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1 Institute of Solid State Physics, Friedrich-Schiller University Jena
Helmholtzweg 5, D-07743 Jena, Germany
2 Max-Planck-Institute for Intelligent Systems Heisenbergstrasse 3,
D-70569 Stuttgart, Germany
3 Aalen University Beethovenstrasse 1, D-73430 Aalen, Germany
E-mail: christian.katzer@uni-jena.de

New Journal of Physics 15 (2013) 113029 (12pp)
Received 2 April 2013
Published 13 November 2013
Online at http://www.njp.org/
doi:10.1088/1367-2630/15/11/113029

Abstract. One of the major drawbacks for applications of high-temperature
superconducting films is that magnetic flux is not completely expelled but
penetrates the film in the form of flux vortices. Any motion of these vortices
is accompanied by magnetic noise and prevents larger supercurrents. Thus, an
effective pinning of flux vortices is a prerequisite for applications based on
thin films of high-temperature superconductors such as coated conductors or
magnetic sensor devices. However, particular superconducting structures such
as tunnel barriers or flux guides suffer from increased pinning forces. We report
that adding thin gold layers to the production process of epitaxial films of
the high-temperature superconductor YBa2Cu3O7−δ allows the fabrication of
superconducting films with spatially varying flux pinning properties. This paves
the way for an easy realization of custom tailored current carrying capabilities in
arbitrary patterns. Critical current densities of already strong pinning films can
be locally enhanced up to 150% to prepare a material of choice at a position
of choice for the realization of high-quality electronic devices with improved
performance.
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1. Introduction

The concept of an artificially increased pinning landscape in thin films of high-temperature
(High-Tc) superconductors is highly attractive for many applications. Often the most crucial
property for reasonable operation of superconducting films is the efficient suppression of flux
line motion to avoid unwanted dissipation and magnetic noise. However, using high-temperature
superconductors in more complex electronic applications such as magnetic sensor devices
or logic elements for quantum computing usually requires an implementation of Josephson
junctions or weak links [1, 2]. For a properly working Josephson junction, however, the values
of the critical current Ic must not be too high [3, 4]. In this case an increase of the critical
current density by artificial pinning centres (APCs) is non-desirable. These border conditions
directly require a technique of spatially resolved custom tailoring of the flux pinning landscape
if a significant improvement of the properties of such devices is to be addressed.

If one cannot avoid vortex penetration into the superconductor in the first place [5], one can
suppress vortex motion through pinning the flux lines at inherent or artificial pinning centres.
Several efficient techniques are currently known to introduce such artificial pinning centres into
thin films of optimally doped high-temperature superconducting YBa2Cu3O7−δ (YBCO) [6–20].

A very effective way to enhance the vortex pinning performance is the inclusion of barium
zirconate (BZO) nanoparticles which can substantially increase the critical current density
in a wide region of temperatures and magnetic fields [21–24]. Recently it has been shown
that the origin of this effect is local strain formation creating an additional isotropic pinning
force density [25]. However, the existing BZO technology only allows a complete, area-
wide modification of superconducting films. Although it could be shown that a sophisticated
treatment of YBCO films by heavy-ion irradiation can generate artificial structures of controlled
critical current density distributions [26], this method unfortunately only allows shifting critical
currents towards lower values. More promising results could be achieved by prepatterning
the substrates. Here, an ion implantation into the substrate before film growth can lead to
films with modified microstructure, exhibiting slightly enhanced critical current density values.
However, although the experimental effort is enormous, the achieved current increase is rather
limited [27–29]. In this paper we show that it is possible to use a dewetting process of
thin gold layers for the controlled inclusion of gold nanoparticles into thin epitaxial YBCO
films. This can in particular be done under geometric constraints on a (sub-) micrometre
scale. A spatially resolved modification of the superconducting film can tailor local pinning
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properties to control the local motion of magnetic vortices and thus the local critical current
density. Being able to control local properties allows one to take care of different functional
requirements in different areas of an individual superconducting film. This means, for example,
a thin film superconducting quantum interference device (SQUID) gradiometer structure can
be manufactured where strong pinning in the antenna structures can be combined with grain
boundary Josephson junctions with lower critical currents. The combination of both engineering
steps would lead to a significant increase in the signal to noise ratio of the device [20].

