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n deposition of
Y1�xGdxBa2Cu3O7�d–BaHfO3 nanocomposite films:
combined influence of nanoparticles and rare-
earth mixing on growth conditions and transport
properties

Pablo Cayado, * Manuela Erbe, Sandra Kauffmann-Weiss, Alexandra Jung,
Jens Hänisch and Bernhard Holzapfel

Y1�xGdxBa2Cu3O7�d–BaHfO3 (YGBCO–BHO) nanocomposite films containing 12 mol% BHO nanoparticles

and different amounts of Gd were prepared by chemical solution deposition following the trifluoroacetic

route on SrTiO3 single crystals in order to study the influence of the rare earth stoichiometry on

structure, morphology and superconducting properties of these films. We optimized the growth process

for each of several Gd contents of the 220 nm thick YGBCO–BHO films by varying crystallization

temperature and oxygen partial pressure. This optimization process led to the conclusion that mixing the

rare earths in YGBCO–BHO films leads to wider growth parameter windows compared to YBCO-BHO

and GdBCO-BHO films giving larger freedom for selecting the most convenient processing parameters

in order to adapt to different substrates or applications which is very important for the industrial

production of coated conductors. The optimized films show a continuous increase of Tc with Gd

content x from �90 K for the YBCO-BHO films to �94 K for the GdBCO-BHO films. Consequently, an

increase of the 77 K self-field Jc with Gd content is observed reaching values > 7 MA cm�2 for Gd

contents x > 0.5. The transport properties of these films under applied magnetic fields are significantly

improved with respect to the pristine YBCO films. All YGBCO–BHO nanocomposite films grew epitaxially

with c-axis orientation and excellent out-of-plane and in-plane texture. The films are dense with a low

amount of pores and only superficial indentations.
1 Introduction

Research on high-temperature superconductors (HTS) has
become one of the most active topics in the eld of applied
superconductivity. Nowadays, most of the studies in this area are
focused on REBa2Cu3O7�d (REBCO, RE ¼ Rare Earth)
compounds. Their properties, especially their high critical
temperature (Tc) and high current carrying capability even at high
elds, make them attractive particularly for power applications.
Therefore, they are the base material for the fabrication of
second-generation high-Tc superconducting tapes, called Coated
Conductors (CCs), which have promising perspectives for their
use in multiple applications such as motors, generators and
cables.1–4

Within this group of REBCO compounds, YBa2Cu3O7�d

(YBCO) is the best known compound since it was the rst
superconductor that showed a critical temperature higher than
Institute for Technical Physics (ITEP),

enstein-Leopoldshafen, Germany. E-mail:

04
the boiling point of liquid nitrogen (LN2 77 K). However, other
REBCO compounds have attracted the attention of the commu-
nity because they could exhibit better properties than YBCO.5–9

These improvements in the properties are caused by variations in
the electronic structures, valence states and the ionic radii of the
rare earth (RE) atoms within the structures.10–13 Although some of
these REBCO compounds show better transport properties than
YBCO, their synthesis may be much more complicated. This is
because on the one hand the large RE ions, like Nd3+ or Sm3+,
tend to partially substitute the Ba2+ ions, and on the other hand
the small RE ions, such as Yb3+ and Lu3+, do not t properly into
the according lattice site. Both facts cause the stability of the
REBCO phase to decrease drastically.5,10,14,15

