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Motivation

Since the discovery of high-temperature superconductivity (HTS) in cuprate
materials, efforts have focused on developing a high-current superconducting wire
technology to fully exploit their fundamental current-carrying capability. Super-
conducting YBa2Cu3O7−δ (YBCO) based tapes, referred to as coated conductors
(CCs), have achieved the needed requirements for the power demand and produc-
tion of second generation (2G) superconducting wires. These wires are based on
an architecture where a coating of a superconducting film grows epitaxially onto a
biaxially textured substrate which is comprised of a template of one or more oxide
buffer layers on top of a metallic substrate. The techniques used in the production of
2G superconducting wires have given new alternatives, like chemical solution deposi-
tion (CSD), where the main advantage is a lower economic impact in its fabrication
being a variant to the vapor deposition techniques that needs of sophisticated high
vacuum systems. Furthermore, it allows for an easy scalability and thus it is a way
to obtain competitive commercial superconducting wires.

However, to achieve the maximum potential of applications is good to con-
sider another requirement before facing the large scale deposition processes. This
requirement implies the controlled introduction of a density of defects allowing the
enhancement of the flux pinning when applying magnetic field. Current-carrying
capabilities are strongly enhanced if well-controlled nanometric defects are present
inside the epitaxial superconducting matrix acting as vortex pinning centers and
preventing resistive loses.

Therefore, the investigation of the atomic structure of individual defects, their
intrinsic self-assembling behavior as well as their interaction is thus critical to the
understanding of the flux pinning efficiency of these HTS superconductors. This
thesis is focused in the detailed investigation and characterization of the particular
defects in the material responsible of the strong enhancement of the superconducting
properties, as well as its origin, evolution and its complex interaction, by means of
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the Scanning Transmission Electron Microscope (STEM). The modern aberration
corrected microscope has become as the most powerful and versatile tool for the
structural investigation down to the atomic level. The particular geometry of this
microscopes operated in scanning mode, provides the possibility to combine the
structural information together with the chemical analysis of the material at high
spatial and energy resolution, permitting to link the atomic and electronic structure
of solids to their macroscopic properties.

This thesis is divided in six main chapters. The properties of high tempera-
ture superconductors and especially of YBCO are reviewed in chapter 1, including
an overview of the chemical solution deposition route and a brief summary of the
TFA-YBCO growth process. In chapter 2 I describe briefly the experimental tech-
niques used for the characterization of the CSD thin films presented in this work.
chapter 3 is a general overview of the microstructure found in YBCO films with the
addition of BaZrO3, Ba2YTaO6 and Y2O3 as secondary phase nanoparticles. These
nanostructured films are found to feature a high density of artificial defects and a
strong enhancement of the superconducting properties compared to pristine YBCO
films. The particular defects responsible of this enhancement are characterized in
chapter 4. They mainly consist on the introduction of an extra Cu-O layer in the
YBCO unit cell (Y248 intergrowths). The high density of defects found in CSD films
give rise to a highly complex defect landscape where they interact with each other
and with the non-superconducting nanoparticles. In chapter 5 I will describe the
interactions between the commonest structural defects found in YBCO thin films:
Y248 intergrowths and twin boundaries. The formation of a large amount of Cu-
rich faults may lead to local off-stoichiometries since such films are prepared from a
stoichiometric metalorganic precursor solution that is converted to the YBCO fol-
lowing a two step thermal treatment. In chapter 6, it will be shown how the system
overcomes this issue, which involves the generation of Cu vacancies along the planar
defects. Finally, I present the general conclusions of this study.

4



1 Introduction

1.1 Superconductivity. High Tc superconductors

Superconductivity is a phenomenon of exactly zero electrical resistance and
expulsion of magnetic fields occurring in certain materials when cooled below a
characteristic critical temperature, Tc. Reasonably, those materials with higher Tc

are preferred for applications. In particular, copper oxide-based superconductors
(known as cuprates or High-Tc superconductors, HTS) are the most promising for
zero-resistance devices because they can operate with liquid nitrogen cryogenics
(77K).

Some of the most interesting HTS are the YBa2Cu3O7−δ (YBCO) phase, dis-
covered in 1987 [1] with Tc=92K, and bismuth-based superconductors such as
Bi2Sr2Ca2Cu3Ox with Tc=110K, discovered one year later [2]. Both materials are
type II superconductors which, unlike type I, are characterized by the fact that the
magnetic field penetrates into the material forming quantized cylindrical flux lines
called vortices. Consequently, these superconductors have the ability to carry high
currents under external applied magnetic fields, which is important for most practi-
cal applications. Vortices appear in the so-called mixed state, which is delimited by
two critical fields (Hc1 and Hc2) as showed in Fig. 1.1.

Vortices are characterized by a normal core of radius �, which is surrounded by a
region of larger radius �, in which superconducting currents are flowing. The values
of � and � depend on the material. The circulating currents confine the flux lines of
the applied magnetic field to the vortex region in such a way that each vortex carries
exactly one magnetic flux quantum. The presence of vortices ensures an elevate
number of normal-superconductor interfaces in type II superconductors. As the field
increases from Hc1 to the upper critical field, Hc2 (Fig. 1.1), more and more vortices
are introduced in the superconducting material. Eventually, at the upper critical
field, the transition into the normal state occurs. At that point, the magnetic field
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Chapter 1 Introduction

penetrates throughout the material uniformly, and all superconducting properties
are lost.

H 

T Tc 

Hc1 

Hc2 

Figure 1.1: Magnetic phase diagram for type II superconductors.

