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Abstract

YBa,CuzO7—« (YBCO) nanocomposites for wire applications need to operate in a broad range of frequencies, ranging from dc
in magnets to GHz in cavities and screenings of future particle accelerators. We have investigated the in-field and angular
vortex pinning performance in dc and at 50 GHz of two types of nanocomposites, pulsed laser deposition (PLD) YBCO with
mixed Ba,YNbOs + Ba,YTaOs (BYNTO) nanorods and chemical solution deposited (CSD) YBCO with BaHfO; (BHO)
nanoparticles (NPs), and the pristine counterpart films, grown on top of single-crystalline substrates. Transport measurements
performed up to 9 T between 5-77 K show that CSD nanocomposites exhibit a smooth field decay and increased single-to-
collective crossover field H* compared to pristine samples, associated to the enhanced isotropic pinning contribution induced
by the NPs, while PLD films exhibit unchanged H* and superior critical current densities up to higher irreversibility fields,
associated to the anisotropic contribution introduced by the rods. Microwave in-field measurements of the pinning constant k,
revealed CSD NCs exhibit a qualitatively similar, but smoother k,(H) than pristine samples, whereas for PLD samples, a
growing k,(H) dependence is observed as a result of the increased relevance of the stiffness of the fluxons pinned by nanorods.
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1. Introduction

The outstanding ability of YBa,Cu3O7- (YBCO) to carry high critical currents up to high magnetic fields
has made it one of the most promising materials for high 7t superconducting (HTS) wires, based on second
generation coated conductors, for power applications and magnets [1-5]. Moreover, in recent years high
frequency applications are gaining interest, stimulated by increasing performing demands of accelerating
cavities [6], and emerging fields like the hunt for galactic axions [7] or electromagnetic screenings in the
future implementation of particle colliders [8—10].

With the aim of pushing the current performances under high magnetic fields as required for applications,
numerous efforts have been made in the last decade towards nanoengineering the defect landscape of YBCO
by introducing artificial vortex pinning centres [11-16]. Different strategies have been proposed to
introduce nanodefects in YBCO thin-films grown by various methods. One of the most successful
approaches has been the inclusion of non-superconducting secondary phases [17].

In particular, for vacuum-based growth techniques such as pulsed laser deposition (PLD), chemical
vapour deposition (CVD), or hybrid liquid phase epitaxy (HLPE), the in sifu, simultaneous growth of the
YBCO superconductor and the secondary phases can be controlled to form self-assembled nanostructures,
such as columnar nanorods along the c-axis, with coherent or semi-coherent interfaces with the YBCO
matrix [2,11,12]. Recently, excellent magnetic flux pinning at 77 K with remarkably high irreversibility
fields >10 T were achieved for PLD-grown YBCO films with YBa,NbOs (YBNO or BYNO) [18],
Ba;YTaOs (BYTO) and mixed BYNO + BYTO (BYNTO) nanorods [19],[20].

Chemical solution deposition (CSD) routes, on the other hand, have progressed towards cost-effective
production of YBCO films for applications [21-25]. In the past years, a strong effort has been devoted to
prepare CSD-based YBCO nanocomposite thin-films with a variety of nanoparticle compositions (e.g.
BaZrO;, Ba,YTaOs, Y203, BaCeOs, BaSnO3, BaHfO3; (BHO)), prepared either by the in situ spontaneous
segregation of nanometric oxide secondary phases during the YBCO conversion [26-29], or alternatively,
by the more versatile method of adding preformed nanoparticles from colloidal solutions [30-35]. It has
been demonstrated that the inclusion of nanoparticles (NPs) substantially modifies the YBa>,CusOs (Y 124)
intergrowth landscape [34,36] resulting in an increase of the nanocomposite nanostrain (g). These
nanocomposites present an enhancement of the isotropic contribution to pinning over a broad field and
temperature region [15,16,37], even close to the irreversibility line [38,39].

