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Pulsed laser deposited thin YBa,Cu307_x (YBCO) films with pinning additions of
5 at. % Ba;YTaOg (BYTO) were compared to films with 2.5 at. % Ba,YTaOgq
+2.5 at. % Ba,YNbOg (BYNTO) additions. Excellent magnetic flux-pinning at
77 K was obtained with remarkably high irreversibility fields greater than 10 T
(YBCO-BYTO) and 11 T (YBCO-BYNTO), representing the highest ever achieved
values in YBCO films. © 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/fcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4953436]

TEM analysis revealed straight and continuous nano-rods with mean diameter 5 nm and density
2500 um~2. In the YBCO-BYNTO films, a large number of Y,03 nanoparticles dispersed in the
YBCO matrix close to the BYNTO nanocolumns were observed while partly interrupted BYTO
nanocolumns with hammerhead-like ends were recognized in YBCO-BYTO films.

The introduction of ordered nanosized oxide secondary phases in epitaxial thin films has lately
attracted a large interest in several areas of materials science. In fact, the growth of self-assembled
columnar nanostructures embedded into epitaxial thin films, allowing the tuning of the material
functionalities, has opened unprecedented prospects for potential applications in ferroelectrics,
thermoelectrics, and magnetoelectrics devices and high temperature superconductors.'=

In particular, the possibility to strongly improve flux pinning in YBa,Cu307_4 films by intro-
ducing nano-scale artificial pinning centres (APCs) has attracted a remarkable interest in recent
years. In fact, by enhancing the transport film performances as a function of both the applied
magnetic field intensity and the direction, it is possible to reach the current requirements needed in
a wide range of present and future applications.® In particular, the realisation of superconducting
tapes able of carrying high current in high magnetic field is essential in view of both power and
magnet applications to enable them to operate at 77 K, i.e., transformers, motors, and generators
where current performance is insufficient at this temperature.”

Since the first demonstration of BaZrO3; (BZO) nanoinclusion defect pinning,'? several nano-
scale pinning compositions and structures have been studied over different temperature and mag-
netic field regimes.“’15 In particular, the double perovskite-like Ba;YTaOg (BYTO) and Ba, YNbOg
(BYNO) have been reported as very effective pinning sources either as single secondary phases
or as simultaneous doping of BYTO + BYNO (BYNTO).'®!° More recently, high growth rate
YBCO-BYNO and YBCO-BYNTO films have shown very good J. performance at 77 K and in
intermediate field regimes,?’ and for YBCO-BYNTO, vortex pinning remains very effective in an
extended range of temperature and magnetic field.?!>? The irreversibility field, H;,,, values at 77 K
have been increased towards 10 T. However, the question is whether this can be improved further.

(i)
2166-532X/2016/4(6)/061101/7 4,061101-1 © Author(s) 2016.
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In this paper, the J. behaviour of YBCO-BYTO (5§ at. %) and YBCO-BYNTO (2.5 at. %
BYTO + 2.5 at. % BYNO) films was investigated at liquid nitrogen temperature in magnetic field
regimes up to 12 T and compared with the J. behaviour of an optimised pure YBCO film. For
both pinning combinations, a remarkable improvement of J. with respect to pristine YBCO was
observed, as well as very high irreversibility field values and maximum pinning force density. Also,
in the field range [0.1-5] T (5 T being the highest field measured), superior angular behaviour of
J. was observed consistent with very well defined c-axis oriented BYTO/BYNTO nanocolumns
observed in the YBCO matrix. Additionally, for the YBCO-BYNTO films, the J. is strongly
enhanced in the mid-to-high field regime.