In addition, the capability to transport current with zero resistance is limited
already in the mixed state due to the vortices motion. When a current (J) circulates
through a superconductor in the mixed state, a Lorentz-like force acting on the vor-
tices arises [3], Fl=J × B. As a result, the vortices move within the superconductor
and an electric field appears, E=v × B, where v is the local velocity of flux lines.
Taking into account the non-superconducting nature of the vortex core, their motion
cause dissipation of energy and the material is no longer able to transport current
at zero electrical resistance. Therefore, it exist a maximum current density that
can flow in the material without dissipation, which is defined as the critical current
density, Jc. To avoid dissipation and thus increase Jc, vortices must be immobilized
(i.e., v=0). Effective �vortex core� pinning centers must be non-superconducting
(to reduce the vortex free energy) and their dimension similar to the vortex core
(i.e. 2�). Crystalline defects are the most common intrinsic pinning centers in su-
perconductors, especially in HTS because � is of the order of few nanometers. So, in
contrast to Tc and Hc, Jc is not an intrinsic property of the material and it strongly
depends on crystalline imperfections. The effectiveness of the pinning centers is ex-
pressed by the so-called pinning force. In the case the Fl equals to the pinning force
(Fp) exerted by the defects, the material will transport current without dissipation.
The maximum current density without dissipation, Jc, is then defined as the current
that produces a Lorentz-like force, Fl, equal to the pinning force, i.e. Fp =Jc × B.
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1.1 Superconductivity. High Tc superconductors

When the Lorentz force surpasses the pinning force, the vortices are released from
the pinning centers thus dissipating energy. So, in the phase diagram one can draw
the so-called irreversibility line (IL) (see Fig. 1.2).

Figure 1.2: Magnetic field-temperature diagram for several type II superconductors. The upper
critical field at which bulk superconductivity is destroyed is indicated in black, while the irre-
versibility field B* at which the bulk critical current density goes to zero is indicated in red.
Figure adapted from [4].

The IL delimitates the region where Jc 6=0 from the region where Jc=0, in which
vortices are moving at any small applied current. In the H−T region situated above
the IL, the material is found in a resistive state though the material is still in a super-
conducting state (kept until Hc2), in the sense that the order parameter is not zero
but the flux lines move reversibly easily. On the contrary, below the IL the vortices
are in a solid state where defects present in the material are effective centers for vor-
tex immobilization, and hence the current can flow without dissipation. Therefore
the H-T region relevant for technological applications of Type II superconductors is
limited by the irreversibility line which is much more practically important than Hc2 ,
particularly in the case of high Tc superconductors. Among HTS, YBa2Cu3O7−δ is
the material displaying the highest irreversibility line at 77K (Fig. 1.2), thus becom-
ing the best candidate for high field and high temperature power applications (i.e.
transmission cables, motors, generators, magnets, transformers and fault current
limiters) [4].
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Chapter 1 Introduction

1.1.1 Structure of the YBa2Cu3O7−δ compound

The YBa2Cu3O7−δ crystalline structure is based on a triple perovskite struc-
ture ABO3. More precisely, the unit cell of YBa2Cu3O7−δ is composed by a central
YCuO3 cube with two adjacent BaCuO3 cubes along the c-direction. However, this
arrangement would give the stoichiometric unit formula YBa2Cu3O9, thus evidenc-
ing that oxygen vacancies are present in the YBa2Cu3O7−δ phase. Such oxygen
vacancies are located in the Y–plane (i.e. z=1

2 plane) where the oxygen sites are
never occupied, allowing the O(3) atoms (from the intermediate CuO2 planes) get
closer to the yttrium (see Fig. 1.3). Such oxygen deficiency implies that the Cu ions
are present with mixed oxidation states: Cu+2 and Cu+3.

The value of δ in YBa2Cu3O7−δ, which goes from 0 to 1, is also related to oxy-
gen vacancies but in this case such vacancies are located at the basal plane (z=0).
Depending on the δ value, the oxygen ions in the z=0 plane can be ordered or disor-
dered leading to two different lattices: orthorhombic or tetragonal. In the tetragonal
phase, i.e. 0.65< δ �1, the oxygen ions O(1) are located indistinctly at (1

2 , 0, 0) and
(0, 1

2 , 0) being this positions equally partially (50%) occupied (Fig. 1.3). By contrast
in the orthorhombic YBCO lattice, i.e. 0� δ �0.65, the oxygen ions are fully ordered
onto the (0, 1

2 , 0) positions, resulting in a one-dimensional CuO chain parallel to
the b-axis (Fig. 1.3). Optimum superconducting properties occur in orthorhombic
YBCO when δ ∼ 0.07, i.e. almost all of the O(1A) sites are occupied with few
vacancies while the O(1B) sites are empty (Fig. 1.3). YBCO lattice parameters of
both tetragonal and orthorhombic phases are presented in Tab. 1.1.

Experiments evidenced that conduction occurs in the CuO2 planes while the
CuO chains act as charge reservoirs, which provide carriers to the CuO2 planes [5,6].
This conduction in the copper planes confines conductivity to the a-b planes and
a large anisotropy in transport properties is observed. Along the c-axis, normal
conductivity is 10 times smaller than in the a-b plane.
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1.1 Superconductivity. High Tc superconductors

c 

b 

a 

O(4) 

Cu(2) 

Cu(1) O(1A) O(1) 

Cu(2) 

O(2) O(2) 

O(3) 

O(1B) 

Cu(1) 

O(3) 

Figure 1.3: Crystalline structures of the YBa2Cu3O7−δ compound: the tetragonal P4/mmm
phase for δ > 0.65 and the orthorhombic Pmmm phase for δ < 0.65.

Tetragonal (δ = 1) Orthorhombic (δ ∼ 0.1)
a (Å) 3.865 3.823
b (Å) 3.865 3.886
c (Å) 11.852 11.684

Table 1.1: YBCO cell parameters in the tetragonal and orthorhombic phases.

The degree of oxygen ordering is strongly related with the superconducting
properties as well as with the Tc values. In addition of determining its crystallo-
graphic structure, also define the mobile charge carrier concentration in the Cu-O
planes. Considering the YBa2Cu3Ox notation, Fig. 1.4, for an oxygen content of x=6
the compound is in the tetragonal phase and is an insulator. Increasing the oxygen
content up to x=6.6, the compound undergoes a phase transition from tetragonal
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Chapter 1 Introduction

to orthorhombic being the latter superconductor. Finally, raising x to 6.94, Tc ap-
proaches its maximum value (~92K). Above x=6.94 the compound is over-doped and
Tc drops [7]. Optimum oxygen stoichiometry is achieved by processing conditions
(i.e. temperature and oxygen partial pressure).