The broad range of frequencies at which HTS wires need to operate in the various applications (from dc
in magnets to GHz in cavities), requires the characterization of the nanostructured films under different
dynamic vortex regimes. Ac susceptibility measurements have been used to provide insights into the vortex
dynamics of YBCO nanocomposites [40] in various regimes, from high [41] to low ac amplitudes [42], at
frequencies up to 10 kHz. On the other hand, surface impedance measurements at microwave (MW)
frequencies (at ca. 50 GHz) have been utilized to study the response of YBCO films with different types of
nano-inclusions [43—45] and CCs [46] in the regime of vortices rapidly shaking within their pinning wells.
MW measurements allow to extract information [47] about the depinning frequency vp, the flux-flow
resistivity pr, the pinning constant &, as well as to disentangle the intrinsic and effective anisotropies of
the nanostructured films [48—50].

In this work, we report on the in-field vortex pinning properties of PLD and CSD nanocomposites over
different frequency ranges, in the regime of long-range vortex displacements using dc resistive transport
measurements, and in the regime of short-range vortex oscillations at microwave frequencies. The
nanocomposites analysed were selected from those showing the best pinning performances at present,
consisting on PLD-grown thin-films nanostructured with BYNTO nanorods and CSD-grown
nanocomposites with embedded BHO NPs. We compare the flux pinning properties of pristine and
nanocomposite PLD and CSD films at different applied magnetic field and temperatures and discuss on the
better performances achieved at different operating conditions.

2. Experimental methods

CSD epitaxial c-axis-oriented YBCO thin-films and nanocomposites (thickness 150-200 nm) were
grown at ICMAB on 5x5 mm? LaAlQO; substrates using a metal-organic decomposition method based on
the trifluoroacetate (TFA) route [51], [52]. YBCO and YBCO - BHO NP precursor films were deposited
by spin coating. The coatings were pyrolyzed up to 310°C in a humid O, atmosphere to form nanocrystalline
precursor films. Subsequently, the films were crystallized at 810 °C in a wet N, atmosphere with an O,
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partial pressure of 200 ppm and oxygenated at 450 °C for 2 h in a dry oxygen atmosphere. For this study
we considered a pristine CSD1 film with a nanostrain of € = 0.1 % and effective anisotropy of y.rr=5, and
two nanocomposites, CSD2 (with 12% mol. BHO, € = 0.2 %, Y= 2.5) and CSD3 (with 12% mol. BHO,
€=0.25%, verr=15), the later grown by a flash heating method. A detailed description of these type of CSD
nanocomposites can be found in [34]. Transmission Electron Microscope (TEM) images of CSD
nanocomposites showed a large amount of intergrowth for the nanocomposite samples, being shorter for
CSD3 due to the flash heating growth [34]. Twin planes were also present in both pristine and
nanocomposite CSD films, to a variable extend that depends on the nature and amount of nanoparticles
[53],[541,[55].

PLD epitaxial c-axis oriented thin films were grown at ENEA on 7.5x7.5 mm? SrTiOs single crystal
substrates. The thickness of the films, in the range 150 — 230 nm, was estimated by atomic force microscopy
(AFM) and/or cross section TEM analysis. A XeCl excimer laser, with a radiation wavelength v = 308
nm, was used for the films deposition, keeping the laser fluence at about 2 J/cm? and the laser repetition
rate at f = 10 Hz. The growth temperatures were 850 °C and 840 °C for pristine and nanocomposite YBCO
samples, respectively. The films studied in this work are a pristine reference YBCO sample PLD1 and two
identical YBCO films with 5 % mol. BYNTO doping (PLD2 and PLD3). The doped films were deposited
by using a mixed target of YBCO with the BYNTO secondary phase, with the ratio Nb : Ta = 1. Details in
the target manufacturing process can be found in [19]. TEM cross section analysis revealed a well-defined
BYNTO columnar growth in the YBCO matrix: continuous and splayed columns develop through the
whole film starting from the film-substrate interface to the top of the film. The column density is Beq = 71col
@y~ 5.2 T [56]. In addition, the presence of a large number of Y,O3 nanoparticles in concurrence with the
columns was observed [56].