2. Results and discussion

2.1. Sample preparation and patterning

Laser-assisted deposition techniques like pulsed laser deposition (PLD) offer the possibility
of growing epitaxial thin films of a high crystalline quality whilst ensuring the right film
stoichiometry. Furthermore, PLD allows growing thin films in an oxygen atmosphere, thus
being suitable to fabricate YBCO thin films with optimized oxygen context. Here we will
consider YBCO as the superconducting material of choice because of its low anisotropy
compared to other high-Tc materials [30]. Prior to the YBCO deposition we coated our polished
SrTiO3 (100) single crystal substrates with a thin gold layer (tAu ≈ 3 nm), also using PLD
in a vacuum (p0 < 4 × 10−4 Pa). The coated substrates were then heated to 780 ◦C, which
was found to be the best temperature to grow YBCO films exhibiting good superconducting
properties such as high critical temperature and critical current density, together with a high
crystalline quality. To guarantee the optimum oxygen stoichiometry the deposition of 50 nm
YBCO was carried out in an oxygen atmosphere of pO2 = 50 Pa. Using a KrF excimer laser
operating at a wavelength of 248 nm and a pulse duration of 25 ns the deposition rate was
found to be 20 nm min−1 at a laser fluence of 2.2 J cm−2. The laser repetition rate was set
to 5 Hz. Subsequently, the resulting thin films were cooled to room temperature using a
cooling rate of 50 K min−1 in an oxygen atmosphere of 80 kPa to induce the orthorhombic
phase.

Due to the high temperatures during YBCO thin film deposition one can observe a
dewetting of the Au layer and the formation of crystalline Au nanoparticles within the
growing YBCO matrix. In this way the growth conditions of the YBCO thin film are
modified [31]. Owing to their distribution over the whole YBCO layer the Au nanocrystals
create inhomogeneous strain at the nanoscale which efficiently creates an additional pinning
force density and thus increases the YBCO critical current density [25]. At the same time this
reduces the flux noise of superconducting devices as we reported elsewhere [20]. Furthermore,
the Au nanoparticles also affect the behaviour of grain boundary junctions i.e. decreasing the
junctions’ critical current density as we could show elsewhere [32]. However, this might be
unwanted in those antenna regions of planar galvanically coupled SQUID gradiometers [33]
which are crossed by the grain boundary due to a reduced carrying capability of screening
currents. Hence, one needs a patterning of the Au seed layer to restrict the Au nanoparticles to
well-defined areas.

The patterning of the gold film can be easily achieved by a lithographic process. In our
experiments this was done using photolithography. The cleaned substrates were coated with the
photoresist AZ5214E from Microchemicals GmbH (Ulm, Germany) using spin coating. The
photoresist was patterned using a photomask and a Quintel q-2001c mask aligner. The structure
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Figure 1. SEM micrograph of the surface of a thin film of YBCO grown on
a partly Au covered substrate. The Au seed layer was patterned into small
stripes to restrict the Au nanoparticles to only well separated areas. (a) Vertically
oriented stripes are seen, identifying those parts containing gold (brighter areas).
(b) Backscattered electron image of the border line between two stripes in a
higher magnification. The circular white structures on the left side are the gold
nanoparticles, which can easily be identified using material contrast. Note that
the border line appears to be sub-micron sharp. (c) Secondary electron image of
the same area. Interestingly, outgrowths of secondary YBCO phases can only be
found in the areas containing no Au particles (right side of panel c).

then was developed in 726MIF (Microchemicals). After the subsequent deposition of the Au
seed layer the remaining photoresist was stripped of using acetone. The acetone was removed
by rinsing with isopropyl alcohol and the patterned Au layer was overgrown by YBCO as stated
above.

