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Abstract

The critical current density J. in YBa,Cu307_ s thin films, which limits their application in external
magnetic fields, can be enhanced by the introduction of artificial pinning centers such as non-
superconducting nanoparticles inducing additional defects and local strain in the superconducting
matrix. To understand the correlation between superconductivity, defect structures and particles, a
controlled integration of particles with adjustable properties is essential. A powerful technique for
the growth of isolated nanoparticles in the range of 10 nm is dc-magnetron sputtering in an inert
gas flow. The inert gas condensation (IGC) of particles allows for an independent control of both
the particle diameter distribution and the areal density. We report on the integration of such gas-
phase-condensed HfO, nanoparticles into pulsed laser deposited (PLD) YBa,Cu305_s thin film
multilayers with a combined PLD-IGC system. The particles and the structure of the multilayers
are analyzed by transmission electron microscopy on cross-sectional FIB lamellae. As a result of
the IGC particle implementation, randomly as well as biaxially oriented BaHfO5 precipitates are
formed in the YBa,Cu30_; thin films. With as few as three interlayers of nanoparticles, the
pinning force density is enhanced in the low-field region.
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1. Introduction

The application of YBa,Cu3;0;_5; (YBCO) based coated
conductors in motors and generators requires, among others,
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high critical current densities J. of the superconducting layer
in external magnetic fields H. As J. depends on the density
and the character of pinning defects, many studies focus on
the modification of the microstructure in order to enhance
J.(H). One way to tailor the defect landscape of a super-
conductor is the implementation of artificial pinning centers
via nanoparticles or precipitates. Although a variety of mat-
erial systems and preparation routes have been used to
introduce such particles [1 6], the correlation between parti-
cle properties, defect structure and superconducting properties
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Figure 1. PLD IGC system combining a PLD setup with a magnetron sputtering device for inert gas condensation of nanoparticles (OAR
NC200U B) in a single chamber. A system of gate valves and pumps allows for the growth of heterostructures by alternating thin film and

particle deposition.

is still not fully understood [7]. This is mainly because a
systematic, independent variation and control of the particle
properties is rather difficult to achieve by pulsed laser
deposition (PLD), metal-organic chemical vapor deposition or
chemical solution deposition (CSD), the most common
preparation methods for YBa,Cu3O7_; thin films.

A technique which allows for the preparation of isolated
particles with a predefined diameter and an independently
chosen areal density is the condensation of nanoparticles via
DC-magnetron sputtering in an inert gas atmosphere, the so-
called inert gas condensation process (IGC) [8, 9]. We already
reported that YBa,Cuz;O;_s thin films grown on substrates
decorated with IGC particles show an improved J.(H) beha-
vior [10]. The incorporation of such particles into
YBa,Cuz07_; thin films is the next step towards a systematic
study of the particle influence on the pinning properties.

The preparation of nanocomposite films containing IGC
nanoparticles, however, requires an experimental setup which
combines a deposition technique for the YBa,CuzO7_g
matrix, in our case PLD, and a magnetron sputtering device
for the particle preparation in a single chamber. Using
YBa,Cu3z07_s thin films and HfO, nanoparticles, we show
that combining these two processes is a technically feasible
way to build up superconducting heterostructures with pre-
defined IGC nanoparticles.

The experimental section of this paper gives a detailed
description of our experimental setup, the architecture of our
samples, and the preparation and analysis conditions. The
results section consists of three parts. In section 3.1, the
properties of HfO, particles grown by IGC are shown and
their chemical nature is described. This is followed by an
analysis of the structural properties of the nanocomposites in

section 3.2; and in section 3.3, the improvement of the
superconducting properties of heterostructures with IGC
nanoparticles is shown in comparison to multilayers without
particles.

2. Experimental details

2.1. Thin film and particle deposition

Superconducting heterostructures consisting of YBa,CuzO07_
layers and incomplete interlayers of HfO, nanoparticles were
prepared in our combined PLD-IGC system. This setup
consists of a magnetron sputtering device for IGC of nano-
particles attached to a PLD chamber (figure 1). The growth of
YBa,Cu307_; thin films requires an oxygen atmosphere in
the range of ~0.1 0.5 mbar, whereas the nanoparticles are
deposited below ~10 > mbar. Consequently, the hetero-
structures have to be prepared by alternating between the two
processes. A system of gate valves and pumps provides for a
fast change between the different pressures and atmospheres.
The preparation steps are described in the following
paragraphs.