Transport properties were measured using a four-probe configuration in 10-30 um tracks, patterned in a
4-point configuration by optical lithography and subsequent wet chemical etching. Silver or gold contacts
were sputtered allowing measurements of I-V characteristics. A voltage criterion of 5 pV cm™ was used to
obtain the critical current values. Angular dependent current density curves at different magnetic fields and
temperatures, Jo(6, H, T), were obtained for fields ranging from poH = 0-9 T at different current field
orientations, # = 0°-90° (with 8 = 0° for H//c and 90° for H//ab) and temperatures ranging from 5-77 K.

Microwave measurements were performed in as-grown films with the dielectric-loaded resonator
technique [57], [58] in order to gain access to the magnetic-field-induced variation of the surface impedance
of superconducting YBCO thin-films. The thin-film is incorporated in the base of a cylindrical copper
cavity loaded with a cylindrical sapphire single crystal. The structure resonates in the TE¢;; mode at v =
47.3 GHz. We measure at fixed temperature 7 the magnetic field-induced change of the resonance shape
of the resonator, whence [59] we derive the quality factor Q and the resonant frequency fy and finally the
variation of the complex resistivity due to the vortex motion, according to [60]:

e [l 1) - O] | (1]
pu(H) — pu(0) = Gts Q(H) Q(0)+2 fol0) ]

where p, = pviti py2 is the vortex motion complex resistivity (see Sec.3.2 later on), G is a calculated
geometrical factor, and # is the film thickness. In Eq. [1] we have made use of the fact that the films are not
thicker than a few London penetration depth [61], and that for the magnetic field range po = 0-0.8 T
employed there is no significant contribution to the response from the change in superfluid [62].

3. Results and Discussion

3.1 Transport critical current density measurements

Figure 1 shows the comparison of the critical current density as a function of magnetic field at H//c, for two
pristine and nanocomposite samples grown by PLD (PLD1 and PLD2) and CSD (CSD1 and CSD2), at 77
K and 65 K. In a log-log representation the magnetic field dependence of all samples shows a plateu at low
fields, associated to single vortex pinning, and a power-law behaviour at intermediate fields, with an
exponent o associated to a collective pinning regime.

At higher fields, once the irrevestibility field is approached, J. suffers a much faster decay. The transition
from single vortex to collective pinning regimes is defined by the crossover field A*, which has been
determined at 90% of self-field J.. The transition from the collective pinning regime to the fast decay
associated to the irreversibity field has been defined as A’, which was determined at 10% of self-field J..
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Figure 1(a) shows the power law fittings obtained for all the samples, as dashed lines and, as an example,
the crossover field H* and A’ obtained for PLD2.

Although, the J. performance is improved for both PLD and CSD nanocomposites, the microstructure
induced in the two samples produce different effects on the J.(H) curves. The self-field J. is slightly
decreased on PLD nanocomposites, provably associated to a cross-section reduction due to the presence on
non-superconducting nano-rods. In the case of CSD, self-field J. reduction due to cross section effects can
be precluded up to large NP concentrations ( >10-15% mol.) if segregation is avoided [39].

The most evident feature in the in-field performance of CSD nanocomposites is a smoother magnetic
field decay of J.(H), with an extended single vortex plateau, i.e. shift of H* up to higher fields. Contrary,
for PLD nanocomposites the value of H* barely changes and the most remarkable effect is a reduction of
the power law exponent ¢ and a strong increase of the irreversitility field.

In order to better compare the pinning effects for the two kinds of nanocomposites, we have plotted in
Figure 2 the changes obtained in H* and « when introducing BHO nanoparticles in CSD2 and BYNTO
nanorods in PLD2. It is clear from the figure that the value of H* is notably enhanced in the CSD
nanocomposites at both 65 K and 77 K, while it remains roughly constant in the case of PLD
nanocomposite. Regarding the power-law behaviour, large « values are obtained for the pristine CSD
sample o ~0.7 which are reduced to & ~0.5 by adding nanoparticles. In the case of PLD samples, we have
found an already lower value of « for the pristine sample, o ~ 0.4, which is reduced to & ~ 0.3 by adding
nanorods. It is worth noticing that PLD J.(H) curves exhibit a smoother transition from single to collective
vortex (identifiable by a power law with a well defined o exponent) regimes as can be observed in by the
presence of a faster J. decay in a narrow magnetic field interval for poH > poH*. The origin of this feature
has not deeply clarified.

