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7.1 Introduction

The advent of high-temperature superconductivity has opened up a new frontier
in advanced power systems and high-field magnets. However, in the early days,
achieving high current densities in high-temperature superconductor (HTS) wires
was a fundamental problem. This was attributed to grain boundaries that act as weak
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links in these materials by drastically limiting the current flow. The work of Dimos,
Chaudhari, and Mannhart [1] provided a breakthrough to solve this grain boundary
problem; by measuring the critical current of YBa;CuzO7_, (YBCO) thin films
deposited epitaxially on bicrystal substrates, which enabled control over the misori-
entation of grain boundaries in YBCO, they found that the critical-current density
J. across the grain boundary falls exponentially on increasing the misorientation
angle of the grain boundaries. Their results suggested an alternative path to achieve
long wires with high J.: texturing the HTS material biaxially so as to limit the
misorientation angle between adjacent grains to only a few degrees. This led to the
second generation (2G) of HTS wires, also called coated conductors, with promise
for bulk power transmission and magnet applications [2]. Nowadays, the epitaxial
thin film structure of these materials allows generation of record critical-current
densities observed so far in many high-temperature superconductors. Nevertheless,
critical-current densities, and therefore power applications, can be tremendously
boosted if nanostructured conductors with artificial pinning centers immobilizing
quantized vortices at high-temperature and magnetic fields are produced. To date,
all the proposed strategies for the preparation of nanostructured YBCO films
involves the use of a secondary non-superconducting phase [3—8] either to use its
normal-state volume or to generate defects within the matrix of YBCO that act as
localization centers for vortices, which are quanta of magnetic flux [9-16].

The strategies to induce vortex pinning consist of creating non-superconducting
regions—any defect that may break the crystallinity of the YBCO matrix—which
will oppose the movement of vortices. If the Lorentz force, J x B, on a vortex
exceeds the pinning force induced by a defect, the magnetic flux lines move
and generate resistive losses, thus limiting the critical current. Hence, achieving
efficient vortex pinning is crucial for the application of superconductors as loss-free
conductors in cables and in magnetic coils.

Furthermore, due to the very small coherence length £ of YBCO (£, &~ 2 nm,
&. ~ 0.4 nm), the range of defects that can pin vortices is vast: point-defect clusters,
dislocations, stacking faults, anti-phase boundaries, grain boundaries, voids, and
secondary phases. However, the localization of the vortices’ core at these insulating
regions is not the only effective vortex-pinning mechanism. Recent results have
pointed out the possibility that the formation of Cooper pairs might be quenched
under tensile strain, thereby, enabling another strategy to pin vortices in high-
temperature superconductors [17, 18].

Although YBCO has been long studied, the use of improved characterization
techniques has shed light on the complex defect landscape of YBCO thin films
and nanocomposites and unveiled the presence of previously disregarded defects
embedded in YBCO with peculiar electronic and magnetic properties. All the
defects shown herein may be found in any YBCO thin film, regardless of the
deposition and growth method used to fabricate it. We will pay attention to the
atomic structure of individual defects, the complexity of which can be shown in real
space and with atomic resolution using aberration-corrected scanning transmission
electron microscopy (STEM).
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The implementation of spherical aberration correctors in modern electron micro-
scopes has pushed their spatial resolution into the sub-Angstrom regime and their
sensitivity for imaging and spectroscopy of both light and heavy elements. In an
aberration-corrected STEM, a schematic of which is shown in Fig. 7.1, an electron
probe is focused to a spot size of ~1 A and rastered over a very thin sample (5—
100 nm thick). The scattered electrons are then collected to form the image as a
function of the probe position over the sample. In addition, the use of post-specimen
lenses and multiple detectors allows the simultaneous collection of electrons that
are scattered to different angles, enabling the detection of complementary signals.
Probably the main benefit of the STEM configuration is that it is possible to obtain
the so-called Z-contrast image—with Z being the atomic number—which is formed
by collecting the electrons scattered out to high angles by placing a high-angle
annular dark field (HAADF) detector, ADF1 in Fig. 7.1. In this imaging mode,
the brightness associated to each atomic column is approximately proportional to
its Z2 number [19-21]. This imaging mode has two main advantages, the first is
that the resulting images are incoherent, which makes the simulation of the imaged
structure unnecessary and therefore the interpretation of the image straightforward
[22]. The second advantage is the possibility to form an image of point defects, as
it is going to be shown in this chapter. The wider probe-forming aperture available
after aberration correction gives a reduced depth of focus, making it possible to
optically section through a sample in a way similar to confocal optical microscopy
[23].
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As mentioned above, all the transmitted electrons in an STEM can be gathered
with different detectors, see Fig. 7.1, each one providing complementary informa-
tion, either as an image, if another imaging detector is used, or as a spectra, with
an electron energy loss spectrometer, which collects those electrons that have lost
some energy as a result of inelastic scattering from the sample, which are typically
deviated to low angles. Hence, we have combined High-Angle Annular Dark Field
(HADDF), Low-Angle Annular Dark Field (LAADF), and Annular Bright Field
(ABF) imaging modes with Electron Energy Loss Spectroscopy (EELS) in an
STEM, and complemented with X-Ray absorption spectroscopy (XAS), X-Ray
magnetic circular dichroism (XMCD), and density-functional-theory calculations
(DFT) to probe the atomic structure, the chemistry, the magnetic and the electronic
structure of the defects found in YBCO thin films.