The YBa,Cu3;0;_s thin films (and interlayers) were
deposited in on-axis PLD geometry on (100) SrTiO; single
crystal substrates. The material was ablated from a stoichio-
metric sintered target by means of a KrF excimer laser with a
wavelength of 248 nm operated at a repetition rate of 5 Hz.
The energy density at the target was around 1.7 Jcm 2 The
substrates were glued to a heater with conductive silver paint
and heated to 810 °C prior to deposition. This temperature
was monitored with a thermocouple in the heating plate. The



Table 1. Geometrical and superconducting properties of the samples discussed in this paper. n X m YBCO layer number x YBCO laser
pulses, L layer number, N areal density, dp diameter, and vp volume ratio of the particles.

nxm L N dp vp T. Hi(7T7K) Jp max
pm~>  nm % K T GNm™
1 x 2000 0 0 91.8 8.5 29
4 x 500 400°C 0 0 91.1 8.4 3.6
4 x 500 500°C 0 0 91.1 8.4 39
4 x 500 400°C 3 790 8 022 0913 8.2 4.7
4 x 500 500°C 3 1964 9 09 899 7.9 4.1
4 x 500 500°C 3 2046 12 250 903 74 1.9

oxygen partial pressure during deposition was adjusted to
0.4 mbar. With our chamber geometry, this results in a
YBa,Cu307_s growth rate of about 1.2 A /pulse.

A cluster gun (OAR NC200U-B) was used to prepare the
nanoparticles. In the inert gas phase condensation process, a
supersaturated metal vapor is generated from a metallic haf-
nium target by DC-magnetron sputtering. Nanoparticles
nucleate and grow in an Ar atmosphere of 0.5 mbar and are
subsequently ejected into high vacuum (10 ° mbar) via diff-
erential pumping. The mean particle size can be controlled by
varying the sputtering power, the gas pressure, and/or the gas
mixture. The areal density of the nanoparticles is adjusted by
the deposition time.

During the particle deposition, the YBa,CuzO7_; layers
are repeatedly exposed to a pressure below 10 2 mbar for
several minutes. At the YBa,CuzO;_4 deposition temperature
of 810°C, this would lead to a phase degradation of the
YBa,Cu3z07_5 [11] and a depletion of oxygen [12, 13]. To
prevent this degradation, the multilayer samples and their
respective references were cooled to 500 °C or 400 °C in
400 mbar oxygen with 20 K min ' prior to the deposition of
each particle interlayer. After each particle deposition, the
samples were heated again to 810 °C in 0.4 mbar O, prior to
the deposition of the next YBa,CuzO7_4 layer. Following the
deposition of the last YBa,Cu3O;_;s layer, the films were
cooled with 10 Kmin ' in 400 mbar O, to realize optimum
oxygen loading.

2.2. Architecture of the YBao Cuz O;_ s—HfO> nanoparticle
heterostructures

Heterostructures of four YBa,CuzO,_;s layers (each 500
pulses) and three particle interlayers (see figure 7) were grown
as described above. The particle volume content vp

3 .
=T N L (1)
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i.e. the ratio between the volume of all particles incorporated
into the heterostructure and the volume of the thin film, where
L is the number of particle interlayers and ¢ the total film
thickness, was controlled by independently varying diameter
dp and areal density N of the HfO, particles. Table 1 gives an
overview of the samples discussed in this paper. The
respective reference samples were prepared under exactly the
same conditions as the corresponding multilayers with

particles including the changes of temperature and atmos-
phere in between the deposition of the YBa,Cuz0;_; layers.
This enables us to distinguish between effects arising solely
from the stacking of the YBa,Cu307_4 layers and the addi-
tional influence of the particles.

