also by a
decrease after some time.

Since all evaporated samples exhibit the same phenomenology we
can rule out the influence of microstructure (nanoparticles or layers),
magnetism (ferromagnetic or paramagnetic) or deposition temperature
(room temperature or cooled). In case of the sputtered films no signifi-
cant degradation after deposition or in time is found.

In a next step we performed XRD in a 0 - 20 geometry to evaluate if
the observed effects are related to structural variations in the super-
conductor. In particular, it is desirable to obtain information about the
oxygen distribution inside the film. At the same time information about
additional stress due to the deposition of a metallic layer on top of YBCO
might be obtained.

The following three samples have been thoroughly analyzed: a
pristine YBCO film (green, solid line, solid circle), a YBCO/Ni nano-
particle heterostructure (Ni deposited with evaporation (brown, dashed
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Fig. 4. Time evolution of the normalized J. at 25 K and 85 K extracted from hysteresis loops. Light and dark pink symbols refer to continuous thin films prepared by regular
evaporation, one at room temperature and one cooled with LN2, to investigate the effect of microstructure of the metallic film and the temperature during deposition. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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line, solid square)) and a YBCO/continuous Ni layer deposited using
sputtering (blue, dash dotted line, open square). Both YBCO films with
capping layers were measured after an ageing time of several months.

All spectra depicted in Fig. 5 exhibit the typical features of a c-axis
oriented epitaxial YBCO film. As expected, YBCO grew crystalline along
the (001) direction on the STO substrate. Shape and intensity of the peaks
for the pristine YBCO and the sputtered Ni layer are very similar. The
only difference is a slight shift of the peaks towards higher angles in case
of the sputtered Ni. The shape of the peaks for the YBCO and the sput-
tered Ni layer indicates good homogeneity of the crystalline structure.
There are no pronounced Ni peaks in the spectrum suggesting that Ni has
an amorphous structure. The shift of the YBCO peaks to higher angles in
case of the sputtered Ni layer refers to a slightly reduced c-axis which,
according to Ref. [34], might correspond to a marginally higher oxygen
content. However, this change would be too small to result in a
detectable shift of T..

In contrast, we observe a significant widening of all (00n) peaks in
case of the YBCO film decorated with Ni nanoparticles from glancing
angle evaporation. In particular, the (004) peak shows an increase of the
FWHM by a factor of 5. This directly refers to structural inhomogeneities
in the film, namely local variations of the lattice parameters of YBCO. An
explanation could be given by an inhomogeneous oxygen distribution in
the YBCO film, namely a gradual change of the oxygen content over the
whole thickness. This is supported by the shape of m(T) curve in Fig. 2 as
well which clearly shows a significantly enhanced transition width
indicating inhomogeneous properties.

To find possible reasons for the increase of T, of up to 3 K for
particular YBCO heterostructures we performed different experimental
steps: a large increase of T. has been found in YBCO/STO bilayers
decorated with electron beam evaporated Ni nanoparticles. An analo-
gous sample using Ag instead of Ni prepared by evapoation has been
analyzed and showed equivalent results. This rules out that the ferro-
magnetism in Ni plays a role for the effect.

Replacing Ni nanoparticles by a continuous layer of Ni, also depos-
ited by electron beam evaporation, led to a significant increase of the
transition temperature as well. The morphology of the deposited metal is
not relevant for the superconducting transition temperature.

A possible effect of heating during deposition is addressed by
equivalently prepared films with additional cooling by LN2 during
deposition. Since no significant change of the results has been found
heat is ruled out as driving force for the observed effects.

Having these reasons eliminated and further analyzing the results we
are able to make several statements: The increase of T, leads to an in-
crease of J. at high temperatures whereas at low temperatures of T = 25
K only decreasing values of J. are found. This shows that there is no
general increase of pinning, at low temperatures a decrease of intrinsic
pinning is responsible for a lower J..

Intensity (a. u.)

26 (deg.)

Intensity (a. u.)
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Since the STO barrier layer prevents metal diffusion into the YBCO
layer the structural changes observed by XRD have to have another
reason. It was observed that ageing of several weeks under ambient
conditions led to a drastic degradation of the superconducting proper-
ties. The shape of the m(T) curves changing over time suggests that there
is a change in the oxygen content in YBCO film. Oxygen transfer from
YBCO to the metal is only possible if the STO barrier allows significant
oxygen diffusion at room temperature.

Since it has been observed that oxygen diffusion can be supported as
well by storage of the YBCO films in vacuum or by direct irradiation with
ultraviolet light (UV) [7] we kept an YBCO film in the evaporation
chamber during one of the other depositions. It was found that neither
UV nor high vacuum treatments contribute significantly to the observed
behavior of YBCO.

Results basically change when the metallic layer has been deposited
by ion beam sputtering. Here, the superconducting properties of YBCO
remained unchanged and the shift of T, and J. was absent. The impor-
tant difference between both deposition techniques is the kinetic energy
of the particles during deposition on top of the STO surface. For the
sputtering process this energy is large enough to create structural
damage by collisions at the surface of the STO. We consider oxygen
diffusion as major mechanism leading to a transient increase of T, and J,
of high-quality superconducting YBCO films when depositing an STO
and a metallic layer. This means that oxygen motion occurs from the
YBCO via a thin STO layer to the deposited metal. Surface damage
induced by high energy particles in the sputtering process is assumed to
inhibit the oxygen diffusion.

3. Conclusions

In summary, we found a large influence of various metallic coatings
on critical current density and critical temperature of high-temperature
superconducting YBCO thin films even when separated by a 5 nm barrier
layer of STO. Two techniques have been used for the deposition of
metals (Ni and Ag), namely electron beam evaporation with Glancing
Angle Deposition to form nanoparticles and ion beam sputtering. From
SQUID measurements it is found that the modification of the super-
conducting properties in these heterostructures might be explained by
the conditions specific to the deposition technique and not on the type of
metal, its magnetic properties (ferromagnetic or paramagnetic) or its
morphology (nanoparticles or thin films). We observed a transient in-
crease of T, and J, for films prepared with electron beam evaporation,
followed by a depression of the superconducting properties after some
ageing time. For ion beam sputtered samples no significant change has
been noticed. Evaporation might support oxygen diffusion through the
barrier STO layer leading to changes in J. and T, over time. A next step
will be the preparation of heterostructures that conserve the increase of

v T v
@® YBCO il
B Ninanopart evaporation J
[0 Nilayer sputtering

(b)

I
1200 1 (B) - (004);h

1000 (-
800

600

Fig. 5. a) XRD pattern for a YBCO film (green), YBCO/Ni nanoparticles prepared by glancing angle evaporation (brown) after 22 weeks and YBCO/Ni layer deposited
using sputtering (blue) after 17 weeks b) Magnification of the (004) peak. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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a high T, of T, = 92 K and thus high values of J. at temperatures of 77 K
and above.
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