At each temperature, the comparison of the critical current density curves J.(H) of the two
nanocomposites reveals that CSD2 presents larger J. at lower magnetic fields, whereas PLD2 has
superior J. above a certain intersection field, H;. (see arrows signalling Hin(65 K), Hin(77 K) in Figs. la
and 1b, respectively). With the aim to compare the pinning performance of PLD and CSD nanocomposites
we have built up a general H-T diagram in which we have plotted the three characteristic lines: H*(T),
H’(T) and Hin(T), see Figure 3. The bands in the H-T diagram represent typical values determined through
transport measurements at 5-77 K of a large number of samples at ICMAB and ENEA (the symbols
correspond to the samples reported in Fig. 1a-b). As a general trend we observe that the single-to-collective
pinning crossover field H* is shifted to higher values, and presents a broader dispersion of values
(depending on the particular sample microstructure) for the CSD nanocomposites. On the other hand, PLD
nanocomposites exhibit larger H’(T), which is associated to a higher irreversibility line. At intermediate
magnetic fields, where pinning is dominated by a collective power-law regime PLD nanocomposites
present better performance above a certain line Hin(7) lying at ~1 T, whereas CSD nanocomposites show
improved J.(H) behaviour below Hin:.

The angular anisotropy of J.(6), i.e. its dependence with the orientation of the magnetic field, is a critial
issue in may applications. For this purpose, it is desirable to have isotropic pinning defects, able to act in
any field direction. The angular dependence of J. of the four samples (CSD1,CSD2 and PLD1, PLD2) is
shown in Figure 4. The pinning performance of the PLD nanocomposite with BYNTO nanorods shows a
strong c-axis peak at intermediate-high fields (>1 T), when the magnetic field is aligned with the nanorods
(H//c, 8= 180°), according to a very large enhancement of J. observed at this orientation (see Figure 1).
The CSD nanocomposite shows lower J. values at H//c but with the benefit of having a flatter J.(6)
dependence due to the presence of isotropic defects. As discussed above, improved J. performances at any
field orientation are obtained for the CSD nanocomposite at low fields (<1 T).

3.2 Microwave measurements

Microwave surface impedance measurements at different constant temperatures were performed in the
pristine and nanocomposite PLD (PLD1 and PLD3) and CSD (CSD1, CSD3) films, at different magnetic
fields applied with H//c. Figure 5 shows a schematic of the experimental resonator setup and, as an example,
typical raw MW data as well as the derived complex resistivity for one of the samples (PLD3). The
magnetic-field shift of the complex resistivity p, is linked to the vortex motion parameters through the
equation of motion of the vortex line [63], written in absence of thermal forces [64]:

N+ VU = Jy x Do, 2]
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where Jir is the microwave current density, # is the vortex viscosity and U is the pinning potential. At high
oscillating frequencies w/2m, the vortex experiences a tiny displacement x from its equilibrium position so
that one can approximate:

VU(x) =k, x, [3]

which defines the pinning constant (or Labusch parameter) k, representing the elastic recall on the vortex
toward the pinning center. We stress that the vortex dynamics at high frequencies is very different from the
dc case: vortices oscillate for a tiny fraction of their intervortex spacing. Thus, microwaves probe the very
short displacement dynamics. As such, significant signal can be detected even deep in the vortex solid
phase. Moreover, due to the very small oscillations, it is safe to make use of Eq. [2] which is a single-vortex
equation: all the complex interactions between vortices and pinning centers result in a certain spatial vortex
configuration which contributes little to the dynamics, being the latter determined by very small oscillations
around the vortex equilibrium [65].

From Eq. [2] one derives the vortex motion resistivity [64]:

. &, B 1 . 4
Pul +lp’U2=Tl—i]€p/T]V [ ]

Thus, from measurements of pyi and py2 one directly obtains the vortex parameters (the possible role of
thermal effects has been discussed extensively in [63]). On a technical ground, we note that the numerical
inversion from the data produces a very large scattering at low fields, so that the data below 50 mT are
omitted.