7.2 The Structure of YBCO

To optimize superconductivity in cuprates, and YBCO in particular, several struc-
tural features are needed, resulting in a rather complex chemistry. First, copper
oxide planes are essential. These have a stoichiometry of CuO, and form a corner-
connected square-pyramidal plane (gray arrows in Fig. 7.2a). Hence, cuprates are
described as layered perovskites. YBCO has two hole-doped CuO, planes separated
by Y cations without allowing intercalation of O between Cu’s in adjacent planes.
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Fig. 7.2 (a) Sketch of the orthorhombic YBCO unit cell. (b) Z-contrast, (¢) ABF, and (d) contrast-
inverted ABF images, showing the YBCO crystal structure viewed along the [100] zone-axis
direction. Scale bars: 1 nm. Ba, Y, Cu, and O are represented with green, yellow, blue, and red
circles, respectively. The blue and red arrows signal two superconducting CuO» planes and two
CuO chains, respectively. Data acquired at 300 kV on the aberration-corrected FEI Titan
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A larger cation, Ba supports apical coordination of a further oxygen to copper, and
provides connection to an additional CuO, layer, also referred to as Cu-O chains.
These CuO, layers are termed as a “charge reservoir” as they compensate for the
hole-doping of the CuO; planes. In the orthorhombic phase, the Cu-O chains align
along the b axis and the oxygen occupies the so-called O(1) site, whereas the sites
on the a axis [O(5)] are empty.

Figure 7.2b shows a high-resolution Z-contrast image where the YBCO structure
is viewed along the [100] zone-axis orientation. As the brightness associated to each
atomic column is roughly proportional to its Z> number, it allows distinguishing all
the heavy atomic species in the structure, the Ba, Y, and Cu cations. In addition, one
can simultaneously gather the electrons of the direct beam using an ABF detector,
which discards the central part of the bright field disk. Such a detector enables us to
visualize atomic columns composed of light atoms [24]. The ABF image displayed
in Fig. 7.2c and its inverse-contrast image in Fig. 7.2d reveals the oxygen sub-lattice
of YBCO. All O atoms belonging to the superconducting planes (blue arrows) are
not confined at the same basal plane as the Cu atoms that they are bonded to. They
are slightly shifted towards the Y cation, resulting in a rippling pattern with the Cu
atoms when moving along the basal direction, see Fig. 7.2d.

From the electronic point of view, undoped YBCO (if one lowers the O content to
6) becomes insulating and contains Cu>* (d° configuration) within the CuO; sheets.
The uppermost 3d orbital is 3d,>_,2 and is singly occupied. This lone electron is
localized on Cu due to strong Coulomb repulsion and aligned antiferromagnetically
on the CuO; plane. In the remaining Cu chains, the Cu'* ion has a closed-shell
configuration (d'°) and is insulating. The addition of O in YBCO introduces trivalent
Cu in the CuO; planes, being divalent in the Cu-O chains. The holes are transferred
between them through the apical O(2) of the Ba-O plane [25]. Further hole-doping
increases T, which reaches its maximum at a O content of about 6.92 [26].

Thanks to the particular geometry of the STEM, one can characterize the
electronic structure of a compound with atomic resolution using EEL spectroscopy
[19], which gives information about the energy that the transmitted electrons lose
when they interact with the core electrons of the crystal, providing information of
the electronic energy states that remain empty being above the Fermi energy. In
perovskites, the O 2p- and transition metal 3d-states are strongly hybridized, as
they have similar energies and lay close to the Fermi level, which helps to probe
the metal-oxygen bond. In particular, the combination of STEM and EELS allows
for measuring the O-K and Cu-L edges with sufficient spatial and energy resolution
to distinguish the role of the superconducting planes and chains in real space, see
Fig. 7.3a. Following the dipole-selection rules, the O-K near-edge structure arises
from the excitations of the O 1s-electrons to the O 2p-states, whereas the Cu-L edge
results from the excitation of the 2p-electrons into the empty 3d-states. Thus, any
change in the electronic structure can be probed by studying the variations in the
fine structure of both edges. For instance, the onset of the O-K edge pre-peak is
observed to shift to higher energies when lowering the O content within the YBCO
structure [27, 28].
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Fig. 7.3 (a) The crystal structure of the orthorhombic YBCO unit cell with arrows to show the
Cu-O chain and the CuO; plane from which the EEL spectra in (b) and (c) were acquired. (b)
Site-specific O-K edges associated to the chain (in red) and superconducting plane (in blue). (c)
Site-specific Cu-L edges associated to the chain (in red) and superconducting plane (in blue).
Data acquired at 100 kV on the aberration-corrected Nion UltraSTEM. (d, e) O-K and Cu-L XAS
spectra. All spectra were obtained from a YBCO nanocomposite with Ba; YTaOg nanoparticles

Figure 7.3b, ¢ show the O-K and the Cu-L edges from the superconducting planes
(in blue) and from the chains (in red), respectively. Both edges have been acquired
from a YBCO nanocomposite thin film and are compared with the macroscopic and
averaged X-ray absorption spectroscopy (XAS) data in Fig. 7.3d, e, respectively.
One can clearly resolve significant differences between the O-K and Cu-L spectra
in the chains and in the planes. Regarding the O-K edge, the most obvious is the
difference in energy of the onset of the O-K pre-peak, which is found at 527 eV in
the chains and at 528.5 eV in the planes, and their intensity, which is lower in the
planes. In addition, the central peak, located in the 534-540 eV range, is also shifted
to a higher energy in the planes.