Mixed targets of YBCO with double perovskite-like BYTO and BYNTO were used to grow
composite YBCO films on SrTiO3 (STO) single-crystal substrates by pulsed laser deposition. In
brief, targets were prepared by mixing and grinding the precursor oxides BaO, Y,03, and Nb/Ta,;Os
in stoichiometric quantities with pure YBCO powder and sintering in flowing oxygen at 950 °C.
Targets so obtained were ablated using laser (308 nm) with fluence of ~2 J/ cm? (10 Hz repetition
rate). The thickness of the films was ~230 nm as estimated by cross section TEM analysis (bright
field TEM (BF TEM) and high angle annular dark field scanning TEM (HAADF STEM)) from
which a film growth rate of ~0.3 nm/s was derived. TEM cross section analysis allowed us to visu-
alise the BYTO/BYNTO nano-inclusions in the YBCO matrix and to estimate their morphology
(average size, density, linearity, and distribution). DC transport J. measurements were carried out
on 30-50 ym wide and 1 mm long strips. The films were mounted on a rotating sample holder
in a cryostat equipped with a 12 T superconducting magnet in order to record J. as a function of
the magnetic field intensity and orientation always keeping the current normal to the field direction
(maximum Lorentz force configuration). All J; values were determined with the 1 4V cm™! electric
field criterion.

The structural TEM investigation highlights the nanocolumnar c-axis oriented growth of the
artificial pinning centres (APCs) and secondary phases in both the films. The cross section im-
ages in Fig. 1 compares the YBCO-BYTO ((a) and (c)) and YBCO-BYNTO ((b), (e), and (f))
morphology. Both films have a thickness of about 215-230 nm and show a clear c-axis oriented
nanocolumnar growth, which starts over a thin layer of distorted YBCO at the interface with the
STO substrate and runs straight through the YBCO layer (Figs. 1(a) and 1(b)).

This continuous growth of the nanocolumn pinning centres was initially observed in YBCO films
with the addition of rare earth tantalate nanoparticles to the YBCO target.'® The pinning centres were
identified to be double perovskite, Bay(ReY)TaOg (BRETO).'” In those cases, Gd, Er, and Yb were
used as rare earth elements. However Y was not studied. Recently, continuous nanocolumns running
through the entire YBCO film have also been reported for the Ba,Y (Nb, Ta)Og nanocolumns.??

Despite a general similarity between the BYTO and BYNTO growth in the YBCO matrix,
some major differences are distinctly visible in Fig. 1. In the YBCO-BYTO film, the BYTO col-
umns have a mean diameter dgyro of ~5 nm and a density ngyto ~ 2500 ,um’z. However, some
localised areas of the film show nanocolumns interrupted by the YBCO matrix (see yellow dotted
lines in Figs. 1(a) and 1(c)). In these areas, the BYTO nanocolumns stop at the same height and
have a hammerhead-like structure on their top with a diameter of about 10-35 nm (red arrows in
Fig. 1(c) and the magnified hammerhead in inset Fig. 1(d)) with extension along the a-b plane of
several hundreds of nanometers. The thickness of these layers is between 10 and 40 nm, and on
top of the layers, the columnar self-organised growth of BYTO resumes. As revealed by the energy
dispersive X-ray analysis (Figure S3 of the supplementary material®®), the hammerhead-like struc-
tures are entirely composed of BYTO, contrary to similar truncation effects with Y,03 nanoparticles
reported in YBCO with columnar APCs.>*

In addition, several short double Cu—O chain intergrowths are observed between the columns in
the YBCO matrix. This locally creates YBa,CuyOg_x (Y124) or Y,BasCu;0;5_x (Y247) type struc-
tures. These intergrowths are mainly located in 3 different areas: near the interface between the STO
substrate and the YBCO, in regions between the BYTO columns, and on the top of the hammerhead-
like structures (Figure S4 of the supplementary material®®). The presence of these intergrowths can be
induced by the mismatch between the YBCO and the APCs lattice, creating a strain field in the YBCO
matrix. In the thinner regions of the TEM lamella, the samples are slightly bent near the interface and
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100 nm

