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Abstract. One of successful methods of introducing artificial pinning centres in
superconducting films is by alternating layers of superconducting material and
incomplete layers (planar distributions of nanodots) of other materials (quasi-
superlattice or quasi-multilayer approach). Most of the work on artificial pinning
centres has been done on thin YBa,CuzO, (YBCO) films and a large variety of quasi-
multilayer materials have been explored. It is still difficult to justify the choice of a
quasi-multilayer material for particular superconducting applications. One of the
properties to be taken into account is compatibility of the crystal lattice of YBCO and
the quasi-superlattice material. Here we compare the superconducting behaviour of
two very different quasi-multilayers: one with very similar crystal lattices of nanodots
and YBCO: PrBa,Cuz;O, (PBCO)/YBCO, and another one with very different,
Ag/YBCO. We found that the difference between crystal lattices strongly affects
superconducting properties of quasi-multilayers and leads to different types of pinning
in the films.

1. Introduction
There is an extensive literature on artificial pinning in YBa,CusO, (YBCO) films. A few methods
proved to be effective in increasing critical current density (J.) in the films, at least for some materials
and conditions of deposition. Among these methods are substrate decoration [1], quasi-multilayer
approach [2] and distribution of secondary phase from a composite target [3]. Many materials have
been used to introduce artificial pinning centres, for example, Y,BaCuOs [2], Y,0s [4, 5], yttrium
stabilized zirconium (YSZ) [6], BaTMO; (TM = transition metal = Ir, Ti, Zr, Hf) [7], transition metals
[8], Ag, Au, Pd and non-superconducting YBCO [9, 10]. Most of these materials were identified by
trial and error approach and conditions of their use for particular applications are far from clear.

It is known that pure YBCO films grown by pulsed laser deposition (PLD) have a maximum in the
Je versus thickness (d) dependence at dn.x between 50 and 400 nm, depending on the growth
conditions [11]. For d>dya, J. Strongly decreases with d. Most of the work is done world-wide on the
films of the thickness close to d..«. There are, however a few exceptions, among them the work of ref.
[12] and references therein. The research on thick films is especially important for applications.

Here we analyse how the difference in crystal lattices of YBCO and the quasi-multilayer material
affects critical current in thick films following the example of two quasi-multilayers with similar
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(PrBa,Cus;0, (PBCO)/YBCO) and very different (Ag/YBCO) crystal lattices. YBCO and PBCO have
a perovskite orthorhombic structure with close lattice parameters. The lattice parameters of YBCO are
a =0.38178 nm, b = 0.38839 nm and ¢ = 1.16828 nm [13], while, for example, lattice parameters of
superconducting PBCO are a = 0.3875 nm, b = 0.3938 nm and ¢ = 1.1808 nm [14]. In contrast, Ag
forms a simple face-centred cubic crystal lattice with crystal lattice parameter of 0.409 nm [15]. The
quasi-multilayers under investigation are of a similar thickness and their properties are compared with
a pure YBCO film of the same thickness of about 3 um. The results show that differences in crystal
lattices have strong implication on the character of pinning and affect the critical current (lc) per
centimetre of width, an important technological superconducting parameter of the films.

We have recently studied the increase in J. in Ag/YBCO multilayers [9] of different architecture
and found that Ag/YBCO multilayer composed of two 1.5-um layers of YBCO with 15 laser pulses of
Ag in-between, gives the highest J. in a wide range of magnetic fields. Similar to that, PBCO/YBCO
multilayer [16] with three 0.9-um layers of YBCO separated by 2.4 nm of PBCO also gives the
highest J, albeit in high fields above 2.5 T only. Our choice of thickness of about 3 um is based on the
experiments above.

2. Experiment

Ag and PBCO nano-dots and YBCO layers were grown on (100) SrTiOz (STO) substrates using an
excimer KrF 248 nm laser with pulse duration of 30 ns, repetition rate of 4 Hz, laser energy density of
1.2 Jlcm?, laser energy inside the PLD chamber of about 130 mJ, and target-substrate distance of 5.5
cm, the laser having a scanning beam. In the scanning mode, the target material is gradually consumed
without a need for frequent polishing of the target. This makes this technique potentially suitable for
large-scale production of superconducting coated conductors.