The Cu-L edge fine structure also reveals differences between CuO» planes and
Cu-O chains see Fig. 7.3c. At the chains, the L3 peak splits into the a and b peaks,
centered at 931.5 eV and 934 eV, respectively. A chemical shift towards higher
energies is observed in the Cu-L edge when the Cu oxidation state is reduced [29,
30]. Peak a is associated to a Cu oxidation state of (4-2) whereas peak b is associated
to (41). Therefore, the splitting of the L3 peak suggests that a mixture of Cu+1/4-2
cations is present within the single-chain layers. On the other hand, the L3 peak
associated to the superconducting Cu atoms is mainly composed by peak a, as it
has an oxidation state of Cu™?. The O-K and Cu-L edges spectra shown here for a
nanocomposite film match extremely well with those obtained from a YBCO single
crystal [28], and prove that aberration correction STEM is able to image the real-
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space electronic structure in the planes and chains of YBCO thin films. This kind
of characterization may help understanding the changes in the electronic structure
with defects in YBCO with atomic resolution.

7.3 The Microstructure of YBCO Thin Films

Efficient and viable superconducting films require a fine balance between defects at
both nanoscale and mesoscale levels. As stated above, both YBCO lattice defects
and non-superconducting nanostructures can effectively pin the magnetic flux, thus
enabling high J. under external applied magnetic fields. Indeed, one of the most
effective ways to enhance the physical properties of YBCO thin films is to introduce
secondary phase nanoparticles within the YBCO film. Barium perovskite nanoin-
clusions BaMO3; (M = Zr, Hf, Sn), double perovskites Ba,RETaOg (RE =Y, Gd,
Er) and binary rare earth oxides RE2O3 (RE =Y, Dy, Ho) have been successfully
incorporated to YBCO epitaxial matrix by different deposition techniques leading
to nanocomposite films with improved flux-pinning properties [6-8, 18, 31-39].
However, one must consider that the embedded nanostructures reduce the current-
carrying cross section; therefore, the density, distribution, and separation among the
pinning centers are also critical to establish a balance between flux-pinning and
current-blocking. Understanding the influence of the nanoinclusions on the YBCO
texture and microstructure is thus essential for correlating the structure with its
superconducting properties.

The best way to visualize the complexity of a YBCO nanocomposite thin film
microstructure is by using an aberration-corrected STEM. Figure 7.4a, b shows
two low-magnification STEM images, acquired simultaneously, of a solution-based
YBCO nanocomposite with BaYTaO¢ (BYTO) nanoparticles embedded within
the YBCO matrix [40]. The different contrast of these images is the result of
using different acquisition modes. Figure 7.3a is a traditional HAADF image, in
which the contrast ensues only from high-angle scattering of electrons. On the other
hand, the image in Fig. 7.4b is the result of collecting electrons scattered to lower
angles (LA). This LAADF imaging mode allows one to image contrast related to
defects, i.e., deformations of the atomic columns that lead to a dechanneling of
the incident electron beam [41, 42]. HAADF or Z-contrast STEM imaging is ideal
for describing and identifying defects in such a highly distorted YBCO matrix, as
resulting incoherent images provide almost direct interpretation; they do not suffer
from contrast reversal due to the strong dependence on thickness and defocus in
conventional phase-contrast TEM imaging [21]. At the same time, LAADF imaging
allows for detecting the strain fields along defects and the distortions associated to
them.

These images show that, apart from the secondary phases embedded within the
superconductor matrix, the YBayCusO7 (Y124) intergrowth is the most common
and most widespread structural defect in YBCO nanocomposite films, which shares,
basically, the same structure as YBCO with the addition of a second CuO, layer,
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Fig. 7.4 Comparison between the microstructure of a pristine YBCO film and a YBCO-6% BYTO
nanocomposite film. (a, b) and (¢, d) are simultaneously acquired HAADF and LAADF low-
magnification images, respectively. Data acquired at 300 kV on the aberration-corrected FEI Titan.
Adapted from [13]

instead of one [43, 44], as shown in Fig. 7.5. Comparing the HAADF and LAADF
images, one can realize that the introduction of secondary phase nanoparticles
within the YBCO layer dramatically increases the number of these planar defects,
which appear as dark stripes in the HAADF imaging mode and brighter in LAADF
images. In addition, due to the presence of BYTO nanoparticles and the numerous
intergrowths, the focus is lost in several parts of the image, revealing a highly
distorted YBCO matrix, which accounts for strain-induced contrast as observed in
the LAADF image in Fig. 7.4d.