FIG. 1. TEM cross section images of the YBCO-BYTO ((a), (c), and (d)) and YBCO-BYNTO ((b), (e), and (f)) films. (a)
A BF-TEM image while ((b)-(e)) are ADF STEM images. The vertical green and yellow arrows highlight the BYTO and
BYNTO nanocolumns, respectively. The horizontal red arrows indicate the hammerhead-like ends of the truncated BYTO
nanocolumns (c). One of the hammerheads is magnified in inset (d). The dotted yellow lines in (a) and (c) point at the
nanocolumn interruption and define the BYTO-free YBCO regions. Part label (a) shows that the column truncation is not a
local phenomenon; it occurs in different areas of the sample (top and bottom). The EDX map in (f) is from the green area in
(e); it accentuates the presence of Y203 nanoparticles close to the BYNTO nanocolumns.

therefore one could argue that the presence of the intergrowths is induced by sample preparation. How-
ever also the thicker regions contain a number of Y124/Y247 intergrowths. This is a strong argument
that the intergrowths are intrinsic and not induced by sample manipulation.

An increase of the nanocolumn length might cause an increase of the stress cumulated between
the columns and the surrounding YBCO matrix. Part of the total stress in the YBCO-BYTO films
is certainly relaxed by the presence of interface misfit dislocations and the formation of several
intergrowths, as shown by the TEM investigation. However, a large number of such defects, which
are rich in Cu-O layers with respect to YBCO, might induce an excess of Y and Ba which may lead
to an enlargement of the column, thus generating the hammerheads. At the same time, this increase
in the column diameter increases the cumulated stress up to a level, which prevents further growth
of the hammerheads. The only way to re-establish the proper growth is to stop the nanocolumn
growth, i.e., to truncate.

The BYNTO columns in the YBCO-BYNTO films show a similar mean diameter as the
BYTO columns; about dgynto ~ 5 nm and a similar density ngynto of ~2500 ,um‘z. Different
from the BYTO system, the BYNTO columns are continuous and one dimensional in the YBCO
matrix without any sign of segmentation (Figs. 1(b) and 1(e)). Moreover, in the YBCO-BYNTO
films, Y,O3 nanoparticles are present close to the BYNTO nanocolumns; this is confirmed by en-
ergy dispersive X-ray spectroscopy (EDX) (Fig. 1(f)) in agreement with previous observations.’*>?
These Y,03 nanoparticles are not present in the BYTO case. Hence, the simultaneous availability
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of two kinds of ions (Nb>* and Ta>*) leads to a different growth process. In fact, the melting
point of Nb,Os (1512°C) is lower than the corresponding one of Ta,Os (1872 °C), leading to a
greater mobility of Nb>* ions with respect to Ta>* ions at the typical YBCO deposition temper-
atures.” Therefore, the availability of faster diffusing Nb>* ions in the BYNTO structures allows
self-organised growth to be achieved, thus locally relaxing the strain field without a strong need of
generating intergrowths. Hence, this situation favours a growth without any column truncation.

In Fig. 2 (top), the critical current densities J.(B) are shown at 7 =77 K as a function of
the applied magnetic field H (B = wyH) with H || c-axis of the films. Data refer to YBCO-BYTO
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FIG. 2. (Top) Critical current density as a function of the applied magnetic field recorded for YBCO-BYTO (red squares),
YBCO-BYTO+BYNO (blue circles), and pristine YBCO (black diamonds) films at 77 K. In the inset is highlighted the
pinning force densities as a function of the applied field recorded for YBCO-BYNTO. Dashed lines show the power law
behaviour Fj, ~ H!~¢ for YBCO-BYNTO (violet), YBCO-BYTO (turquoise), and pristine YBCO (green). (Bottom) Critical
current density as a function of the applied field direction (0° corresponds to B || film c-axis) for the pristine YBCO (black
diamonds), YBCO-BYTO (red squares), and YBCO-BYNTO (blue circles) at 77 K and magnetic field values of 0.1, 1, 3,
and 5 T.
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(red squares), YBCO-BYNTO (blue circles), and YBCO pristine (black diamonds). Both the
YBCO-BYTO and YBCO-BYNTO films exhibit a superior in-field behaviour of the critical cur-
rent density J. in the mid-to-high magnetic field range B = [1-12] T with respect to the pristine
YBCO film. The observed J. improvements are in agreement with enhanced performances previ-
ously reported for tantalate additions'® which give fine straight columns and mixed tantalate/niobate
additions,”® which give highly linear segmented columns. As far as tantalate columns with mixed
rare earths goes, namely, Bay(Y/Gd)TaOg,'” the J. at 77 K is lower than what is measured for pure
BYTO as shown in Fig. 2, although the mixed rare earth samples were thicker, at 800 nm, and also
were grown on buffered metal substrates and hence a clear comparison cannot be made directly.