In this paper we focus on the pinning properties, and thus on &,. Eq. [3] clearly shows that £, is a measure
of the steepness of the pinning potential. This is an important feature in the discussion of the data. A second
important point comes from Eq. [2] being a single-vortex equation. Thus, the measured response of the
overall system of many vortices, when interpreted with Eq. [4], should be understood as an average over
all vortices. As such, the number of pinning centers affects the average k,: more pinned vortices imply a
larger average k.

For what concerns the magnetic field dependence, a decreasing k,(H) has been attributed to incipient
collective pinning due to fluxon softening [66]. As we will see, this is a feature common to all films but the
PLD nanocomposite.

We then derived the (average) pinning constant as a function of the field, k,(H), at different temperatures
between 67-83.5 K in the low-field regime below 1 T, in CSD and PLD samples. Figure 6 summarises the
kp(H) field-dependence at several constant 7 determined for the CSD (Fig. 6a) and PLD-grown (Fig. 6b)
pristine films and nanocomposites. Several features emerge: (i) nanodefects increase the absolute value of
kp, (i) k, attains larger values in PLD samples, and (iii) in nanocomposite PLD and CSD the field
dependence is different.

In both cases it is observed that at each temperature and field investigated, the addition of nanodefects
has the effect to significantly increase the pinning constant. Looking at the CSD samples, two features
emerge. First, at same (or close) temperatures, the low-field &, for the pristine and NC samples are similar.
Second, with increasing the magnetic field, the k,(H) dependencies of pristine and nanocomposite films are
similar, with an immediate decrease of &, with increasing field, the only difference being the larger value
of k, in the nanocomposite. These features are consistent with a pinning effect mainly due to a larger number
of pinning centres in nanocomposites. A second effect that cannot be excluded is an increased steepness of
the additional pinning centres with respect to those existing in the pristine film. It is remarkable that this
effect takes place on the scale of the amplitude of the vortex oscillations, ~0.1 nm. However, the similar
field-dependence in pristine and nanocomposite points to the same qualitative pinning regime in the low-
field region. This behaviour is common to other chemically-grown YBCO nanocomposites [67]. As
mentioned before, a decreasing k,(H) is a manifestation of fluxon softening, with a drive toward collective
pinning. Since measurements are taken deep in the vortex solid phase, with the microwave probe we can
observe the transformation toward collective pinning even in the vortex solid phase. The addition of NPs,
which induces an increase of the YBCO isotropic nanostrain, leads to a k,(H) dependence smoother but
qualitatively similar than in pristine films, indicating that the physics of vortex pinning is unchanged.

PLD films (Fig. 6b) exhibit instead significant differences with respect to CSD films: the low-field limit
of k, is different in pristine and nanocomposites, the absolute values of &, are larger, the increase of k, with
nanostructuring is larger and, most important, the field dependence changes dramatically with the
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introduction of nanorods. From all these features one can state that steeper pinning centres are introduced
with nanorods, so that vortices pinned by nanorods do not undergo a significant softening.

The quantitative effect of NPs and nanorods is reported in Fig. 7, where we report k,(7) measured at
woH=0.5 T. There, the strong increase in PLD samples with nanorods is evident. In PLD samples, nanorods
increase k, by a factor of ~4, while NPs in CSD samples produce a smaller increase, by a factor ~2. This is
not surprising: nanorods are in fact expected to be very efficient in vortex pinning, especially when the field
is aligned (or approximately aligned) with the nanorods, as in this case.