Figure 1.4: Variation of Tc with oxygen content for YBa2Cu3Ox. Figure adapted from [7].

1.1.2 Second generation coated conductors

The first synthesized YBCO superconductors were polycrystalline materials and
showed very low Jc values (102-103 A/cm2 at 77K) which did not imply any signif-
icant improvement, as compared to Cu wire. The reason of such low performances
lied in the fact that grain boundaries acted as connectivity barriers for the cur-
rent flow (known as weak-link effect) [8, 9]. The high anisotropy in the transport
properties (Jc || a-b planes �Jc || c-axis) requires of the YBCO ab planes (i.e. the
superconducting CuO2 planes) being parallel aligned along the substrate surface.

Therefore, to achieve competitive superconducting performances it is required
that the YBCO grains are highly biaxially aligned. This requirement was fulfilled by
the preparation of epitaxial YBCO films on top of (001)-oriented single crystal sub-
strates (e.g. SrTiO3, LaAlO3, MgO), leading to Jc values of the order of 106 A/cm2

at 77K. The choice of the single-crystal substrate is dictated by the film/substrate
lattice matching, thermal expansion coefficient matching and chemical compatibility.

However, the applicability of YBCO epitaxial films in power applications is
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1.1 Superconductivity. High Tc superconductors

limited by the brittleness of YBCO because applications such magnets, motors and
power-transmission lines require a long, strong and flexible conductor. This limita-
tion has been successfully surmounted thanks to the development of the so-called
Coated Conductors (CCs) which are based on multilayer architectures (e.g. epitaxial
buffer/epitaxial YBCO layer/protective layer) deposited onto metallic substrates, as
shown in Fig. 1.5. In CCs, the YBCO biaxial texture is induced by the underlying
epitaxial bu�er layer, being this latter in turn induced either by a textured metal-
lic substrate (RABiTS technology) [10] or through the deposition process (IBAD
technology) [11]. Currently, several companies are developing and commercializing
long length biaxially-textured coated conductors. Fig. 1.5 a) and b) show the archi-
tectures used by SuperPower and American Superconductors, respectively. In the
former, both the YBCO layer and buffer layers were grown by the Metal–Organic
Chemical Vapour Deposition (MOCVD) technique, whereas in the latter the YBCO
layer was obtained via Chemical Solution Deposition (CSD). Performances displayed
by these coated conductors are similar to those achieved by epitaxial YBCO films
grown on top of single crystal substrates (e.g. LaAlO3 and SrTiO3). However, it
should be taken into account that the metallic substrate has an inherent granularity
which is inherited by the YBCO layer in coated conductors. So, considering the
strong dependence of Jc on the grain boundary angle, the current transport in these
materials flows in a percolative way through the network of grain boundaries [4].
Thanks to the optimization of the deposition technologies (IBAB and RABiTS),
such granularity has been greatly reduced. Nowadays in-plane inter-grain misorien-
tation angles are below 4°, which do not imply any significant detrimental effect in
performances.

Nowadays, the challenge is to achieve a cost-effective and high performance
coated conductor, depositing both YBCO and buffer layers by high throughput
deposition processes. Chemical solution deposition appears to be the best candidate
for large-scale production of CCs and in general for functional oxide thin films [12,
13]. The major advantages of CSD are the low investment costs of the technology, the
possibility to deposit over large areas and the excellent control of film composition on
a molecular level through the control of the stoichiometry of the precursor solution.
In addition, no costly vacuum system is required. However, CSD is quite a recent
technique in this field with still room for optimization, knowledge and control of the
several processes involved.
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Chapter 1 Introduction

a) b) 

Figure 1.5: There are two main technologies being used in the manufacture of a coated-conductor
tape. a) The architecture used by SuperPower, which is based on ion-beam-assisted deposition
(IBAD). In this case a commercial alloy is used for the substrate and crystalline texture is
developed by IBAD of magnesium oxide. The YBCO coating process is metal-organic chem-
ical vapor deposition (MOCVD). A 400 nm CeO2 layer is followed by the YBCO, both laser-
deposited. b) The textured-metal approach (known as RABiTS, for rolling-assisted biaxially
textured substrate) used by American Superconductor. In this case, cubic texture is imparted
to the substrate itself through a series of rolling and annealing steps, and YBCO is produced
by solution-based metal-organic deposition (CSD-MOD). In either case it is desirable that the
substrate materials be strong, oxidation resistant, and non-magnetic. In both technologies, the
intermediate oxide layers are epitaxially grown by physical vapour deposition, the YBCO is
capped with a protective layer of silver, and the conductor can be clad in copper for stability.
Finished tapes are typically of 50-200�m thick and 4mm wide. Figure adapted from [14].
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1.2 Introduction to chemical solution deposition

1.2 Introduction to chemical solution deposition

All YBCO films studied in this Thesis have been deposited by Chemical Solu-
tion Deposition (CSD), in particular by the so-called Metal-Organic Decomposition
(MOD) of Tri�uoroacetates (MOD-TFA). Moreover, single crystal substrates (i.e.
LaAlO3 and SrTiO3) have been used as templates for the YBCO heteroepitaxial
growth. This simpler architecture serves as a model system, being the transfer to
coated conductors, a step already in progress in our group at ICMAB in the frame-
work of the European project �Eurotapes: European development of superconducting
tapes� [15]. Next, it will be briefly described the fundamentals of the chemical solu-
tion deposition process, making emphasis in the MOD-TFA route for the preparation
of YBCO films.