In order to partially overcome the difficulties in the synthesis
of these single-large-ion REBCO compounds and at the same
time improving the superconducting properties of the lms,
there is the possibility to mix different RE3+ ions. By doing this, it
seems possible to combine the phase diagrams of both indi-
vidual compounds by enlarging the processing window in which
high-quality epitaxial lms are achievable. Moreover, in these
mixed REBCO compounds studied in previous years in multiple
This journal is © The Royal Society of Chemistry 2018
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combinations of ions such as Y/Sm,13,16,17 Y/Gd,17,18 Y/Pr,19–21 Y/Eu/
Gd22 or Nd/Eu/Gd,23,24 the superconducting transport properties
are improved due to enhanced ux pinning by the RE mixing
itself. This improvement of the superconducting properties
comes from the fact that the introduction of different elements in
the lattice structure of a certain REBCO compound changes the
properties of very localized areas in and around the dopants,
which enhances the pinning force densities of the resulting
system. This elemental substitution on the ionic sites of the RE
unit cell causes both localized and macroscopic structures that
are partially or fully non-superconducting, depending on vari-
ables such as the molar fraction of the substitution, chemical
element, and others.25,26 The improvement in the super-
conducting properties will depend on whether the RE elements
are uniformly dispersed, or if segregation and/or coalescence of
alternate-phase materials occurs throughout the composite.
However, both cases might be benecial. If the RE elements
disperse homogeneously in the structure causing chemical
substitutions, Tc is affected in very localized regions around the
doped areas. Therefore, uctuations of Tc are expected improving
the pinning properties. On the other hand, if different clusters
are formed, microscopic strain will be created in the vicinity of
the different REBCO clusters which will also enhance the pinning
properties of the lms.25

Apart from that and in order to further improve the pinning
properties in such lms, secondary phases are introduced
creating REBCO nanocomposites. This has been extensively
investigated by many groups showing that the in-eld transport
properties of REBCO lms can be vastly improved by both the “in
situ” and the “ex situ” particle formation approaches.27–32

In the present study, we investigate the interplay between and
combined effects of RE mixing and nanoparticle inclusion. We
prepared mixed lms containing Y3+ and Gd3+ ions to obtain
YGBCO lms since this combination has already been prepared
in the past by chemical routes and Pulsed Laser Deposition (PLD)
with excellent properties both on single crystals and buffered
metallic tapes.17,22,33,34 The samples in this work were prepared by
Chemical Solution Deposition (CSD) which is a scalable and low-
cost technique for the preparation of CCs.35–38 In particular, we
followed the well-known TFA-MOD (Triuoroacetate-Metal–
Organic Decomposition) route.39 This route has already shown
promising properties for YGBCO lms,17,22 but still the effort is
not comparable to YBCO or GdBCO and so there is room for
improvement, as we will demonstrate below. As nanoparticles
(NPs) we used BaHfO3 (BHO) prepared by the in situ formation
approach in which the NPs are spontaneously segregated in the
superconductor matrix during the growth process, a strategy that
has already shown excellent results, as reported previously e.g. by
our group.9,30
2 Sample preparation and
characterization techniques
2.1 Sample preparation

The preparation method for the nanocomposite TFA solution is
as described in ref. 9. First, two different solutions are prepared:
This journal is © The Royal Society of Chemistry 2018
YBCO with 12 mol% BHO and GdBCO with 12 mol% BHO (12%
BHO from now on). For this, Y or Gd, Ba and Cu acetates of the
RE, Ba, and Cu (purity > 99.99%, Alfa Aesar) as well as hafniu-
m(IV) 2,4-pentanedionate (Hf(acac)4) (97+%, Alfa Aesar) were
weighed out and mixed to give a stoichiometric 1 : 2 : 3 ratio of
the metal cations and 12 mol% BHO with respect to the RE, in
deionized water. Then, an excess of triuoroacetic acid (TFAH,
99.5+%, Alfa Aesar) was added to convert the acetates into tri-
uoroacetates. The remaining water and other impurities are
removed by a rotary evaporator resulting in a highly viscous
residue that is re-diluted in absolute methanol (99.9%). In order
to further reduce the undesired remaining water, methanol is
evaporated again several times in vacuum. The nal concen-
tration of 0.25 mol l�1 in Y or Gd is adjusted with anhydrous
methanol ending with a dark blue solution. The YGBCO + 12%
BHO solutions are then made by mixing the initial YBCO + 12%
BHO and GdBCO + 12% BHO solutions in different ratios
obtaining the desired stoichiometry.