Bearing in mind Eqgs. [2,3], the large increase of &, with the introduction of nanorods hints to a steepening
of the pinning potential or, analogously, that existing defects (e.g. twin planes) determine a much broader
pinning potential than nanorods. However, the most important feature is that the magnetic-field dependence
of k, remains flat or even slightly increasing in films with nanorods. This behaviour was already observed
in YBCO/BZO PLD films [48,68,69] and, as opposed to the decrease of k,(H), points to pinning of rigid
fluxons, thanks to the 1D nature of nanorods. Nanorods change the qualitative nature of fluxon pinning, as
observed in the short-vortex-displacement (small oscillation) regime: the rigid vortex pinning extends to
higher fields, since nanorods hinder the fluxon softening in a significant fraction of the fluxons. In fact, in
PLD YBCO/BZO (with nanorods), by comparing the angular dependence of the microwave response and
of J. [48], it was shown that rigidly pinned fluxons produce a caging effect on other, possibly softer, fluxons
that are not rigidly pinned by nanorods. As a consequence, J. is enhanced more than the enhancement of
kp. In this context, the depinning of flux lines (that gives rise to J.) can be dominated by the softer pinned
vortices. In order to reinforce this speculation, we remind that increasing the density of nanorods in
YBCO/BZO increased the field range of constant &, [70], pointing to a change of regime from soft to rigid
vortices with increasing the nanorods density.

The very different effect of NPs and nanorods on the high-frequency dynamics is exemplified in Fig. 8,
where we report the data for all four samples at the same temperature 7~77 K. As it can be seen, only the
PLD sample with nanorods exhibits an almost field-independent k,(H), consistently with the absence of
softening due to the presence of elongated, 1D pinning centres.

5. Conclusions

The vortex pinning response in dc and at 50 GHz of YBCO nanocomposites with different types of defects,
BYNTO nanorods in PLD films and BHO nanoparticles in CSD films, was characterised combining
transport and microwave surface impedance measurements. Transport critical current density
measurements allowed us to draw an H-T diagram with different characteristic fields to compare the two
types of nanocomposites at H//c. Whereas CSD NCs exhibit a higher single-to-collective H*(7) line, PLD
NCs present larger irreversibility fields. As a consequence, CSD NCs have superior performances a lower
fields, < 1 T, above which the PLD nanocomposites take over.

Microwave results demonstrate that nanodefects increase the pinning constant k, in both types of
nanocomposites, although the effects on the field-dependence are qualitatively different. For CSD NCs,
where the addition of nanoparticles induces an increase of the YBCO isotropic nanostrain, an improvement
of the kp(H) dependence is observed, qualitatively similar but with a smoother decay than that of pristine
samples. In contrast, for PLD NCs, the introduction of 1D nanorods produces an extension of the rigid
vortex pinning to higher fields, leading to an increasing kp(H) curve, instead of the decreasing curve
observed for pristine samples.

Our investigation of the in-field pinning efficiency of defects of different dimensionality defects at
different frequency ranges provides useful guidelines to select the best material under the different
operating conditions required for applications.
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Figure 5. (a) Magnetic field dependence of the quality factor O
and resonance frequency fo for the YBCO PLD3 thin-film. (b) real
and imaginary part of the complex resistivity derived from the data
in (a) and Eq. [1]. Inset: sketch of the resonator.
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Figure 6. Pinning constant (k) as a function of the applied
magnetic field H//c, at different constant temperatures for (a)
CSD-pristine film CSD1 (open symbols) and nanocomposite
with NPs, CSD3 (full symbols) samples, and (b) PLD-pristine
film PLD1 (open symbols) and nancomposite with nanorods
PLD3 (full symbols).
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Figure 7. Pinning constant (kp) as a function of the temperature
at a fixed applied magnetic field po/d = 0.5 T, in PLD films
(purple symbols, PLD1 and PLD3) and CSD films (grey symbols,
CSD1 and CSD3), pristine film (open symbols) and
nanocomposite (full symbols).



This article has been accepted for publication in IOP-Superconductor Science and Technology. This is the author's version
which has not been fully edited and content may change prior to final publication.
Citation information: DOI 10.1088/1361-6668/ab8f18

0 025 05 uH(M

Figure 8. Pinning constant (k,) as a function of the applied
magnetic field H//c, at 77 K for investigated films: PLD samples
PLDI1, PLD3 (purple symbols) and CSD samples CSD1, CSD3
(grey symbols). Open symbols: pristine films; Bold symbols:
nanocomposites.
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