2.2. SEM and white-light interferometry results

Figure 1 depicts a micrograph of the surface of the YBCO film in two different magnifications
obtained by scanning electron microscopy. In panel (a) a vertically oriented stripe-like structure
can be seen. The brighter stripes refer to parts where Au is incorporated into the YBCO film. In
this case 20 µm wide structures had been prepared. Panel (b) depicts an area at the borderline of
two stripes with a higher magnification. White, circular-shaped structures which represent the
incorporated Au nanoparticles are visible. We find that the distribution of these nanoparticles
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Figure 2. Left: three-dimensional representation of the surface topography
obtained by white-light interferometry. Right: sketch allowing an identification
of those thin film parts where Au nanoparticles were embedded. Interestingly,
these areas appear to be 0.6 nm thinner than the pristine areas. Note that a sharp
border line between the two different areas is found which is in good agreement
with the SEM images.

is limited to the left part of the image which can easily be seen due to the material specific
contrast of backscattered electrons in this image. It is important to note that a (sub-micrometre)
sharp borderline is found which separates the two regions. These sharp boundaries between
both areas are typical and we did not note any lateral diffusion of Au particles to areas of
non-modified YBCO. Thus, the only limitations of micro structuring our samples with Au
particles were set by our lithographic process. Panel (c) depicts the same area as panel (b)
but utilizing the topographic contrast of secondary electron imaging. It is noteworthy that some
outgrowth of secondary phases can be found in those areas containing no Au particles, which
is typical for YBCO thin films (see the right side of panel (c)). Interestingly, it seems that the
distribution density of those precipitates can be reduced by incorporating Au particles, since
fewer precipitates can be found in areas containing gold. This could be due to a relaxation of
macroscopic strains within the film at the Au particles. This would prevent the formation of
defects such as dislocations which are known to contribute to the formation of precipitates in
YBCO thin films [34]. The fact that the distribution density of precipitates is reduced in the Au
modified areas leads to the conclusion that an enhanced pinning of flux vortices is not caused
by additional outgrowths and extended defects but by the additional inhomogeneous strain at
the nanoscale, creating an additional pinning force density induced by Au nanoparticles [25].

Figure 2 (left) depicts a three-dimensional representation of the surface topography which
has been obtained by white-light interferometry. The section displays an area of 800 × 800 µm2

of a partly modified YBCO film. The sketch nearby (figure 2 right) allows an easy identification
of the thin film parts where gold nanoparticles are embedded. A quantitative analysis leads to
the fact that the areas with Au particles are about 0.6 nm thinner than the areas without. This is
quite interesting since the initial Au seed layer thickness had been 3 nm. Hence, it seems that
the YBCO density has been altered. On the one hand one could assume this to be due to an
incorporation of gold atoms into the YBCO crystal structure. This could be likely because the
gold nanoparticles are not only located at the top of the YBCO film as can be seen in figure 1
but also within the YBCO layer itself, i.e. they efficiently distribute over the whole YBCO layer.
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Figure 3. TEM images of crystalline Au nanoparticles: (a) on top of the YBCO
layer, (b) at the SrTiO3/YBCO interface and (c) within the YBCO thin film.
Reproduced with permission from [20].

This can especially be seen in figure 3 where nanoparticles can be found at the
substrate/YBCO interface, on top of the YBCO thin film and also within the YBCO layer
itself [20]. Thereby it is noteworthy that the surface of the Au nanoparticles often seems to be
faceted, indicating a high crystalline order. Furthermore, it has been shown that Au has a certain
solubility in YBCO so one could expect an efficient incorporation of gold atoms [35]. However,
an incorporation of gold atoms should lead to an enhancement of the c-axis rather than to a
thickness reduction as observed by the authors [36]. Furthermore, Rutherford backscattering
spectrometry measurements proved that no gold atoms can be found at interstitial places.

On the other hand, our findings could be explained by a variation of the oxygen content
7–δ which determines the length of the YBCO c-axis [37]. However, a thickness reduction of
0.6 nm at a YBCO film thickness of 50 nm could only be explained by an extreme variation of
the oxygen content from about 6.2 in the non-modified areas to about 6.95 in the area with Au
nanoparticles. This would have a severe influence on the superconducting properties such as the
critical temperature. Since we did not observe any variation of the critical temperature we do
not expect the oxygen content to have caused the observed height variations.

Instead we propose that our findings could be explained by a change in the growth
conditions induced by the Au particles. This is also indicated by figure 1 since the surface
morphology has been changed in the Au modified areas. Furthermore, x-ray diffraction
investigations showed a distinct reduction of macroscopic strain in Au modified regions. If
one assumes a reduced number of defects such as dislocations one could also expect the YBCO
film thickness to decrease. A more detailed analysis of this question, including high resolution
transmission electron microscopy measurements will be part of our future work.