1.2.1 Chemical Solution Deposition: Metal-Organic
Decomposition Route

Solution chemistry is becoming a very promising path towards low cost prepa-
ration of functional thin film and nanostructured materials [12]. Chemical solution
deposition has already been proved to succeed in the epitaxial growth of complex ox-
ide films (e.g. Pb(Zr,Ti)O3, Ba(Zr,Ti)O3 (Ba,Sr)TiO3, BaZrxY1−xO3, (La,Sr)MnO3,
(La,Sr)CoO3, YBa2Cu3O7−δ, etc.) with many distinct functionalities (ferromag-
netic, protonic and electronic conductors, ferroelectric, dielectric, high Tc supercon-
ductors, etc.) [16–19] displaying in turn performances competitive with high-vacuum
methodologies.

1.2.2 Metal-Organic Decomposition Route

The choice of the chemical precursor must be done considering some factors:
adequate solubility in the solvent to obtain stable coating solutions, acceptable wet-
ting of the substrate, do not produce undesired residues after decomposition and do
not form cracks or other nonuniformities during thermal processing. Consequently,
metal-organic compounds are very appropriate since their solubility in either polar
or non-polar solvents can be regulated through modification of the organic part of
the molecule, and because the decomposition of the organic fraction in oxidizing
atmosphere does not leave residue. Particularly, acetate and acetylacetonate type
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Chapter 1 Introduction

precursors are usually selected in the metal-organic decomposition route. Other
chemical paths include sol-gel processes which use alkoxides compounds [20] or hy-
brid routes [13].

Although MOD route may seem a widespread and straightforward process for
the preparation of functional oxide films, it presents some challenges: i) possible
film cracking due to the excessive weight loss and shrinkage during precursor decom-
position ii) film porosity and most especially iii) the limited control of structural
evolution and film microstructure.

1.2.3 YBCO Films by Metal-Organic Decomposition using
Tri�uoroacetate Precursors

The MOD process was used to prepare YBCO films shortly after the discovery
of high temperature superconductors. Y, Ba, Cu-carboxylate salts (e.g. acetates)
were firstly used as YBCO chemical precursors, but the poor performances of the
resultant YBCO films evidenced carbon contamination, primarily in the form of
BaCO3. Gupta et al. offered a possible solution to this problem. They found that
replacing the traditional acetate organic ligand with the fluorinated one (trifluoroac-
etate, TFA) caused the formation of metal fluorides (e.g. BaF2 instead of BaCO3)
upon decomposition. Such metal fluorides were further decomposed in humid atmo-
sphere via HF removal, leading to the conversion to the metal oxides, and ultimately
to YBCO [21]. Thereafter, BaF2 decomposition was achieved by the water content
in the gas flow, making possible then, a fine tuning of the film growth rate through
the water pressure parameter. Several modifications of the MOD-TFA route have
been reported [22–24] and currently YBCO films with comparable performances to
the in-situ approaches are obtained [19,25–27].

In spite of the wide use of the TFA precursors in the preparation of YBCO
films, a detailed understanding of the mechanisms controlling the chemical precursor
conversion to the final highly textured films is still far from being achieved. Many
authors focused their studies on the decomposition step in order to elucidate the
nature of the intermediate phases. Our group has identified CuO nanoparticles and
Ba1−xYxF2+x (BYF) solid solution in a quasi-amorphous matrix [28]. Since YBCO
pathway conversion can take place through different scenarios which are not well
understood it is not straightforward to define a single chemical reaction. Therefore,
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1.2 Introduction to chemical solution deposition

it is proposed the flow chart indicated in Fig. 1.6. It is worth mentioning that volatile
species evolved during the TFA decomposition have also been identified [29].

The heteroepitaxial growth of YBCO films from the as-decomposed film was
earlier studied [28] in our group through Transmission Electron Microscopy and X-
Ray Diffraction. Results indicated that the amorphous/nanocrystalline precursor
film underwent strong phase segregation during heating evidencing that the nu-
cleation of YBCO took place exclusively at the interface with the substrate. In
addition, such heterogeneous nucleation was observed to be assisted by long range
diffusion within a Ba-oxyfluoride matrix rather than by reaction between different
phases.

Y(CF3COO)3 

Ba(CF3OO)2 

Cu(CF3COO)2 

Ba1-xYxF2+x 
CuO 

volatile products 

Y2O3, Y2Cu2O5, CuO, BaF2, HF, O2 

YBa2Cu3O7 

T300ºC 

T800ºC 

O2 H2O 

N2/O2 H2O 

Figure 1.6: Reaction path of YBCO films from Y, Ba, and Cu trifluoroacetates.

Determination of the optimal YBCO growth conditions has been investigated
[30, 31]. A close relationship exists between temperature, water vapor partial pres-
sure, gas flow and oxygen partial pressure since they control the nucleation and
growth rate of YBCO, determining also its microstructure. Based on thermody-
namic calculations and experimental results, Feenstra et al. [30] proposed a phase
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diagram that described the YBCO stability and the crystallographic orientation of
the film with respect to the oxygen partial pressure and temperature.
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1.3 Nanostructured superconductors: Engineering
defects for improved �ux pinning

As previously commented, the property that determines the ability of a HTS
to carry supercurrents in the presence of magnetic fields is referred as ‘flux pinning’.
HTS materials are type II superconductors and in applied magnetic fields (H), lines
of quantized magnetic flux (vortices) penetrate the superconductor above a lower
critical field Hc1 [3]. The creation of a vortex in the superconductor comes at a cost
in energy needed to depress superconductivity in the vortex core region, being the
core size defined by coherence length, �. In the presence of a transport current,
vortices experience a Lorentz force JÖH, and the resulting flux motion gives rise to
resistive losses. Only if vortices can be pinned by a counteracting ‘pinning force’
a superconductor can sustain high current density. So, at this point, the critical
current density (Jc) can be defined essentially as the point at which the Lorentz
force begins to exceed the maximum available pinning force.