2.3. Characterization

Morphology and size of the nanoparticles were analyzed by
transmission electron microscopy (TEM) (FEI Tecnai T20,
200 kV) using particles deposited on conventional carbon-
coated copper TEM grids. These reference samples were
deposited under the same conditions as the particles on the
substrates [10]. The distribution of the particle diameter was
determined from an ensemble of over 200 particles per
sample. For this purpose, the long and short half-axis of each
particle was measured and the volume calculated using the
shorter length as the particle height. The particle diameter was
defined by the corresponding equivolume spherical particle.
The areal density N was measured by counting the particles
on a sample area of at least 1 pm?. The electron energy loss
spectra and the high-resolution TEM images of the particles
where taken at an FEI Titan® operated at 300 kV.

The structural properties of the films were studied using
x-ray diffraction in 0-260 geometry (Co-K,) and a texture
goniometer (Cu-K,) for pole figure measurements. The thin
film topography was investigated with a scanning electron
microscope (SEM) Philips XL 20 at 20 kV. The particles in
the YBCO multilayers were imaged by TEM (FEI Tecnai
T20, 200 kV) on cross-sectional lamellae prepared in a dual
beam focused ion beam system FEI Helios Nanolab 600i.
The local element distribution was analyzed by scanning
TEM (STEM) in combination with energy dispersive x-ray
spectroscopy (EDX).

The transition temperature 7;, the transport critical cur-
rent density J;, and the corresponding pinning force F, were
determined on bridges of 50 pm width and 0.8 mm length.
These bridges were photolithographically patterned and
structured by Ar" ion etching. Electrical transport properties
were studied at 77 K in magnetic fields up to 9 T using a
standard four-probe geometry in a Quantum Design PPMS.
The critical current density J, was defined with an electrical-
field criterion of 1 pV cm ! The irreversibility field H;, has
been defined with an electrical-field criterion of 10V cm !
from R(T) measurements (Ij,e.s = 100 A, J = 800 A cm ?)
at constant magnetic fields.
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Figure 2. The particle diameter distribution (left side) and the mean particle diameter dp are regulated by the sputtering parameters, the areal
density N (right side) depends on the deposition time. The size distribution for HfO, particles follows a log normal function [14]. The

particles are isolated and randomly distributed all over the sample.
3. Results and discussion

3.1. IGC nanoparticles

Nanoparticles with a mean diameter between 3 nm and 12 nm
were grown from a hafnium target via DC magnetron sput-
tering in Ar atmosphere. The particle preparation conditions
were chosen in such a way that isolated particles of a pre-
defined diameter are distributed randomly all over the sample.
As an example, we show the analysis of TEM pictures of
several samples of HfO, nanoparticles on amorphous carbon
(figure 2). For all mean particle diameters we observe a very
narrow size distribution, which can be fitted by a log-normal
function [14]. More than 70% of the particles on each sample
are isolated and less than 7% are found in agglomerates of
three or more particles.

The calculation of the hafnium content in the hetero-
structures is based on the measurement of the particle size on
the TEM-grid references. Therefore, it is crucial to know
whether the nature of these particles is purely metallic, oxidic
or a combination of both. Although the particles were grown
from a metallic hafnium target in an inert gas atmosphere,
they can oxidize to HfO, either through residual oxygen or
after they are taken out of the deposition chamber.

For two reasons, we conclude that the particles are fully
oxygenated: first, they exhibit a uniform contrast in the TEM
pictures (figure 3(a)) without indication of a core shell struc-
ture. The oxidic nature is confirmed by lattice parameters of the

particles, which were calculated from the intensity maxima in
the Fourier transformation of the image (figure 3(a) right).
These maxima correspond to Bragg reflexes in the diffraction
image. The three inner reflexes originate from lattice planes
with a distance d > 2.94 A (1/d < 3.4 nm™!). This indicates
an oxygenation of the particle, as the biggest lattice constant in
pure hafnium in the hexagonal modification is dyg9 = 2.768 A
(1/d =3.61nm ") [15]. The reflex with 1/d =2.72 nm '
d=3.67 A) corresponds to the (110) reflex of monoclinic
HfO, [15]. The two other inner reflexes can be attributed to
HfO, (111) and (111).

A second indication for the oxidation of the particles is
given by an electron energy loss spectroscopy (EELS) line
scan over two neighboring particles (figures 3(b) (d)). The
intensity of the oxygen K-edge (energy = 532eV) is
enhanced at the site of the particles and decreases sig-
nificantly between the particles (figure 3(d)).