2.3. Magneto-optical results

To show that the incorporation of gold nanoparticles into the YBCO films results in an enhanced
critical current density we used spatially resolved magneto-optical measurements. A local and
quantitative map of the critical current density across the superconducting thin film can be
obtained by magneto-optical microscopy. The setup contains a polarization microscope with
a high sensitive CMOS camera and a continuous LHe flow cryostat. On the cooling finger the
sample is covered by a Faraday active iron garnet film with a mirror underneath. When the
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Figure 4. Magneto-optical images obtained at T = 10 K: (a) three dimensional
colour scale representation of the critical current distribution in an YBCO thin
film which was partly modified by embedding Au nanoparticles. (b) Same area as
a top view. The critical current density distribution exactly matches the structure
pattern of the Au nanoparticles whereby the Au modified areas are characterized
by an enhanced critical current density. The dark lines in figure 4(b) are the
discontinuity lines where the critical current is bending [39].

iron garnet film is illuminated with linear polarized light, the polarization axis of the light is
rotated as a function of the local magnetic field. The degree of rotation is measured by an
analyser rotated 90◦ towards the polarizer. The obtained intensity of the reflected light can be
converted into the flux density by a calibration measurement above the critical temperature of
the superconductor. A numerical inversion scheme of Biot–Savarts law then provides the local
and quantitative map of the critical current density [38].

Figure 4(a) depicts a three dimensional colour scale representation of the critical current
distribution in an YBCO thin film in which Au particles were embedded in a distinct pattern.
The same part of the sample is shown in figure 4(b) as a top view. The image was obtained
in the remnant state: after zero field cooling to T = 10 K an external magnetic field of µ0 H =

200 mT was applied and subsequently removed. As can be seen by comparing the image to
the sketch in figure 2, the critical current density distribution exactly matches the structure
pattern of the Au nanoparticles. The areas modified with Au are characterized by a higher
current density than the areas without Au nanoparticles. At T = 10 K the current density can be
increased from 4.0 × 1011 to 6.0 × 1011 A m−2 by embedding Au nanoparticles. The dark lines
in figure 4(b)—also seen as gaps in figure 4(a)—are the discontinuity lines where the critical
current is bending [39]. The fact that the critical current density exhibits a finite jump when
entering the gold modified regions leads to a number of additional discontinuity lines inside
the high current density regions [38]. Under closer inspection of figure 4(b) this additional
discontinuity lines can be seen as dark lines in the centre region of panel (b). The geometry of
these additional lines is a model independent proof for the enhancement of jc.

Not only can the modulus of the critical current density be obtained locally from
quantitative magneto-optical imaging, but also the hindering of flux line motion can be seen
directly when performing magneto-optical imaging in an increasing applied field. The results
are depicted in figure 5 where the magnetic flux density inside the partially modified film can
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Figure 5. Magneto-optical images of the flux density distribution at T = 10 K
after zero field cooling in increasing external magnetic field: (a) 8 mT, (b) 12 mT,
(c) 16 mT and (d) 32 mT. The rectangular-shaped regions in the centre of the
image refer to the parts with nanoparticles.

be seen when gradually increasing the external magnetic field. Bright parts refer to a high local
flux density, black parts correspond to B = 0.

In all four panels of figure 5 those parts of the YBCO thin film containing Au nanoparticles
are located in the centre of the image as sketched in (a). The spatial distribution of the flux
density in increasing applied field shows that flux penetration is hindered at the border to these
parts. Penetration within the Au modified parts takes place at higher external fields than in the
pristine parts. At the border, where the flux motion is hindered the flux density increases which
can be seen as brighter lines in the images.

In summary, the magneto-optical images of the flux density show a hindering of the
flux line motion in the Au modified areas. The critical current density in the remnant state is
enhanced in the same areas. Since flux density motion and critical current density are mutually
dependent these two phenomena have the same reason: an enhanced pinning in these areas.
Owing to the fact that the Au modified areas do not show an additional formation of precipitates,
one can expect that an enhanced critical current density in the Au modified areas can only result
from an additional pinning of flux lines induced by the Au nanoparticles.
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Figure 6. Normalized temperature dependence of the local critical current
density obtained by transport measurements as well as by magneto-optical
measurements. Both methods allow measuring of the two different areas
separately. Note that the curve progression remains the same with and without
the Au nanoparticles.