The origin of the pinning force arises from the presence of localized defects or
crystalline imperfections within the superconductor. YBCO epitaxial films feature
intrinsic ‘pinning centers’ due to the crystalline defects generated during the het-
eroepitaxial film growth. It was soon realized that YBCO films displayed Jc values
much higher than YBCO single crystals due to the large density of the ‘natural’
pinning centers, which are inherent of the film growth process [32–36]. Crystal de-
fects and imperfections reduce the vortex energy such that vortices tend to remain
pinned at the bottom of these potential wells (pinning energy). The pinning force
of one individual defect depends on its size and shape, as well as on its structural
interaction with the matrix.

Fig. 1.7 shows schematically the most commonly observed defects in YBCO
thin films: precipitates (in the form of secondary phases), planar defects (mainly
intergrowths, confined in the YBCO basal plane), twin boundaries (domains along
the {110} planes), antiphase boundaries and ab-axis domains (YBCO grains grown
along the a-b direction). Other defects, such as dislocations and point defects, can
also be found associated to these main defects or interfaces.

Pinning centers can be classified on the basis of their dimensionality [37]: 1D
(dislocations, columnar defects), 2D (grain and twin boundaries, planar defects) or
3D (nanoparticles, second phases, voids); defects smaller than �, such as atomic
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vacancies, cation disorder or dilute doping are classified into zero-dimensional (0D).
Obviously, 1D or 2D-defects can act as 3D from vortex viewpoint as well as some
2D that can act as 1D depending on the orientation of the applied magnetic field
relative to the defects. Consequently, another possible classification criterion can be
established based on the pinning behavior which is associated to the dimensionality
and orientation of the defect, divided in two categories. ‘Correlated pinning’ arises
from approximately parallel arrays of extended linear or planar defects. Their effect
is strongest when the applied magnetic field (which determines the orientation of the
vortices) is aligned along them, and it decreases as the misalignment between de-
fects and vortices increases. ‘Random’ or ‘uncorrelated pinning’ is due to randomly
distributed localized defects, and in this case the influence is relatively uniform for
all field orientations.

1 

1 

2 2 

3 

4 

5 

Figure 1.7: Scheme of the main structural defects occurring in the YBCO thin films and nanocom-
posite thin films. Numbers corresponds to: 1, precipitates; 2, intergrowth domains; 3, Twin
Boundaries; 4, antiphase boundaries; 5, ab-axis domains.

The strength of the pinning force can be either weak or strong, and allows
classifying the pinning centers present on the sample [38, 39]. The effectiveness of
these defects as pinning-centers depends on temperature and magnetic field. In fact,
it is even possible to define a vortex-pinning phase diagram determined by the T-
H dependence of the different pinning contributions and determine their strength
[39, 40]. In one hand, some defects may be effective at low temperatures but not
at high temperatures; e.g. twin boundaries may act both as pinning sites or flux
channels depending on the temperature and the magnetic field orientation [41, 42],
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and point defects are considered to behave as weak pinning centers having a strong
temperature dependence decay of Jc due to an important effect of thermal activation
of vortices [40]. On the other hand, at low H vortices are far apart, minimizing their
mutual interactions, while as H increases, vortex-vortex interactions increase and Jc
decreases.

Unfortunately, naturally occurring defects are not sufficient in the presence of
large magnetic fields, being a major drawback for applications. For that reason,
engineering on the optimum defect landscape is needed in order to maximize the
Jc as well as uncover which of these film defects are most effective. With the aim
of producing efficient superconducting materials with enhanced vortex pinning a
great effort has been made into nanostructure YBCO films, YBCO nanocomposites,
by introducing artificial pinning centers (APC). Primary approaches consisted in
generating artificial pinning centers using electron, proton and light/heavy ion irra-
diation [43], or by exploring the nanoparticle surface-decoration prior to the YBCO
growth [35]. In both cases a similar type of vortex pinning behavior was observed,
that was an increase of c-axis correlated pinning by one or two orders of magnitude,
and the consequent increase of pinning force when H || c-axis due to the generation
of either randomly distributed or columnar defects.

Yet, the most effective strategy involves the generation of controlled nanosized
spared volumes of non-superconducting secondary crystalline phases. To achieve this
goal, the specifics of the growth process play a critical role since it determines the
resulting microstructure of the film. For instance, in the samples grown by solution-
based routes (ex-situ), the nanodots are mostly randomly oriented, whereas the
YBCO matrix remains epitaxial. On the contrary, YBCO films deposited by vacuum
deposition techniques (in-situ) such as Pulsed Laser Deposition (PLD) feature epi-
taxial nanodots and hence very detailed knowledge about self-organization principles
is required to prepare optimized materials [37, 44–46]. Our group has made a great
effort particularly in the ex-situ field involving the addition of MO (MO=BaZrO3,
Y2O3, BaCeO3 and Ba2YTaO6) secondary phases in the YBCO grown by the MOD
process [19,25–27,47]. As it will be shown in detail in chapter 3, the incoherent inter-
face between these secondary phases and YBCO is found to promote the nucleation
of a high density of defects, compared to pure YBCO. This defects mainly consist in
the introduction of an extra Cu-O chain layer into the YBCO unit cell, locally form-
ing the Y2Ba4Cu8O16 (Y248) phase. The ensuing different microstructures render
dramatic changes in the flux pinning mechanism: while solution derived composites
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exhibit a characteristic isotropic pinning behavior, PLD-grown films show directional
effects in Jc. A recent publication stated that the complex defect landscape found
in solution-derived YBCO nanocomposites produces a disordered three-dimensional
volume of inhomogeneous strain at the nanoscale level (nanostrain), nor mesoscale
level (mesostrain), responsible of the strong enhancement of the superconducting
properties [26]. Indeed, a new vortex pinning mechanism based on strain-induced
Cooper pair suppression was also proposed [48,49], predicting that a quasi-isotropic
vortex pinning landscape is generated within the YBCO matrix itself.

As the physical properties and the performance of YBCO thin films strongly
depends on their microstructure, investigation of the atomic structure of individual
defects, their arrangement and distribution as well as their interaction is thus critical
to the understanding of the flux pinning efficiency of these HTS superconductors.
chapter 4 will be devoted to the detailed description of the main source of nanostrain
in nanocomposite films, the Y248 intergrowths.