The presence of an extra CuO chain in the YBCO lattice introduces a 1.9 A
increase along the c-axis and a non-conservative stacking fault with a displacement
vector of [0, b/2, c/6] [44], which shifts the two parts of the structure on either side
of the fault laterally by 1/2 b when viewed along the [100] direction, as shown in
Fig. 7.5a, b. Accordingly, the Cu atoms in this double Cu-O chains have a triangle-
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Fig. 7.5 High-resolution Z-contrast images of an isolated Y124 intergrowth embedded within the
YBCO crystal structure, which are viewed along either the (a) [100] or, (b) and (c¢) [010] zone-
axis directions. The edge of this planar defect, composed by a partial dislocation, is viewed in
(c) (yellow arrow). The YBCO structure is sketched with green (Ba), yellow (Y), and blue (Cu)
circles. Scale bars: 1 nm. Image acquired at 300 kV on the aberration-corrected FEI Titan

shaped atomic arrangement when viewed along the [100] zone axis, while they lay
head-to-head when viewed along the [010] zone axis. When this double Cu-O chain
occurs as a single layer with a finite lateral extent, it is structurally analogous to
a Frank loop dislocation, i.e., an extrinsic stacking fault surrounded by a partial
dislocation, see Fig. 7.5c.

The genesis of the Y124 intergrowths—which appear not only in YBCO
nanocomposites but in all YBCO thin films, regardless of the growth method used—
is expected to be linked to stress-related effects and stems from the fundamental
crystal structure of YBCO superconductors, which have a marked two-dimensional
behavior, which in turn determines their structural anisotropy and superconducting
properties. Such anisotropy also affects the evolution of crystallographic defects,
hindering the creation of correlated defects perpendicular to the superconducting
CuO;, planes. A common way to dissipate this strain energy is through the
generation and growth of dislocations. However, dislocations in YBCO mostly
belong to the glide systems [100](001), [010](001), and <110>(001), i.e., they are
confined to the basal plane [45]. Given the large lattice parameter of YBCO along
the c-axis (cypco = 11.68 10\), such dislocations have a large energy associated with
them—as the formation energy of a dislocation is proportional to the square of its
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Burgers vector—essentially barring their formation. Alternatively, YBCO develops
Y124 intergrowths as stacking faults parallel to the (001) plane by the insertion
of an extra Cu-O atomic layer. As mentioned before, Y124’s boundary may be
considered as a partial dislocation with a Burgers vector [0, 1/2, 1/6] [46], that
is, a dislocation with both in- and out-of-plane components. Hence, as in other
cubic and tetragonal perovskites [47], the appearance of Y124 intergrowths can be
considered a mechanism by which the stress is relieved; an analogous situation to
the nucleation of intergrowths at grain boundaries and Y,BaCuOs-YBCO interfaces
in melt-textured materials [48, 49].

In the particular case of metal-organic deposited YBCO films, Y124 planar
defects are usually prevalent. In solution-derived nanocomposites, epitaxial YBCO
nucleation and growth is delayed compared with nucleation and growth of the
randomly distributed nanoparticles [9, 50]. Hence, stress is built up as YBCO
encounters obstacles, such as randomly oriented nanoparticles [11, 13, 18, 51],
during the growth process. On the other hand, in physical growth methods, such
as pulsed laser deposition (PLD) and sputtering, both the YBCO and the secondary
phases grow at the same time, and the interface between them is coherent or semico-
herent. In this case, the elastic strain is mainly accommodated by the nanoparticles
or the nanorods with misfit dislocations, interface distortions, and oxygen vacancies
although limited to few unit cells [10, 15]. However, the appearance of Y124
intergrowths has also been reported when the mismatch or the concentration of
secondary phases is high [8, 15, 16]. Therefore, by modifying the deposition
technique one can ensure different microstructures, rendering dramatic changes in
the flux-pinning mechanism: while films grown by PLD usually show directional
effects in J¢, solution-derived composites exhibit a characteristic isotropic pinning
behavior [9, 36, 52]. Regardless of the deposition technique, the presence of Y124
intergrowths within the YBCO films is highly desirable because they play an
important role in vortex pinning, as their shape and size, as well as the strain
generated around the associated partial dislocations at their boundaries, affect the
flux-pinning and the critical current carried by the superconductor [9, 50, 53-56].

The larger amount of Y124 intergrowths and the presence of secondary phases
within the nanocomposite films strongly affect another common defect in YBCO
superconductors, twin boundaries (TB). Such defects appear to relieve the spon-
taneous strain that arises during the tetragonal-to-orthorhombic transition, which
takes place during the last stage of the growth process, the oxygenation step [57]. In
a defect-free environment, TBs can extend up to its critical twin-spacing, which is
controlled by the film thickness and substrate constraints. In a 300 nm-thick YBCO
film, the spacing between twins is around 100 nm [11, 58]. However, in the presence
of Y124 defects the vertical TB coherence is broken. Figure 7.6a shows a Z-
contrast image of a nanocomposite film, while Fig. 7.6b shows the ¢, deformation
tensor map ensuing from the {100} Bragg reflection. This deformation map has
been generated using the Geometrical Phase Analysis (GPA) software, which is
extremely useful for strain determination, as it is able to extract local displacements
and rotations of atomic planes from the Fourier analysis of a high-resolution lattice
image [59]. Here, [100] and [010] domains can be unambiguously distinguished



7 An Atomic-Scale Perspective of the Challenging Microstructure. . . 199

i [100]'5I [010]I:'

30 nm |

—
]
—
.
w
w
2
®
a
H
3
=
©

7% BZO

J (MA/cm®)

[

=
Y

90 135 0 (deg) 180

Fig. 7.6 (a) Low-magnification Z-contrast image of a YBCO-10% Y;0O3 nanocomposite pre-
senting a high density of Y124 defects, visible as dark stripes. Image acquired at 300 kV on
the aberration-corrected FEI Titan. (b) &, deformation map showing in colors (red and green)
different deformation values, corresponding to the [100] and [010] twin domains. Notice that the
twin coherence is broken along the film, thus denoting the strong structural interaction between
both defects. (¢, d) Sketches illustrating crystal twinning in highly faulted orthorhombic YBCO.
Y 124 intergrowths are shown in blue. (e) Angular dependence of J. at 9 T for a standard YBCO
film (closed symbols) and a nanocomposite (open symbols) at 10 K (red) and at 65 K (green).
Adapted from [11]

by GPA due to the existing differences between a and b cell parameters in the
orthorhombic phase of YBCO (a = 0.382 nm; b = 0.388 nm).