As seen in Fig. 2 (top), in the mid-field regime B = [1-3.5] T, the critical current densi-
ties of the YBCO films with both BYTO and BYNTO APCs show values close each other with
similar in-field behaviours with an extended plateau. At about 3.5 T, the J. of YBCO-BYTO film
shows a kink with a pronounced drop with respect to the previous plateau. On the other hand,
the YBCO-BYNTO film shows a more gradual drop, at a higher field value of around 5 T. From
the evaluated column density n, an equivalent or matching field (magnetic field value as vortex
density matches the defects density) can be evaluated by using By, = n¢o, where ¢q is the magnetic
flux quantum and thus both YBCO films have a similar value By ~ 5.2 T. Accordingly, in the
YBCO-BYNTO film, the drop-off from the plateau-like behaviour at 5 T can be explained in terms
of a matching field effect.”® A similar J. behaviour was also observed for linear segmented nanorods
formed by Ba,(Y/Gd)(Ta/Nb)Og>"?? even though in a narrower B range with the lower matching
field By = 2.6 T evaluated. The lower-field drop (3.5 T) for the YBCO-BYTO film can be explained
by the partial truncation of the BYTO nanocolumns, bringing less effective pinning of the vortices
with respect to the continuous linear defects found in YBCO-BYNTO.

The comparison between the pinning force density F, = J. X B at 77 K is shown in the inset of
Fig. 2 (top). Both YBCO-BYTO and YBCO-BYNTO exhibit higher F, values with respect to the
pristine YBCO film in the mid-to-high field regime, 1 T < B < 12 T.

In Table I, the 77 K self-field critical current density J.(0), irreversibility field By, (evaluated by
using the criterion Fp(Biy) = FpMa"/ 100), maximum pinning force density FpM'd", and @ parameter
evaluated in the low field regime in which the critical current density shows a power law decay
J. ~ H=%*" are reported for the three different films.

Both the YBCO films containing the APCs show a notable increase in the irreversibility field
Bj; and in the maximum pinning force density FpMax with respect to high quality pristine YBCO.
These irreversibility field values above 10 T are among the best ever recorded at 77 K, whereas
greater FpMax values at 77 K have already been reported for YBCO films with niobates and tanta-
lates columns.?*?® The YBCO-BYNTO film exhibits the best performance in terms of Bj, and
FpMax while the values of the @ parameter are the same for both APCs in the range 0.2-0.3. These
low « values are characteristic of a strong correlated pinning contribution?’ consistent with the
well-defined nanocolumnar growth highlighted in Fig. 1.

Angular transport measurements were undertaken in order to evaluate the effectiveness of the
correlated pinning contribution arising from the BYTO/BYNTO nanocolumnar growth. Therefore,
the critical current density behaviour was evaluated as a function of the applied magnetic field
direction at T = 77 K, as shown in Fig. 2 (bottom). Both the YBCO-BYTO and YBCO-BYNTO
present a clear correlated pinning contribution with respect to the pristine YBCO, with a signif-
icant enhancement of J. in the mid-to-high magnetic field range B = [1-5] T, when the applied
magnetic field is parallel to the nanocolumns. However, some differences arise between the J.