The PBCO quasi-multilayer was composed of three PBCO quasi-layers (15 laser pulses each) and
three layers of YBCO of the thickness of about 900 nm. All layers were grown at 781 °C in 50 Pa
oxygen partial pressure. The total thickness of the sample was 2.7 um. In Ag/YBCO quasi-multilayer,
two quasi-layers of Ag were grown at 450 °C by 15 laser pulses in vacuum of 6x10° Pa and two layers
of YBCO, each 1500 nm thick, were grown at the same conditions as YBCO in the first sample. The
total thickness of Ag/YBCO quasi-multilayer was 3.0 um. After the deposition, films were cooled to
room temperature in a partial oxygen atmosphere of 6x10* Pa at a rate of 8 °C/min. A pure YBCO
reference film having a thickness of 2.9 um was grown at the same conditions as YBCO in quasi-
multilayers. The thickness was measured by a cross-sectional optical and electron microscopy.

We investigated the surface topography of the nanodots on the substrate by atomic force
microscopy (AFM) using high resolution AFM probes with diameter of curvature of 1-10 nm. The
AFM images were analysed by WSxM 5.0 software [17]. Critical current density of the films was
determined from DC magnetization loops measured on a Quantum Design Magnetic Properties
Measurement System MPMS-XL, in DC field poH up to 4 T. To investigate anisotropy in the films,
we have performed angle-dependent transport measurements on a 550 um long and 45 um wide
micro-bridges that were produced by photolithography and chemical etching. Scanning and
transmission electron microscopy (SEM, TEM) and energy dispersive x-ray analysis (EDX) were used
to analyse element content, micro and nano structure of the samples.

3. Results and discussion

Figures 1 and 2 show AFM images of Ag and PBCO quasi-layers, respectively, deposited on STO
single crystal substrates and grown at the temperature of 450 °C in vacuum with 15 laser pulses. It can
be seen that the two quasi-layer architectures are quite different. Ag nanodots are distributed rather
uniformly, with average diameter of about 11 nm, average height of 3 nm (figure 1) and some empty
spaces between them. The PBCO nanodots (figure 2) cover the substrate almost entirely. Their
diameter varies from a few nm up to 20-30 nm. The height of PBCO nanodots also strongly varies
with an average value of 2.65 nm.
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Critical current density J. was calculated for these films from the DC magnetization loops using the
equation:

Jo=— M 1)

Cathda- )
( 3b)

6.85 nm 6.36 nm

0.00 nm
0.00 nm

Figure 1. AFM image of Ag nanodots on STO Figure 2. AFM image of PBCO nanodots on
substrate deposited at temperature of 450 °C in STO substrate deposited at temperature of 450
vacuum with 15 laser pulses. °C in vacuum with 15 laser pulses.

which is derived in Sl units from a critical state model applied to thin films. In Eq. (1), m is the
irreversible magnetic moment, or the half-width of the magnetisation loop, a and b (a < b) are the
planar dimensions of the film, and d is the thickness. The equation (1) is not applicable below a
characteristic magnetic field H. [18], which is a function of J. in our films at 77.3 K wH. does not
exceed 0.1 T. In magnetic field below H., J. was determined by an exponential approximation from J,
at higher fields.

Because of the decrease of J. with thickness above dn., Ic in thick (few micrometers) YBCO
samples is not very high. By using artificial pinning centres, we have achieved a shift of dp,y toward a
larger thickness [9]. The effect of such a shift is an increase in both J. and I, as is seen in figures 3 and
4.

Figure 3 shows field dependence of J; at 77.3 K for Ag/YBCO and PBCO/YBCO quasi-multilayers
in comparison with J. of a pure YBCO film. It can be seen that J. of Ag/YBCO quasi-multilayer is
higher than J. of the pure YBCO film at all fields in spite of the thickness of the latter being slightly
smaller than the thickness of quasi-multilayer. The comparison is acceptable here because generally J.
decreases with film thickness. In PBCO/YBCO quasi-multilayer, the increase in J. occurs in field
above 2.5 T only. Figure 4 shows I, for all samples as in Fig. 3. It can be seen that similar to J, I (the
actual important parameter) in Ag/YBCO is higher than I in pure YBCO at all fields. In self-field, I,
of Ag/YBCO quasi-multilayer is about 1100 A/cm, almost 3 times higher than I; of the pure YBCO
film.