The higher density of defects produces a strong variation of the twin-spacing
and a break in the twin boundary coherence; see the sketches in Fig. 7.6c, d. This
scenario changes the understanding of TBs in nanocomposites, as they can act as
pinning sites or as flux channels. The reduction of the TB vertical coherence has
a relevant effect on precluding vortex channeling at low temperatures and thus
avoiding a suppression of J.. for fields parallel to the c-axis (6§ = 180° in the image)
[11, 58], see Fig. 7.6e.

The interaction between TBs and Y124 intergrowths is strain mediated, that
is, the partial dislocation and its associated distortions constitute a barrier for
propagation of the TB. This strain, as it changes the microstructure of the YBCO
films, also transforms the pinning landscape of the nanocomposites. The localization
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of the vortices’ core at insulating regions (provided their dimension is in the range of
the coherence length &) is not the only effective vortex-pinning mechanism; tensile
strain can also quench the formation of Cooper pairs and constitute another effective
pinning mechanism in high-temperature superconductors [17, 18, 60].

Although the combination of high-angle and low-angle ADF STEM images is
an easy and straightforward method to visualize the nanoscale lattice deformations
present in the YBCO matrix—that are associated to defects and nanoparticles—one
needs to quantify the lattice deformation in order to infer the effectiveness of the
partial dislocations associated to the Y124 intergrowths as a vortex-pinning site [17,
60], which can be done using GPA analysis. The Z-contrast image in Fig. 7.7a shows
the presence of a Y124 intergrowth in an almost defect-free YBCO region, whereas
Fig. 7.7c, d show the corresponding ¢, and &y, deformation maps, respectively.
The most evident lattice deformation is observed in the &y, map surrounding the
partial dislocation core, which gradually vanishes away from the dislocation core,
see Fig. 7.7d. On the other hand, the &,, map shows a +1.4 £+ 1.1% tensile
deformation located right at the partial dislocation core, suggesting localized strain-
induced pair suppression in YBCO, and thus constituting an effective vortex-pinning
center [17]. The same occurs in Frank sessile dislocations, which are formed when
a twin boundary crosses a Y124 intergrowth, as shown in Fig. 7.8a, b. The &y,
GPA deformation map of the Z-contrast image shows two crystal domains, [010]
domain in green and [100] domain in red, in addition to the compressive and tensile
deformations around the dislocation core, signaled with an arrow. Since the Y124
structure involves the addition of an extra Cu-O chain and a structural shift of 1/2b),
a linear defect that separates the two crystal orientations must be present, this is a
dislocation along the twin boundary plane, i.e., <100>ygpco [13].

(a)

+1.4%1.1%

Fig. 7.7 (a) Z-contrast image of YBCO with a single isolated intergrowth. Image acquired at
300 kV on the aberration-corrected FEI Titan. (b) Fast Fourier Transform showing the Bragg
reflections, {100} and {003}, used to generate the GPA deformation maps. (¢, d) &y, and &y,
deformation maps along [100]ypco and [001]ypco directions, respectively. The marked region
in (a), the Z-contrast image is the reference lattice. (e) Sketch of the YBCO structure showing the
two spacings that appear in the ¢, deformation map. Adapted from [13]
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Fig. 7.8 (a, b) Show a Z-contrast image of an isolated Y124 intergrowth and its corresponding
&xx GPA deformation map of the Z-contrast image. The two twin domains are shown in red and
green colors. Image acquired at 300 kV on the aberration-corrected FEI Titan. The {100}ygco
Bragg reflections are used for computing the GPA map. Inset is a detailed image of the Frank
sessile dislocation with a 1/2 [110] Burgers vector and a (001) glide plane located between the two
CuO layers. The Y124 structure is illustrated in the image along [100] and [010] zone axes, where
Green = Ba, Yellow = Y, Blue = Cu, and Red = O. The yellow symbol marks the position of the
dislocation. Adapted from [13]