3.2. Structural properties of the heterostructures

The c-axis oriented growth of YBa,Cu3;07_s5 on SrTiO; is
verified by the (00/) diffraction peaks of YBa,Cu307_; in the
XRD 6-26 scan for both a (1 x 2000) thin film and the
(4 x 500) multilayers with BaHfO5; particles (figure 4).
Additionally, Y,03; and BaHfO; are identified as secondary
phases. The change of the atmosphere in the deposition
chamber for particle deposition in between the YBa,Cu3;O7_s
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Figure 3. Oxidation of a nanoparticle grown by IGC from a hafnium target: (a) high resolution TEM image of a HfO, nanoparticle. In the
Fourier transformation (right), reflexes of HfO, are clearly identified. (b) High angle annular dark field (HAADF) image of the scanning
transmission electron microscopic (STEM) analysis of two HfO, particles. (c) Electron energy loss spectra in the energy window of the
oxygen K edge on the site of a particle (blue) and in between particles (red). (d) Line scan of the oxygen K edge over two particles. The
intensity of the oxygen K edge (energy = 532 eV) is enhanced at the particles.

layers is not promoting the formation of cuprate phases other
than YBa,Cu30;_; in the films.

The incorporation of hafnium(oxide) nanoparticles in
YBa,Cu307_s leads to the formation of BaHfO; in the het-
erostructures (figure 4), similar to previous works on
YBa,Cu;0;_s/Hf quasi-multilayers [3, 16]. The amount of
BaHfO; in the samples augments with increasing HfO, par-
ticle content as indicated by the higher BaHfO3 (400) peak,
which originates from biaxially textured BaHfO; particles in
the YBa,Cu30;_s matrix. A HfO, particle volume content of
vp = 1% corresponds to a content of 4.8 mol% HfO, in the
YBa,Cu307_4 thin film. Assuming a complete reaction to
BaHfOs3, this results in 2 vol% BaHfOj5 in the YBa,CuzO7_s
multilayer.

With rising hafnium content, the Y,03; (400) peak
decreases, which suggests an influence of the hafnium particles
on the Y,0O5; formation. This strong anti-correlation between
Y,05; and BaHfOj; peaks has recently also been observed in
CSD- [18] as well as PLD-grown nanocomposites [19] and
indicates a partial incorporation of Y in BaHfOs.
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Figure 4. XRD 6 26 scans of three 4 x 500 YBa;,Cuz07_s
nanoparticle heterostructures compared to a reference YBa,Cuz;O7_s
(1 x 2000) film with a thickness of 240 nm. The HfO, particles
react with YBa,Cu307_s to BaHfO;. The intensity of the BaHfO3
(004) peak increases and the Y,03; (004) peak decreases with HfO,
particle volume content vp.
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Figure 5. Pole figures of YBa,Cuz0;_;s (102) and BaHfO3 (101) of a multilayer with a particle content of vp = 2.5 vol%. A fraction of the
BaHfOj; grows cube on cube to YBayCuz07_5(001)[100]5.m50,|(001)[100]ypco- The small additional peak in the center of the BaHfO3 pole
figure arises from YBa,Cu3;07_s (004), which overlaps with BaHfO5 (101).

A large fraction of the BaHfOj3 particles grows c-axis-
oriented with a texture relation of (001)[100]ganso,||(001)
[100]ygco as shown in the pole figures of the vp = 2.5%
sample (figure 5). This so-called cube-on-cube texture rela-
tion was also found in on- and off-axis deposited
YBa,Cu;07_s/Hf quasi-multilayers [3, 16], where the
BaHfOj particles grow on the YBCO surface directly. The
fraction of textured particles in the matrix, however, cannot
be quantified on the basis of the available diffraction data. A
rough estimate based on TEM images on cross-sectional FIB
lamellae indicates between 40% and 60% of textured parti-
cles. This is comparable to CSD-grown nanocomposites with
small densities of single perovskite nanoparticles [17] in
contrast to nearly 100% in PLD-grown films. The randomly
oriented arrival of the HfO, particles at the surface would
result in a much smaller textured fraction than observed.
Consequently, some HfO, particles reorient upon arrival and/
or during film growth and BaHfO; formation.