The high density of defects found in CSD films give rise to a complex defect land-
scape where many defects interact with each other and with the non-superconducting
nanoparticles. chapter 5 will describe the interactions between structural defects.
Particularly, it will be shown how the embedded secondary phases and the high
density of intergrowths act as extra nucleation centers for the formation of twin
boundaries, resulting in films with higher density of twin domains and shorter twin
spacing. Interestingly, it is also observed that these structural changes affect their
role as pinning sites since these defects yield changes in dimensionality, size, and
even orientation of the TBs. In particular, it is shown that vortex channeling is
strongly precluded in nanocomposites at low temperature [42].

In addition, the huge increase of Y248 intergrowths arises a vexing problem
related to the local composition of the layer due to the Cu garnering along the
double Cu-O chains. Regardless of the deposition technique used, YBCO films are
prepared from a stoichiometric precursor. Therefore, the extra amount of Cu needed
for the formation of Y248 intergrowths may lead to an off-stoichiometry that could
worsen the superconducting properties of the film. In chapter 6, it will be shown how
the system solves this issue, which involve the generation of complex Cu vacancies
along the double CuO chains of the Y248 phase. The structure and the chemistry
of this unreported defects has been determined using the STEM-EELS technique in
combination with density functional theory (DFT), which also allowed to determine
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under which conditions this defects are stable.
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2 Experimental Methodologies

In this Chapter it will be presented the experimental methodologies used in the
present work for the characterization of the YBCO thin films, which are mainly based
on the transmission electron microscopy (TEM). TEMs are capable of imaging at a
significantly higher resolution than light microscopes, owing to the small wavelength
of electrons. This enables the instrument’s user to examine fine detail, even as small
as a single column of atoms, which is thousands of times smaller than the smallest
resolvable object in a light microscope. The possibility for high magnifications has
made the TEM a valuable tool in both medical, biological and materials research.

2.1 Transmission electron microscopy

The TEM is a powerful and versatile tool for material science investigation. It
can reveal the internal structure of a material with sub-angstrom resolution. More-
over, further structural and chemical information is also available when operating
in different modes (imaging, spectroscopy). Here we present a basic introduction to
the main techniques used in the TEM for the characterization of the YBCO thin
films. More extensive details in the TEM and its derived techniques can be found
in refs [50–54].

The Scanning TEM images (high angle annular dark field, HAADF, and low
angle annular dark field, LAADF) presented in this work were mainly obtained in
a FEI Titan (60–300 kV) equipped with a third order probe-aberration corrector,
a monochromator and an X-field emission gun (FEG) located at the ’Laboratorio
de Microscopias Avanzadas, Instituto de Nanociencia de Aragon, Universidad de
Zaragoza’. Additionally, HAADF images and electron energy loss data were ob-
tained in a dedicated STEM, a Nion UltraSTEM operated at 100 kV and a Nion
UltraSTEM operated at 200 kV, both equipped with a third and fith-order Nion
probe-aberration corrector, respectively, and a cold-FEG located at the ’Materials
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Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, USA’.
All the Nion data was acuired by by Dr. Jaume Gazquez at Oak Ridge national lab.
Conventional TEM measurements were performed with a JEOL J2010F equipped
with a FEG gun and a JEOL J2100 equipped with a LaB6 gun, both operated
at 200 kV and located at the ’Serveis cientificotècnics, Universitat de Barcelona,
Barcelona, Spain’.

2.1.1 Conventional transmission electron microscope. Basic
principles

The basic principles by which a TEM works are similar to those from the optic
microscopes. Fig. 2.1 shows a schematic illustration of an ideal Electron Microscope.
Briefly, a plane wave of electrons coherently accelerated (the incident beam) are in-
cident onto the sample (specimen plane). Then, Bloch waves forms through the
sample and the projected crystal potential (the wave function f(x, y)) is generated
at the exit plane of the object in the form of spherical waves. The diffracted beams
are focused onto the back focal plane thanks to electromagnetic lenses (the objective
lenses). A Fourier transform of the object function would give us the diffracted
amplitudes of the different beams, F(u, v). At this point, a second set of sources of
spherical waves is created at the exit of the back focal plane (where the objective
aperture is placed). The interaction of these spherical waves occurs in the intermedi-
ate image plane, which again, is the Fourier Transform of the diffracted amplitudes
F(u, v). A set of projection lenses magnifies the intermediate image towards the
viewing screen, which is placed in the image plane.

Switching from real space (image mode) to reciprocal space (diffraction mode)
is easily achieved by changing the strength of the intermediate lens. Then, the
diffraction pattern is magnified onto the image plane by the projector lenses.

In an ideal microscope, the image would be formed as it has been shown in
Fig. 2.1. Formation of an image implies recombination of the diffracted electrons in
the image plane. Basically there are two different ways of having contrast in the
imaging mode leading to two different image types: amplitude contrast and phase
contrast image. On one hand, contrast in conventional TEM images is attributed
to the change of the amplitude of either the transmitted beam or diffracted beam
(bright and dark field images). Amplitude contrast is due to either absorption,
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dynamic scattering or microstructural features that cause further variations of the
diffracted intensities through the specimen. In bright field operation mode, the
diffracted beams are excluded by placing an aperture in the back focal plane which
only let the transmitted electrons to go through, while a dark field image reveals
those regions that contribute to the intensity coming from a specific selected beam.
On the other hand, to obtain lattice images, high-resolution TEM (HRTEM), a large
objective aperture has to be selected allowing many beams including the direct
beam to pass. In this case, contrast arises from differences in the phase of the
electron waves scattered through a thin specimen (phase contrast). However, in
a real microscope the spatial resolution is limited mainly by the aberration in the
non-perfect electromagnetic lenses. As will be discussed below, the implementation
of aberration correctors in modern microscopes has led the TEM to be considered
as an essential tool for the material science investigation.