The nature of pinning centres created by Ag and PBCO quasi-layers can be clarified by scaling the
angle dependence of critical current density J.(6,H). One of the approaches uses direct Blatter’s et al.
scaling related to the effective mass of charge carriers [19]. It was first applied to coated conductors by
Civale et al. [20]. In this approach, the correlated and uncorrelated pinning centres can be identified
from a plot of J, versus effective magnetic field Het = &(6)H, where &(6)= cos’6+y %sin’0, v is the

Page 3 of 7



IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM (ESNF), No. 11, January 2010

anisotropy factor and & is the angle between the magnetic field and c-axis of YBCO. Figure 5 and 7
show typical J.(6H) curves at 77.3 K for different fields from 3 to 6 T in Ag/YBCO and
PBCO/YBCO quasi-multilayers, respectively. When the magnetic field is applied in the direction
close to the c-axis, a weak peak is observed in J.(6) in both quasi-multilayers. This peak is attributed
to correlated extended defects created by Ag and PBCO nanodots.
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Figure 3. J¢(H) dependence in Ag/YBCO
quasi-multilayer with the total thickness of 3
um, PBCO/YBCO quasi-multilayer of the
thickness of 2.7 um and reference pure 2.9-um
YBCO film. The legend indicating samples is
shown in the plot.
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Figure 5. Angular dependence of critical current
density in Ag/YBCO quasi-multilayer at different
magnetic fields from 3 to 6 T at temperature of
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Figure 4. Total critical current per centimetre of
width as function of magnetic field I,(H) for the
same samples as in Fig 3.
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Figure 6. Best scaling of J.(¢, H) at 77.3K
assuming y = 3.5 in Ag/YBCO multilayer. Inset:
total value of J(6) at 77.3 K and 4 T (blue
points) and the uncorrelated defects contribution
(red line).
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Figures 6 and 8 show the effective field scaling for Ag/YBCO (Fig 6) and PBCO/YBCO (Fig 8)
quasi-multilayers at 77.3 K. The best scaling was achieved with y = 3.5 for Ag/'YBCO and a smaller y
= 2.5 for PBCO/YBCO. The anisotropy in quasi-multilayers is quite low comparable with y ~ 5-7
obtained in standard TFA-YBCO films [21]. The correlated defects contribution can be determined
from the plots such as those in insets of figures 6 and 8. In Ag/YBCO, a very weak contribution is
detected for H // ¢ (® = 180°) and it is even smaller in PBCO/YBCO, whereas a strong correlated
contribution is seen for H// ab in PBCO/YBCO.
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Figure 7. Angular dependence of critical current Figure 8. Best scaling of J.(6, H) at 77.3K

density in PBCO/YBCO quasi-multilayer at different assuming y = 2.5 in PBCO/YBCO quasi-

magnetic fields from 1 to 6 T at temperature of 77.3 multilayer. Inset: total value of J.(6) at 77.3 K

K and 3 T (black points) and the uncorrelated
defects contribution (red line).
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Figure 9. TEM image of Ag/YBCO quasi- Figure 10. TEM image of PBCO/YBCO quasi-
multilayer taken at the interface with STO multilayer taken at the interface with STO.
substrate.
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The nanostructure of quasi-multilayers has been investigated in the vicinity of the interface with the
STO substrate by TEM. The corresponding images for Ag/'YBCO and PBCO/YBCO are shown in
figures 9 and 10. The cross-sectional TEM images were obtained using bright-field conditions and are
viewed along the <100> direction of YBCO. For Ag/YBCO quasi-multilayer (Fig. 9), the presence of
an Ag particle with diameter around 12 nm has been detected and a c-axis extended defect is clearly
visible. In PBCO/YBCO quasi-multilayer (figure 10) it is difficult to see the presence of PBCO due to
its very close lattice structure to YBCO.

Due to the similar lattices of PBCO and YBCO, one would not expect very strong c-axis extended
defects, but a good epitaxy would enhance J. along the ab-plane, as seen in the inset to figure 8. In
contrast, Ag nano-dots are able to create strong extended defects due to the mismatch between STO
and YBCO. This produces clear peaks at ® = 180" in figures 5 and 6.

In conclusion, we found an increase of J. along the c-axis of YBCO in both Ag/YBCO and
PBCO/YBCO quasi-multilayers; the Ag/YBCO shows a significant increase in J; in both high and low
magnetic fields, while the PBCO/YBCO quasi-multilayer shows increase in high magnetic field only.
The reason of such a different behaviour is in the compatibility of crystal lattices in nanodots and
YBCO. The large difference between crystal lattice parameters promotes c-axis pinning, while small
difference increases ab-plane correlated pinning and insures high ab-plane critical current in high
magnetic field. By increasing the thickness, the self-field total current in Ag/YBCO quasi-multilayer
as high as 1100 A/cm has been achieved. The angle-dependent transport measurements and TEM
images support the evidence of correlated pinning in PBCO/YBCO and Ag/YBCO quasi-multilayers.
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