TABLE I. Irreversibility fields, maximum of the pinning force densities, and values of the a parameter for the films of
YBCO + APCs and for a high quality pristine YBCO grown under optimised deposition conditions.

T=77K J:(0) (MA /cm?) Birr (T) FyM* (GN/m?) a
Pristine YBCO 4.0 6.8 45 0.52
YBCO-BYTO 1.6 10.23 9.1 0.23

YBCO-BYNTO 32 11.12 11.5 0.30
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in-field angular behaviour of YBCO-BYTO and YBCO-BYNTO. First, at low field (B = 0.1 T),
consistent with the in-field critical current densities shown in Fig. 6, even if the magnitude of J. in
YBCO-BYTO is lower than J; in YBCO-BYNTO and pristine YBCO (due to a marked presence
of intergrowths which ruin the YBCO matrix), the correlated pinning mechanism of YBCO-BYTO
is the most effective, giving rise to an almost flat J. angular dependence in a wider angular range
(6 ~ [-45° to 45°]) with respect to YBCO-BYNTO.

In the mid-field range, B = [1-3] T, the J.s of the YBCO-BYTO and YBCO-BYNTO sam-
ples exhibits a similar correlated peak. In addition, increasing the field up to 3 T, the 8 = 0° peak
noticeably increases with respect to the J. of the pristine YBCO. However, at high field (B = 5 T),
the correlated peak in YBCO-BYNTO is clearly more effective than the corresponding peak in
YBCO-BYTO. This feature is consistent with Figure 2, which showed that nanocolumn density
is not the only important factor controlling the field dependent behaviour of J. but also that the
continuity controls the high-field behaviour, continuous columns being important for pinning at
high fields.

In the high field range (B > 5 T), the J. angular behaviours for both the YBCO-BYTO and
YBCO-BYNTO films are more flat than J. in the pristine YBCO film, indicating that the vortex
pinning mechanisms are active in an extended angular interval. In addition, as can be seen from
the curves at 1 T, 3 T, and 5 T, the J. values for H || (a, b) planes (6 = +£90°) do not exhibit any
remarkable degradation with respect to the pristine YBCO film, thus both the BYTO and BYNTO
columnar structures preserve the YBCO intrinsic pinning properties. Similar flat angular behaviour
was observed in YBCO films with tantalate added films previously.'®-?

A substantial improvement of the in-field and angular critical currents at 77 K was obtained for
YBCO films with Ba,YTaOg and Ba; YTaOg + Ba; YNbOg nano-columnar inclusions with respect to
an optimised pristine YBCO film. The YBCO films with artificial pinning centres, grown by pulsed
laser deposition on SrTiOj; single crystals, showed excellent in-field behaviours of the critical cur-
rent density with remarkably high irreversibility fields greater than 10 T and 11 T, respectively, in
YBCO-BYTO and in YBCO-BYNTO. Both YBCO + APCs films, grown under similar optimised
deposition conditions, presented similar nanocolumn distances and mean diameters. However, a
detailed TEM structural analysis underlined some of the key differences in the pinning landscapes
of the two films. In particular, while nanocolumns of the YBCO-BYNTO film extend straight and
with continuity along the whole film, in some areas of the YBCO-BYTO film, the nanocolumns are
truncated. As a consequence, different behaviours for the angular dependence of the critical current
densities were observed at 77 K.

Both film compositions showed a superior angular behaviour of the critical current density
with respect to high quality, pristine YBCO film with a strong correlated peak corresponding to
B || c-axis noticeable in the intermediate field range B = [1-3] T. However, at higher fields (3-5 T),
the correlated peak in the angular behaviour of J. in YBCO-BYNTO was clearly more effective
than the corresponding peak in YBCO-BYTO. In any case, both films showed a superior angular
behaviour of the critical current density with respect to a high quality pristine YBCO film. Overall,
both BYTO and BYTO-BYNO inclusions are very efficient pinning solutions for the realization of
high quality coated conductors, particularly for high fields (B > 3 T).
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