2.4. Temperature dependence of the critical current density

We now want to address the question of the origin of this additional pinning. Two scenarios
are possible: firstly, vortices can be directly pinned at the gold nanoparticles. Secondly, the
presence of the nanoparticles can induce a structural change of the superconductor during
growth which then leads to an ‘improved YBCO’ as described before for the case of BZO
doped YBCO [25]. Our method of distinguishing between the two possible mechanisms is to
look at the temperature dependence of the local critical current density, which can be regarded
as a fingerprint of different pinning scenarios [29].

In our case, the investigations have to be performed locally to avoid an averaging of
modified and pristine areas. The relevant data obtained from film parts with and without
nanoparticles, respectively, is again provided by magneto-optical measurements. In order to give
an additional proof for the high accuracy of the method used, additional transport measurements
have been performed on different samples. All results are presented in figure 6.

As can be seen, the temperature dependence obtained from transport measurements and
magneto-optical imaging reveals the same curve progression for both the pristine YBCO and
the Au modified YBCO. The difference in the absolute values measured with both methods
can be explained by the fact that different samples were measured. In doing so, all of the
samples investigated showed an enhancement of the critical current density in the Au modified
areas. A possible correlation between the current density enhancement and the initial Au seed
layer thickness, and thus cluster size and distribution, will be part of our future research. All
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data obtained proved that the temperature dependence of the critical current density remains
unchanged when Au particles were embedded. Since the shape of the temperature dependence
is a direct indication of the pinning scenario, it can be concluded that flux pinning at individual
Au nanoparticles only plays a minor role. Otherwise, the shape of the jc(T ) curves would
change more significantly [29]. By considering the volume of the initial Au seed layer and
assuming no desorption of Au atoms during the heating process (which is rather conservative)
one calculates the gold volume to be below 6% of the final film’s volume. Although also this
volume can be accounted for by a pinning of flux vortices, the contribution appears to be rather
small. Interestingly, it can be noted that both jc(T ) curves show an almost linear temperature
dependence. This indicates that there is nearly no suppression of the current flow by low-angle
grain boundaries which would lead to a much more pronounced drop of jc with increasing
temperature [27, 29]. Since this behaviour is not only found in the Au modified but also in the
pristine areas of the YBCO thin film, we suggest that our growth conditions during the PLD
process reduce the number of low-angle grain boundaries. In conclusion, by considering the
jc(T ) curves, we can state that the presence of Au nanoparticles mainly increases the pinning
force density which is already generated by the YBCO structure itself. This clearly supports the
model that the inclusion of nanoparticles as APCs in YBCO reaches its goal via a modification
of the YBCO structure. The contribution of direct pinning at the nanoparticles themselves is
rather small.

Since a strain distribution has to be inhomogeneous on very short length scales for
an effective pinning we can now conclude that the spatially controlled inclusion of Au
nanoparticles into YBCO films can be realized with high accuracy. The limiting factor of the
spatial resolution of our artificial pinning landscapes is given by the lithography process that
is used to pattern the very thin gold layers. In our case this would be of the order of one
micrometre, a possible electron beam lithography process would probably be able to enhance
this performance to even smaller structures.

3. Conclusions

We have generated controlled flux pinning patterns in strong pinning YBCO thin films by
spatially resolved inclusion of Au nanoparticles. Thereby we managed to enhance the critical
current density from 4.0 × 1011 to 6.0 × 1011 A m−2 at T = 10 K in the gold modified areas.
Comparing the temperature dependence of the critical current density we showed that pinning is
realized by a gold induced modification of the YBCO structure and not by an additional pinning
at individual gold particles. This allows the production of smart YBCO films with tailored
patterns of the critical current density. Arbitrary flux pinning structures can be generated in thin
YBCO films that can be used as ideal templates for the production of advanced superconducting
structures such as magnetic sensors or electronic devices.
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