The approximately 220 nm thick YGBCO + 12% BHO lms
were prepared, rstly, by depositing the precursor solutions on
10� 10 mm2 (001)-oriented SrTiO3 (STO) single crystals via spin
coating (6000 rpm for 30 s for the STO). The subsequent
“standard” pyrolysis and growth processes are described in ref.
40. The modications to the “standard” growth process that
lead to the presented results will be discussed in detail later. For
electrical transport measurements, 10–20 mm wide micro-
bridges were prepared by photolithography and wet-chemical
etching.
2.2 Thin lm characterization

The microstructure and phase purity of the lms were investi-
gated by X-ray diffraction (XRD) using a Bruker D8 diffractom-
eter with CuKa radiation in Bragg–Brentano geometry. The
surface morphology was analyzed by a LEO 1530 scanning
electron microscope (SEM) with eld emission gun (0.1 kV and
30 kV) by Zeiss. The self-eld critical current density, Jsfc , at 77 K
was measured inductively with a Cryoscan (Theva, 50 mV crite-
rion). Critical temperature Tc and critical current densities Jc
were determined by transport measurements in 4-point geom-
etry at a 14-T Quantum Design Physical Property Measurement
System (PPMS). Tc is dened as the temperature Tc,90 at which
the resistance is 90% of the value above the transition. Jc was
determined via V(I) curves by an electrical eld criterion of
1 mV cm�1.
3 Results and discussion
3.1 Optimization of growth process

The optimal growth conditions depend strongly on the (mean)
RE size.12,13 Therefore, the growth process had to be optimized
for each Gd content x, where the previous reports of our group
on the optimization of YBCO + 12% BHO and GdBCO + 12%
BHO lms using the same type of solutions served as ref. 9 and
29. Those works report that the best superconducting properties
were achieved using a crystallization temperature (Tcrys) of
780 �C and an oxygen partial pressure (pO2) of 200 ppm for
RSC Adv., 2018, 8, 42398–42404 | 42399
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Table 1 Optimized crystallization temperature (Tcrys) and oxygen
partial pressure (pO2) depending on Gd content x in Y1�xGdxBa2Cu3-
O7�d + 12% BHO nanocomposite films

x Optimized Tcrys (�C) Optimized pO2 (ppm)

0 780 200
0.33 790 150
0.5 810 100
0.66 810 75
1 810 50
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YBCO + 12% BHO while for GdBCO + 12% BHO the Tcrys was
810 �C and the pO2 50 ppm. One should nevertheless take into
account that the synthesis of GdBCO lms (or other REBCO
compounds with larger ion size) is very difficult, and the use of
mixed-RE compounds could increase the reproducibility in the
preparation of high-quality lms signicantly. The optimization
consisted of varying the Tcrys and pO2 for each stoichiometry
looking for the best possible Jsfc at 77 K and nding, therefore,
the optimum Tcrys or pO2. Fig. 1 shows the dependency of Jsfc at
77 K with the optimum Tcrys (a) and pO2 (b) for x ¼ 0, 0.5, and 1.
In the investigated ranges, the dependencies are much
smoother in the case of Y0.5Gd0.5BCO + 12% BHO lms than for
YBCO + 12% BHO or GdBCO + 12% BHO lms. Especially
dramatic is the decay (more than 50%) of Jsfc when moving away
from the optimum condition in the GdBCO + 12% BHO case.
The optimum window is reached only within a margin of 10 �C
and 50 ppm (the lower limit of our experimental range). Instead,
in the case of the Y0.5Gd0.5BCO + 12% BHO lms, it is possible
to move the Tcrys and pO2 in a large range of more than 60 �C
and 150 ppm obtaining lms with Jsfc at 77 K larger than 3 MA
cm�2 (also �50% of decay with respect to the highest value).
This comparison clearly demonstrates that the processing
windows for the mixed-RE lms are much larger than in the
Fig. 1 Dependence of Jsfc at 77 K on (a) Tcrys and (b) pO2 for Y1�x-
GdxBa2Cu3O7 + 12% BaHfO3 films with x¼ 0, 0.5, and 1 at the optimum
value of the respective other parameter.

42400 | RSC Adv., 2018, 8, 42398–42404
case of the single-RE lms. This large room gives a lot of
freedom to select the most convenient processing parameters to
adapt to different substrates which is very important for the
industrial production of CCs.

As shown in Table 1, the optimum crystallization tempera-
ture is progressively increasing and the optimal oxygen partial
pressure decreasing and approaching the optimum values for
the GdBCO + 12% BHO lms for higher values of x (Table 1). It
can not be excluded at this stage that slightly higher Jc values for
YBCO + 12% BHO at pO2 > 200 ppm are possible. This shall be
determined in on-going investigations.