Figure 2.1: Ideal electron Microscope in imaging and diffraction mode showing its main parts and
the mathematical evolution of the projected crystal potential f(x, y). Figure adapted from [55].
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2.1.2 Aberration-corrected scanning transmission electron
microscope

In a TEM, the resolution is ultimately limited by either the spherical or chro-
matic aberrations of the electromagnetic lenses. These aberrations have set a limit
on the attainable resolution in a microscope for over 60 years. Spherical aberration
takes its name from light optics, where it was a common fault of the slightly too
spherical shape of early lenses. It is a geometrical aberration, meaning that elec-
trons traveling at different angles from the axis are focused at different distances
behind the lens, i.e. a perfect point would appear as a disc in the image. Chromatic
aberration is generated if electrons with different energies (different wavelengths) are
present. Then they are focused in different points depending on their energy. Any
electron source will emit electrons with a certain range of energies and some electrons
lose energy as they interact with the sample, which can degrade the resolution.

The implementation of spherical aberration correctors in modern microscopes,
although initially devised for the conventional transmission electron microscope
(CTEM), may have more benefits in the scanning TEM (STEM). Recent devel-
opments in the correction of aberrations have pushed the achievable spatial resolu-
tion and the sensitivity for imaging and spectroscopy into the sub-angstrom regime,
providing a new level of insight into the structure/property relations of materi-
als [56–61].

The aberration corrector consists in a set of multipole lenses, which are magnetic
such as the alignment coils in the TEM. The multipoles (quadrupole-octupole or
hexapole, depending on the corrector type) have a field that varies with distance off
the optic axis in the same way as spherical aberration does but with a rotational
symmetry. Thus the corrector relies on using the poles to distort the beam in such
a way that compensates the spherical aberration introduced by the lenses leaving
an electron beam with a round shape. Depending on the operational mode, STEM
or TEM, the aberration corrector can be set up in the TEM column in order to
compensate the condensor lenses (probe-corrected) or the objective lenses (image-
corrected), respectively. All the STEM images shown in this work are acquired with
a probe-corrected microscope.

A schematic of an aberration-corrected STEM is shown in Fig. 2.2. The essen-
tial difference between the optics of a STEM and a CTEM (Fig. 2.1) is that for a
CTEM, a large area of the sample is illuminated and the significant magnification
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is performed by the lens system after the specimen, allowing the whole image to be
recorded at once. In a STEM, the focusing is done before the electrons reach the
specimen to form a very tiny probe (of the order of 1Å), which is scanned over the
sample [62]. The scattered electrons are then collected in order to form the image as
a function of position. Post-specimen lenses allow the detector angles to be changed.

Dark Field detector 2 (LAADF) (10<ø<50) 

Bright Field detector  (ø<10mrad) 

Sample 

Gun 

Aberration  
corrector 

ø 

Dark Field detector 1 (HAADF) (ø>50) 

DF1 

DF2 

Removable BF 

Spectrometer 
CCD 

Spectrometer 
prism 

Beam  

Objective ObjectiveObjectiveObjectiveObjective
lens 

Figure 2.2: Simplified schematic of an aberration-corrected STEM. The electrons are accelerated
from the gun; condenser lenses are used to adjust the beam current and beam coherence and
to couple to the aberration corrector. The objective lens focuses the probe, which is scanned
across to the sample by the scan coils (see enlarged image). The annular detectors (DF1 and
DF2) collects electrons scattered to high and low angles. Removable bright field detector (BF)
is shown in the right panel, as well as the important components of the spectrometer.

One of the main advantages of the TEM over the STEM is that the entire
image is recorded simultaneously, with most of the electrons incident on the area
of interest being used to form the image. The major disadvantage in TEM is that
the image obtained does not necessarily relate to the structure in a simple manner.
Image contrast in TEM is a complicated function of focus and specimen thickness,
even in an aberration-corrected TEM, which means that there is no unique image
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that gives the best view of the structure. This makes it particularly difficult to
investigate samples or defects with unknown structure or composition.

In contrast, probably the principle advantage of the STEM configuration is that
it is possible to obtain the so-called Z-contrast image that relates far more simply
to the sample structure. The Z-contrast image is formed by collecting the electrons
scattered out to high angles by placing a high-angle annular dark field (HAADF)
detector, DF1 in Fig. 2.2. At increased angles, Bragg coherent scattering is atten-
uated by thermal vibrations, and the collected signal is dominated by incoherent
thermal diffuse scattering (TDS). The benefit is that this image is approximately a
convolution of the intensity of the probe with an object function representing the
sample in a simple manner. The underlying physical principle is that high Z atoms
scatter to higher angles more strongly than lighter atoms. In the limit of Rutherford
scattering, this goes as Z2, so the contrast in the image will also vary approximately
as Z2 [63, 64]. Fig. 2.3 is an example of a high resolution Z-contrast image of the
YBCO lattice. As observed, the brighter columns correspond to the Ba (Z=56) and
Y (Z=39) positions while the lighter to Cu (Z=29), as also denoted by the ADF
intensity profile. The exact contrast details will depend on the experimental set up
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Figure 2.3: High resolution Z-contrast image of a YBCO lattice. The contrast in the image varies
approximately as Z2, where the brighter columns correspond to the Ba (Z=56) and Y (Z=39)
positions while the lighter to Cu (Z=29), as also denoted by the ADF intensity profile. The
YBCO unite cell is also superimposed in the image (yellow=Y, green=Ba, blue=Cu, red=O).
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and are affected by factors such as electron channeling or detector size. But over
a fairly large ranges of defocus or sample thicknesses, the image will nonetheless
represent the sample structure in a straightforward way. Thus one can obtain a
qualitative understanding of all of the images presented in this work by considering
them to be convolutions between the atomic resolution probe and a series of points
at the atomic locations with a brightness of Z2.