7.4 The Y124 Intergrowth: A Burst of Changes

As already mentioned, the presence of Y124 intergrowths is highly desirable
because they play an important role in vortex pinning. However, it may be argued
that the extra amount of Cu that would be needed for their formation would lead to
a local Cu off-stoichiometry, as both the solution precursors and the targets (used
in magnetron sputtering or pulsed laser deposition techniques) employed in YBCO
synthesis have an exact 1:2:3 stoichiometry for Y, Ba, and Cu. The situation worsens
in the case of YBCO nanocomposites, where the introduction of secondary phases
within the layer may render a huge increase of Y124 intergrowths. For instance, this
Cu off-stoichiometry could affect the critical temperature (7¢) of all the films that
present a huge amount of these intergrowths, although, this detrimental effect has
not been reported, being the 7. ~90 K in these defective films, which is similar to
the pristine YBCO films. The reason, as it will be shown below, is that the system
balances this deficiency of Cu by forming Cu and O vacancies buried within the
very same intergrowth [12], thus preventing the stoichiometry catastrophe.
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Fig. 7.9 (a) Z-contrast image of two Y124 intergrowths viewed along the [010] zone-axis
direction. The Ba, Y, and Cu atomic columns are represented with green, yellow, and blue circles,
respectively. Scale bar: 2 nm. Image acquired at 300 kV on the aberration-corrected FEI Titan. (b)
Cu (red) and (c) O (green) EELS compositional maps. Each image displays, from left to right, the
ADF simultaneous image, the EELS compositional map and the row-averaged EELS signal profile.
The arrows point to the Y124 intergrowth position. Data acquired at 100 kV on the aberration-
corrected Nion UltraSTEM. Adapted from [12]

Figure 7.9a shows a Z-contrast image of the YBCO phase with two Y124
intergrowth defects, each one viewed along the [010] zone-axis direction. The
contrast within the double Cu-O chains randomly varies along the basal direction,
with a lower brightness at some Cu columns. This lowering of intensity is ascribed to
the presence of pairs of Cu vacancies (Vy) [12]. In Fig. 7.9b, c, the Cu and O EELS
compositional maps are displayed as red and green color maps, respectively. The
vertical profiles correspond to the relative atomic composition (Cu and O) depth-
profiles, which are obtained by summing the intensities of each row in the map.
In the double-chain (marked by red and green arrows), both the Cu and O signals
are observed to be lower than in the single-chain positions, pointing towards the
presence of complex Cu-O vacancies.

DFT calculations allowed for estimating the stability of different vacancy
configurations by comparing their formation energies at 0 K. A supercell structure
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Fig. 7.10 (a) Illustration of the Y124 crystal structure. The pink, orange, black, and magenta
circles indicate some of the crystallographic sites where single V¢, and clusters of Vo, + Vo
have been tested using DFT calculations. The Ba, Y, Cu, and O atomic columns are represented
with green, yellow, blue, and red circles, respectively. (b) Formation energy associated to the
specific vacancy configuration represented in (a) at 0 K. (¢) Z-contrast image with the isosurface
plot of the spin density showing the magnetic moment associated with a 2V, + 3Vo defect in
Y248. Image acquired at 200 kV on the aberration-corrected Nion UltraSTEM. (d) Cu L, 3 edge
(top) background-subtracted XAS and (bottom) XMCD spectra measured at 6 T, 1.6 K in normal
incidence (0 = 0°) for the standard YBCO thin film in Total Electron Yield (TEY) mode. Scale
bar: 1 nm. Adapted from [12]

composed by a YoBasCugOje (Y248) stoichiometry containing Cu-O double-
chain layers instead of Cu-O single chains was used [12], which is represented in
Fig. 7.10a. The formation energy of most relevant defects obtained from the DFT
calculations is summarized in the table of Fig. 7.10b. The most favorable vacancy
configuration—that also matches with the EELS experimental data—corresponds
to the case where two Cu vacancies are accompanied with three oxygen vacancies
(2Vcu + 3Vo, purple in Fig. 7.8a), with one O vacancy located in the upper Cu-
O chain and two in the lower one. DFT also allowed insights into the effect of
these complex defects on the electronic and magnetic properties of the system in
the metallic phase. The most striking effect is the fact that the O-decorated Cu
vacancies give rise to a finite magnetic moment of ~2.2 up per 2Vcy + 3Vo
defect cluster [12]. Figure 7.10c shows an isosurface plot of the spin density around
one such defect cluster. Notice that the magnetization extends to the neighboring
CuO; planes, which implies that the defect structure also provides an extra vortex-
pinning contribution, since the magnetic vortices formed by flux lines should find



204 B. Mundet et al.

it favorable to go through this non-superconducting and magnetic defect with
nanoscale dimensions.

X-ray magnetic circular dichroism (XMCD) at the Cu L3 edge was used
to experimentally prove the existence of the predicted magnetic moment associ-
ated with these complex defects. XMCD experiments were performed in Total
Electron Yield (TEY) detection mode on two samples, a pristine YBCO film
and a YBCO + BYTO nanocomposite thin film, both of which exhibited a
high Y124 intergrowth concentration within the superficial TEY probing depth
(~6 nm). XMCD is an element-sensitive technique which involves recording the
difference between the X-ray absorption for left- and right-polarized photons.
If the Cu-XMCD difference is non-zero, it suggests the presence of magnetic
moments on the probed atoms, which in this case is Cu. This is demonstrated in
Fig. 7.10d, which shows a dichroic signal obtained in a YBCO film measured at
6 T and at a temperature of 1.6 K. Both samples, the pristine YBCO film and
the YBCO + BYTO nanocomposite, displayed qualitatively similar Cu L; 3 edge
fine structure and dichroic spectra. The XMCD as a function of the magnetic field
dependence displayed a superparamagnetic behavior even below 7., which was
assigned to the presence of the complex 2V, + 3V defects with an associated
cluster ferromagnetic moment [12]. The same superparamagnetic signal has been
detected in hybrid YBCO nanocomposites thin films, allowing to propose a model in
which the magnetism of Cu atoms in superconducting YBCO films can be explained
in terms of a superparamagnetic behavior of isolated ferromagnetic clusters, even
below T; [12, 61]. The fact that these defect clusters are found in large numbers in
YBCO nanocomposites, which show at the same time an enormous enhancement
of vortex-pinning efficiency, makes one wonder if this novel behavior plays a role
in efficiently pinning vortices. Thus, they are an excellent playground to investigate
the interaction between superconducting vortices and ferromagnetic clusters at low
temperatures.