Aer the optimization had been completed for each stoi-
chiometry, only the optimized lms were used for the rest of the
investigations shown in the following.
3.2 Superconducting properties

Fig. 2 shows clearly systematic trends with Gd content x. Tc
increases almost linearly from �90 K for the YBCO + BHO lms
to �94 K for the GdBCO + BHO lms. A similar trend is noticed
for Jsfc at 77 K. These values increase monotonously with x but in
a more irregular way than Tc. J

sf
c at 77 K of Y0.5Gd0.5BCO + 12%

BHO and Y0.33Gd0.66BCO + 12% BHO are higher than expected
from the Tc trend. The J

sf
c values at 77 K for lms with x > 0.5 are

larger than 7MA cm�2, which is comparable to values of GdBCO
+ 12% BHO lms reported recently9 and are the highest values
ever reported for CSD-grown YGBCO lms and among the
highest for REBCO. Finally, the x dependence of the irrevers-
ibility eld (Birrkc) at 77 K increases also monotonically with Gd
content. The highest value is reached for the GdBCO + 12%
BHO lm at 9.9 T while the value for the nearest YGBCO +
12BHO lms is 9.4 T for x ¼ 0.66. This trend in Birr (77 K) is
directly related with the variation in Tc. Also the Jsfc values at 77 K
are strongly inuenced by Tc, and this is why the highest Jsfc is
found in the GdBCO + 12% BHO lm which also has the highest
Tc.
3.3 Structure and surface morphology

The q–2q patterns of the YGBCO + 12% BHO lms grown at their
optimum processing parameters, Fig. 3, present similar
patterns with only (00l)YGBCO reections besides the STO
substrate reections and clear signs of BHO. In some of the
patterns, weak reections of (YGd)2O3 are noticed. However, no
signs of a-b-oriented or other misoriented grains can be
observed.
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Dependence of the transport Jsfc at 77 K (black curve), Tc (red
curve) and irreversibility field (Birrkc) at 77 K (blue curve) on the amount
of Gd present in the YGBCO + 12% BHO films.

Fig. 4 Texture quality of an optimized Y0.33Gd0.66BCO+ 12% BHO film
showing (a) the f-scan of (102)YGBCO and (b) the (005)YGBCO
rocking curve.
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Also sharp in-plane and out-of-plane orientation is observed
for these lms, as shown in Fig. 4 for the Y0.33Gd0.66BCO + 12%
BHO lm exemplarily. The (102)YGBCO phi-scan (Fig. 4a) shows
4-fold symmetry and sharp peaks with FWHM values Df of
1.09�. The (005)YGBCO rocking curve (Fig. 4b) has a FWHM,Du,
of 0.23�, indicating fully epitaxial growth with cube-on-cube
relationship. The texture quality is comparable to the values
obtained in our previous work for the GdBCO + 12% BHO lms.9

The absence of misoriented grains in optimized lms as
deduced from XRD is conrmed by the surface morphology in
SEM pictures, Fig. 5. Even though the lms are in general very
dense and homogenous with only supercial indentations,
certain systematic differences in the morphology of the lms
are noticeable. With Gd content x, the lms become denser (less
porous) and smoother. This can be attributed to the increase of
the optimum Tcrys for higher values of x (Section 3.1) which
makes the sintering process more effective, and, as a conse-
quence of that, denser lms can be obtained. This can explain
the fact that Jsfc at 77 K of the Y0.5Gd0.5BCO + 12% BHO and
Y0.33Gd0.66BCO + 12% BHO lms are higher than expected from
a linear Tc behavior.
Fig. 3 XRD patterns of Y1�xGdxBa2Cu3O7�d + 12% BHO films grown
with optimized processing parameters. The peaksmarked with * and #
come from the experimental setup (Kb filter and X-ray source,
respectively).