The individual particles react with the surrounding
YBa,Cu307_s to spherical BaHfO5; and remain in the layers
in which they were incorporated into the film. As the TEM
and STEM-EDX images (figures 6 and 7) illustrate, there is
no interlayer correlation between the particles. Figure 6 shows
TEM and corresponding diffraction patterns of the cross-
section FIB lamella of a (5 x 500) YBa,Cu;0-_s multilayer
with a particle content of vp = 0.2%. The individual particles
are identified through the Moiré contrast between the BaHfO;
and the YBa,Cu307_; lattice. The measured Moiré fringe
distance of 3.4nm is of the order of the calculated

interference between the (00/) lattices of YBa,Cuz07_s and
BaHfOs (1/Ag = dwos)yco/(1 — doosyBanifos/d0o6)YBCO) =
3.2 nm, [20]). The particles are located in the three equidistant
layers (A = 60 nm) as deposited. The diameter of the indi-
vidual particles measured from the TEM images is slightly
bigger than the initial particle size. Taking into account the
expected volume increase of 28% during the reaction of HfO,
to BaHfO; and the lack of statistics in this image, we con-
clude that the majority of the particles does not agglomerate
in the interlayer. This is different from quasi-multilayers with
PLD-grown BaHfO3 or BaZrOs particles, where round and/
or columnar nanostructures may form across several
YBa,Cu30,_; interlayers for small interlayer distances
[21, 22]. The EDX map of the hafnium distribution in a cross-
section FIB lamella of a multilayer with 2.5 vol% is an
additional confirmation that hafnium is found primarily in
between the YBa,Cu;0_; layers (figure 7).

The topography of YBa,Cu30;_s thin films with HfO,
particles deposited on the substrate or in between layers is
different from YBa,Cu30;_; thin films or multilayers without
particles. Figure 8 shows the SEM image of two
YBa,Cu307_; thin films with particles deposited only on one
half of the sample (samples not listed in table 1). The side
with particles has a higher density of large holes and a dif-
ferent hole geometry, it also appears brighter. We did not
observe pores protruding all the way down to the substrate in
TEM images. Therefore, we conclude that the pores extend
only in a small range at the surface over several few unit cells.
The reason behind this effect is most likely an influence of the



Figure 6. TEM and corresponding diffraction patterns of the cross section FIB lamella of a (5§ x 500) YBCO multilayer with a particle
content of 0.2 vol%. The particles are located in three equidistant layers (highlighted with white lines in the upper image) in which they were
deposited. The individual particles are identified through the Moiré contrast between the lattices of BaHfO3 and YBa,Cu307_s.
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Figure 7. The YBCO BaHfO3 nanocomposites are built up by 4 x 500 pulses of YBa,Cu3;07_s + 3 HfO, nanoparticle interlayers with
predefined areal density N and particle diameter dp. The cross sectional hafnium EDX map of a multilayer with 2.5 vol% shows the hatnium

being primarily located in between the YBa,Cu;0;_; layers.

particles on the nucleation and growth of YBa,Cu3;O;_;s
(trend towards stronger island growth with particle insertion).
A similar increase in pore density (however with reducing
pore diameter) has been observed in 211/YBCO quasi-mul-
tilayers on 10° vicinal substrates and was explained there by
strain effects [23]. To which extend the superconducting
properties of multilayers with particles are influenced by this
increased porosity cannot be clarified, as the effect is not
separable from the particle influence itself. The increased

porosity might, e.g., lead to a faster oxygenation in multi-
layers with particles.

3.3. Superconducting properties of the heterostructures

The influence of the multilayer growth and the BaHfO; par-
ticles on the electrical properties of YBa,CuzO7_s thin films
is discussed on the basis of the pinning force density fp versus
the reduced magnetic field & = H/H;, in figure 9. The
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YBa,;Cu30;_; thin films without particles.

respective critical temperatures and irreversibility field values
are given in table 1.