DFT calculations revealed that the 2V, 4+ 3Vo defect is more stable under
low oxygen pressures, precisely the conditions under which the YBCO films are
grown [12]. Therefore, one would expect that the single crystals, which are grown
under higher oxygen pressures, did not present the most favorable conditions for
the formation of the Cu divacancies. However, STEM analyses of a single crystal
revealed the existence of both Cu and O vacancies within the Y124 intergrowths.
The low-magnification image shown in Fig. 7.11a evidences that the presence of
Y124 intergrowths is restricted to only a few nanometers below the surface of the
single crystal, while the high magnification image shown in Fig. 7.11b demonstrates
the existence of Cu divacancies within the intergrowths. Interestingly, the Cu-
XMCD measurements in TEY (surface) mode from the very same sample presented
a robust dichroic signal of about 5%. These results prove that whenever the Y124
intergrowths are present in YBCO there are Cu divacancies buried in them with an
associated magnetic moment.

Furthermore, in order to attest the DFT-predicted structure of the 2V, + 3Vo
defects, one can use the ABF imaging mode, which is able to probe all the atomic
sub-lattices. Figure 7.12a, b, respectively, show the Z-contrast and the ABF images
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Fig. 7.11 (a) Z-contrast image of a YBCO single crystal. (b) Higher magnification Z-contrast
image of the surface of the crystal showing a large concentration of Y124 intergrowths. A region
with a visible concentration of Cu vacancies is marked with a yellow circle. Data acquired at
200kV on the aberration-corrected Nion UltraSTEM. (¢) Cu L, 3 edge (top) background-subtracted
XAS and (bottom) XMCD spectra measured at 6 T, 1.6 K in normal incidence (6 = 0°) for the
YBCO single crystal obtained under TEY mode
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Fig. 7.12 (a) Z-contrast, (b) ABF, and (c) contrast-inverted ABF images of an isolated Y124
intergrowth viewed along the [100] zone-axis direction. The DFT-simulated structure is super-
imposed in (c). The inset shows two horizontal intensity profiles measured along the upper (red)
and lower (blue) Cu-O double-chains. Although not shown, the substrate is located downwards
and defines what is called upper and lower Cu-O chains, with the lower chain being closer to the
substrate. The Ba, Y, Cu, and O atomic columns are represented with green, yellow, blue, and red
circles, respectively. Scale bars: 0.5 nm. Data acquired at 200 kV on the aberration-corrected Nion
UltraSTEM
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of the YBCO lattice with an isolated Y124 intergrowth along the [100] zone
axis. The inverted ABF image, Fig. 7.12c, unveils clearly the oxygen sub-lattice
and shows a perfect match with the DFT-predicted structure. In particular, the
experimental image shows that the relative O content of both Cu-O planes of the
Y124 intergrowth is different. The lower Cu-O chain (blue arrow in Fig. 7.12c)
contains more O vacancies, therefore, has a lower O atomic column intensity, as
shown in the horizontal trace of the intensity profiles along the two Cu-O chains
of the intergrowth, see inset of Fig. 7.12c. Remarkably, this uneven distribution
of oxygen vacancies is general, as the lower Cu-O plane of the intergrowth (the
one closer to the substrate, which is located at the bottom of the image, although
not shown) always presents a lower content of oxygen. This suggests that the
distribution of oxygen vacancies is dictated by kinetic effects, during the layer-by-
layer bottom-to-top growth process. In addition, a careful inspection of the Ba-O
plane right under the double Cu-O chain shows that some of the apical oxygens,
those in the O(2) site, are slightly shifted upwards as well, resulting in a rod instead
of a round atomic column in the contrast-inverted ABF image, which was also
predicted by DFT calculations; see the sketched structure of the inset in Fig. 7.12c.

Yet, Y124 intergrowths hold in store more surprises, as subtle structural changes
occur around them. Figure 7.13a—c show a high-resolution Z-contrast image of the
YBCO matrix with two Y124 intergrowths, the out-of-plane spacings map between
the heaviest cations (Y and Ba) and the averaged profile across the intergrowths,
respectively. Notice that the profile distinguishes three different spacings: the Y-Ba,
the Ba-Y, and the Ba—Ba spacings. These results show that close to the intergrowth
the Ba—Y spacing is smaller than the Y-Ba spacing, as represented in Fig. 7.13d;
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Fig. 7.13 (a) Atomic resolution image of YBCO lattice with two Y124 intergrowths imaged along
the [010] orientation. (b) Y-Ba, Ba-Y, and Ba-Ba out-of-plane spacings calculated from (a). (¢)
Y-Ba, Ba-Y, and Ba—Ba averaged spacing profile of (b). (d) higher resolution Z-contrast image of
YBCO showing the Y-Ba and Ba-Y spacings. Scale bar: 1 nm. Data acquired at 300 kV on the
aberration-corrected FEI Titan
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whereas farther from the intergrowth (>5-unit cells) the spacings become equal and
recover the expected value for defect-free YBCO.