This journal is © The Royal Society of Chemistry 2018
3.4 In-eld electrical transport properties

Fig. 6 illustrates the strong improvement in Jc(B) (a) and pinning
force density, Fp(B) (b) for the optimized YGBCO + 12% BHO
nanocomposite lms in comparison with pristine YBCO and
Y0.5Gd0.5BCO lms in almost the entire investigated magnetic
eld range at 77 K. Similar Jsfc at 77 K values and Jc(B) depen-
dences with the magnetic eld were reported for YBCO + 10%
BZO lms with similar thickness.27,28

Large maximum pinning force densities, Fpmax, at 77 K were
reached: �11 GN m�3 (1.6 T) for the lms Y0.5Gd0.5BCO + 12%
BHO and Y0.33Gd0.66BCO + 12% BHO. These values are not as
high as in the case of the GdBCO + 12% BHO lm but the
improvement with respect to the YBCO + 12% BHO is still
remarkable.

The YGBCO + 12% BHO lms show higher self-eld and in-
eld values of Jc and Fpmax at 77 K than the YBCO + 12% BHO
lms but still the GdBCO + 12% BHO lm has larger values than
those. As mentioned before, this is due to the larger irrevers-
ibility eld at 77 K in the case of GdBCO + 12% BHO lms, and
the properties will be very inuenced by the differences in Tc at
temperatures close to Tc. However, this behavior could be
different at lower temperatures where Tc has not such a large
inuence any more. Measurements at these temperatures in
future investigations would help disentangle Tc and RE mixing
effects.
RSC Adv., 2018, 8, 42398–42404 | 42401
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Fig. 5 Surface morphology of YGBCO + 12% BHO films with different
Gd content x grown at optimized processing parameters observed via
SEM imaging.

Fig. 6 Transport measurements on optimized YGBCO + 12% BHO
films in comparison with pristine YBCO and Y0.5Gd0.5BCO films
showing (a) the Jc dependence with the magnetic field at 77 K and (b)
pinning force density (Fp) at 77 K.
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In summary, at 77 K the best option is to use GdBCO lms
(or, in general, REBCO lms with high Tc) if one can produce
high-quality GdBCO lms in a reproducible way. However, at
lower temperatures, where the inuence of Tc is less severe, the
42402 | RSC Adv., 2018, 8, 42398–42404
use of YGBCO lms or other mixed-RE compounds will be much
more interesting since the effects of the mixing, in terms of
pinning properties, will not be eclipsed by the Tc difference.
Therefore, in order to study the full potential of CSD-grown
YGBCO + 12% BHO lms and to make a fair comparison with
the GdBCO + 12% BHO lms, lower temperature measurements
are needed, which are planned for follow-up studies.

4. Conclusions

We have studied the simultaneous effect of mixed rare earth
and nanoparticle inclusion on superconducting transport
properties at 77 K in Y1�xGdxBa2Cu3O7�d–BaHfO3 lms with Gd
content x. Each particular composition presents a different set
of optimized processing parameters with Tcrys between 780 and
810 �C and pO2 between 50 and 200 ppm. However, we
demonstrated that the window of useful processing parameters
is much wider in the case of YGBCO + 12% BHO lms with x s
{0, 1} which is very benecial for the industrial production of
CCs. The analysis of the superconducting properties revealed
that the Tc varies almost linearly with Gd content, and this has
a large inuence on Birr, Fpmax and Jsfc at 77 K. The values for
YGBCO + 12% BHO lie between the values of YBCO + 12% BHO
and GdBCO + 12% BHO lms. The Jc and Fp values for the
YGBCO + 12% BHO lms are superior to the case of the YBCO +
This journal is © The Royal Society of Chemistry 2018
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12% BHO lms but lower than for the GdBCO + 12% BHO lms.
Therefore, we can conclude that at 77 K the value of Tc and,
hence, the value of the irreversibility eld have a much larger
inuence than a possible improvement in the pinning proper-
ties due tomixed RE. Therefore, it would be better to use REBCO
lms with high Tc values at 77 K. However, this is not always
possible because the synthesis of these high-Tc compounds with
large RE ion size is more difficult and, therefore, less repro-
ducible. So, the use of YGBCO + 12% BHO lms is still advan-
tageous even for applications at 77 K because they combine
production in a very reproducible way with improved super-
conducting properties.
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