The 4 x 500 multilayers without particles have a higher
fp than the 1 x 2000 reference thin film, in spite of their
lower T.. This indicates that the special growth conditions for
PLD-IGC heterostructures described in section 2.1 (i.e.
repeated atmospheric changes as well as heating and cooling
cycles during the multilayer growth) influence the micro-
structure and thereby the electrical properties of the multi-
layers. As a consequence, the influence of the particles or
individual particle properties on the structural and electrical

properties of YBa,Cu3;07_; can only be assessed correctly in
comparison to a particle-free multilayer with the same growth
profile. The multilayers with particles show different fp curves
compared to the reference multilayers without particles. In the
two multilayers with a particle volume content vp < 1% and
comparable particle diameters (dp =8 and 9nm) fp is
increased, whereas fp of the multilayers with vp = 2.5%
(dp = 12 nm) is considerably reduced. The largest maximum
of the pinning force density fpmax of 4.8 GN'm * at 77 K is
observed in the multilayer with the smallest number of par-
ticles per layer (N = 790 um ?). Hence, an increase in the
particle density does not necessarily lead to an effective
enhancement of the pinning force density in our films. This
could be a consequence of the corresponding increase in
particle volume content vp as well as areal density N. A high
particle volume content or rather a high surface coverage with
particles Ap = N - dp can lead to an increased defect density
and local disturbances of the epitaxy between the
YBa,Cu;07_; interlayers, which reduces the superconducting
cross-section. This can be illustrated by a simple example: for
an areal density of N = 2050 particlespm 2, the average
distance between two particle centers is around 24 nm. In
combination with a particle diameter of dp > 12nm, the
distance between two particles is of the order of the particle
diameter, the surface coverage Ap ~ 25% and a disturbed
growth of the YBCO matrix likely. Furthermore, the forma-
tion of unfavorably large pores, acting as current blockers,
might be enhanced for larger areal particle densities, similar to
larger Y,O3 precipitates [25].

Samples with and without BaHfOj5 particles show a similar
anisotropy of J. with respect to magnetic field orientation.
Figure 10 compares the angular dependence of J. of the multi-
layer with the highest fpn.x = 4.8 GN'm 3 (vp = 0.22%) and its
reference multilayer without particles at 77 K for two magnetic
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Figure 10. J, anisotropy of a multilayer with HfO, particles

(vp = 0.22 vol%) compared to the reference YBa,CuzO7_s multi
layer without particles at 77 K for two magnetic fields. J; is enhanced
by the nanoparticles in a wide angular range around H||c.

fields. Both thin films show the usual J, maximum for H|ab
(0 =90°). This J. maximum at H|ab results from two con-
tributions. A broad maximum governed by the mass anisotropy
of YBa,Cu307_s and randomly distributed isotropic defects, and
a sharper maximum due to pinning on extended planar defects
[24]. A similar ab-peak height in both films points to a com-
parable density of planar defects such as stacking faults. The
addition of nanoparticles leads predominantly to an increase in J;
in a wide angular range around H||c. The enhancement of J; is
very similar to CSD-grown films with in-situ BaZrO3 [26] and
BaHfO; [18] as well as preformed BaZrO5 [27] nanoparticles.
This is due to the large distances between the particles, the
absence of c-axis correlations between them or even the forma-
tion of nanocolumns and the similar fraction of randomly
oriented nanoparticles. Although this increase of J; is moderate, it
was obtained with only three interlayers of nanoparticles and may
be further enhanced by increasing the number of particle inter-
layers, i.e. reducing the interlayer distance.

4. Conclusion

Superconducting heterostructures of predefined IGC nano-
particles and thin film multilayers were grown in a novel
PLD-IGC system. This highly flexible technique allows for a
unique control of the particle properties such as material, areal
density, and diameter of the particles as well as the number of
interlayers independently of each other. The special growth
conditions for PLD-IGC heterostructures (repeated atmo-
spheric changes as well as heating and cooling cycles during
the multilayer growth) influence the microstructure and
therewith the electrical properties of the multilayer. Therefore,
the influence of the particles on the structural and electrical
properties of YBa,Cu307_4 has to be assessed in comparison
to a particle-free multilayer with the same growth profile. The
example of HfO, nanoparticle interlayers in YBa,CuzO7_s
thin films shows that cube-on-cube-textured as well as ran-
domly oriented BaHfO; precipitates are formed in the

YBa,Cu307_;s thin films as a result of the IGC particle
implementation. With as few as three interlayers of nano-
particles, the pinning force density could be enhanced in
fields around 1 T in a wide angular range around H]||c.
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