What is the cause of such striking result? ABF imaging of the YBCO matrix in
the presence of a Y124 intergrowth, as shown in Fig. 7.12, gives the answer to this
question. In the inverted ABF image, see Fig. 7.12c, the O columns located within
the BaO(1) plane that is present above the fault (orange arrow) appear brighter than
those belonging to the lower BaO(2) plane (blue arrow). It should be noted that
the difference in contrast between the BaO(1) and BaO(2) planes evidences that
the latter contain oxygen vacancies, and also that of the two BaO planes that are
present within the YBCO unit cell, the BaO(1) one is always closer to the film’s
surface. Although anticipated in previous results [62—65], this constitutes the first
direct experimental observation of apical oxygen vacancies (VoP20) in the BaO
plane.

The presence of Vo~ is linked to the Y124 intergrowths as these vacancies are
absent farther from the intergrowths. Independent of the growth process used, and
even for the YBCO single crystals, VoP20 oxygen vacancies appear in every other
Ba-O plane close to the intergrowths, which rules out the origin of these vacancies
to the strain induced due to lattice mismatch of YBCO with a substrate. Instead,
their existence seems to be related to the local strain generated when an extra Cu-O
plane is added once a YBCO intergrowth is generated [to be published].

The stability of the VoB?© has also been studied by DFT calculations. The plot
in Fig. 7.14 shows the formation energy of apical or planar oxygen vacancies for
varying concentrations, relative to the energies of the well-known Vo©UC. Vo0 is
more favorable at high vacancy concentrations because multiple vacancies can order
along the chains, which stabilizes them. However, in the optimal doping region,
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Fig. 7.14 Left panel, sketch of the YBCO unit cell with the position of the oxygen vacancies
painted in different colors. Right panel, a plot of the formation energy of oxygen vacancies in
different crystallographic sites as a function of vacancy concentration per formula unit (f.u.). The
energies are calculated relative to the most stable ordering of VoCU© at that concentration
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VoB20 and Vo€ have nearly identical formation energies, indicating that they are
equally likely to form. The formation energy increases when the Vg is placed in
the superconducting planes, indicating that planar vacancies should not be present
in large numbers. These theoretical calculations are in excellent agreement with the
experimental observations.

Obviously, the presence of Vg will trigger structural distortions that can
also be identified using the ABF imaging mode. Figure 7.15a shows a contrast-
inverted ABF image of the YBCO lattice surrounding two Y124 intergrowths. A
higher magnification contrast-inverted ABF image, shown in Fig. 7.15b, unveils,
at first glance, the structural changes that take place in the oxygen sub-lattice. The
oxygen atoms of the superconducting planes are shifted towards the Y cation in the
undistorted structure, forming a rippling pattern with their neighboring Cu cations.
This rippling is clearly identified in the superconducting plane that is farther away
from the Ba-O plane containing oxygen vacancies. However, this rippling almost
disappears in the upper superconducting plane. In addition, the apical oxygen atoms
located in the Ba-O planes containing oxygen vacancies are shifted upwards, and
as a result, the spacing between the Cu lying in the superconducting plane and its
nearest apical oxygen (8,p) is greater than the lower one. These distortions modify
the Cu-O bondings, in particular the in-plane and the apical oxygen height of the

BaO

N N N

Fig. 7.15 (a) High-resolution contrast-inverted ABF image of a region in a YBCO thin film
containing two Y124 intergrowths, signaled with blue arrows. Scale bar: 1 nm. The orange
rectangular area is magnified in (b). The Ba, Y, Cu, and O atomic columns are represented with
green, yellow, blue, and red circles, respectively. The change in the Cu—O—Cu angles is marked in
yellow. The red arrow signals the upward shift of the apical oxygen. Data acquired at 200 kV on
the aberration-corrected Nion UltraSTEM
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superconducting planes, and will affect the electronic structure of the YBCO, and
thus a detailed theoretical study of the electronic states locally around these defects
is required.

7.5 Summary

Abraham Lincoln once said, “It has been my experience that folks who have no
vices have very few virtues.” This bit of wisdom applies equally well to defects
in materials. Defects are generally seen as detrimental to their functionality and
applicability, however, in some complex oxides, they present an opportunity to
enhance particular properties. A paradigmatic example is the high-temperature
superconductor YBCO, in which defects play an essential role in pinning quantized
magnetic vortices and preventing energy losses. As not all defects are effective, it
is necessary to have a high degree of understanding of their structure, chemistry as
well as of how defects behave and interact within the YBCO matrix. This is achieved
by a combination of microscopic experiments and first-principles calculations.

In this chapter, it has been shown that by using a combination of aberration-
corrected scanning transmission electron microscopy (STEM), electron energy
loss spectroscopy (EELS), density-functional-theory (DFT) calculations and X-ray
magnetic circular dichroism (XMCD), one can shed light on the complex defect
landscape of YBCO thin films and nanocomposites and unveil the presence of
previously disregarded defects embedded in YBCO, as well as measure their effect
on the atomic spacings, hence quantifying strain at the unit-cell level, allowing the
description of peculiar electronic and magnetic properties.
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