Another advantage of the STEM is that a variety of detectors can be used
simultaneously, see Fig. 2.2. For example, in addition to the HAADF imaging, ad-
ditional information can be gathered using the so called low angle annular dark
field (LAADF) imaging. In HAADF condition an annular detector (DF1 in the
scheme) with a large inner collection angle (�i) is employed, being the diffraction
contrast (coherent signal) excluded from the STEM signal. In LAADF (DF2), a
more modest �i is used and allows viewing enhanced contrast from defects [65–68],
i.e., deformations of the lattice that lead to a dechanneling of the incident electron
beam [69]. When the electron beam scanned over a distorted lattice, those electrons
that normally would go to very low angles (θ�10mrad) are now dechanneled and
deviated to higher angles (10���50mrad); the electron scattering results in differ-
ent angular distributions and the intensity collected by the ADF detector from the
strained region can be different than that from the strain-free region thus causing ex-
tra contrast. Though, as �i is decreased, the ADF signal can no longer be described
as incoherent, as low-angle scattering participates, and again contrast reversals and
other undesired effects may surface.

ADF image simulation

All the HAADF simulations shown in this thesis have been performed with the
STEM_CELL software [70–72], a freely available simulation package based on Kirk-
land routines [73] and with its own version of these routines for STEM simulation.
This software is based on the multislice technique in the ‘frozen-lattice’ approxi-
mation. It has the advantage that a graphicall interface, as well as the supercell
manipulation, is implemented together with the TEM and STEM simulators and
post-processing tools. Additionally, it offers the possibility to perform strain analy-
ses on experimental images based on the geometrical phase and peak pairs analysis
algorithms.
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2.1.3 Analytical electron microscopy. Electron-matter
interaction

Electrons are one type of ionizing radiation, which is the general term given to
radiation that is capable of removing the tightly bound, inner-shell electrons from
the attractive field of the nucleus by transferring some of its energy to individual
atoms in the specimen. One of the advantages of using ionizing radiation is that it
produces a wide range of secondary signals from the specimen. Some of these signals
are used in analytical electron microscopy (AEM), giving us chemical information
and a lot of other details about our specimens.

One of the key advantages of the STEM is the simultaneous combination of
the electron energy-loss spectroscopy (EELS) and the ADF signal with an atomic-
resolution [74–76]. EELS reveals elemental features through characteristic core loss
edges corresponding to inner shell excitations into the first available unoccupied
states. The fine structure on such edges therefore provides information on the den-
sity of states seen in the vicinity of the excited species. EELS is similar to x-ray
absorption spectroscopy, except that it can provide atomic-scale spatial resolution.
It is therefore straightforward to place the probe on an atomic column seen in the
image and obtain a spectroscopic analysis. The high brightness of the STEM probe
makes the STEM a powerful means for analyzing electronic structure and identifying
impurity species or dopants within nanostructures. Spectroscopic imaging can also
be achieved in the STEM, where the spectrum is obtained in parallel to the image
acquisition.

The basic electron spectrometer type is the prism spectrometer and is mounted
after the specimen (right panel in Fig. 2.2). Electrons are deflected by about 90º with
a perpendicular static magnetic field. According to the Lorentz force, the deflection
angle depends on the electron velocity. Using quadrupole lenses the electrons are
focused in the energy-dispersive plane of the spectrometer where a position-sensitive
detector is located. This detector can be an array of photodiodes or a charge-couple
device (CCD). The spatial resolution is directly linked with the energy resolution.

With the successful correction of aberrations in the STEM, the probe is now
smaller and brighter, bringing major gains for EELS analysis as well as imaging.
The smaller probe brings not only better spatial resolution but also more current
on an individual column, resulting in a better signal-to-noise ratio and a higher
sensitivity analysis.
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2.1.4 Electron di�raction. Di�raction contrast analysis

Because the wavelength of high-energy electrons is a few thousandths of a
nanometer, and the spacing between atoms in a solid is about a hundred times
larger, the atoms act as a diffraction grating to the electrons, which are diffracted.
That is, some fraction of them will be elastically scattered to particular angles, de-
termined by the crystal structure of the sample fulfilling the Bragg law (as in the
case of X-ray diffraction), while others continue to pass through the sample without
deflection.

Due to the high energy of the electrons, this technique is very sensitive to local
deviation of crystal perfection. It provides very local information and can be used for
real space imaging for specific diffraction information, i.e. crystal defect analysis.
Near crystal defects, the scattering will depend on its local strain field. Among
extended defects, dislocations are the most common objects which are characterized
by its line direction, u (unit vector along the dislocation line), and Burgers vector b.
A standard scheme for observations of dislocations is to employ a two-beam condition
in which the sample crystal is tilted in such orientations that only one diffraction
vector g is strongly excited. For plan-view imaging an edge dislocation lying nearly
in parallel to the sample surface, we tilt the sample to the direction parallel to the
Burgers vector b so as to bring the sample to a two-beam condition. Then, we tilt
the sample slightly further away from the Bragg condition, so that we allow lattice
planes only near the dislocation to satisfy the Bragg condition.

For effective contrast analysis of dislocations the so called g·b criterion must be
fulfilled. In the g·b configuration, the primary (direct) beam is diffracted strongly
near the dislocation. As a result, if we are looking at the bright field image, a dis-
location contrast is obtained when (g·b)6=0, i.e. g is parallel to b and dislocations
are observed as dark lines (’visible’). On the contrary, when g is perpendicular to
b, (g·b)=0 the dislocation contrast diminish (the fault is ’invisible’). Examining
this invisibility criterion for various g vectors, one can determine the direction of
the Burgers vector.

Stacking faults also form a characteristic image contrast in the TEM. A fault
is produced by the displacement of the crystal above the fault plane by a vector R
relative to the crystal. The wave phase of the incoming electrons will be altered
by this lattice distortion associated to the defect, and the extra displacement R
will introduce an additional phase factor e−i�, with � = 2�g � R. Then when g is
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parallel to R the stacking fault is ’visible’ (g·R 6=0). When they are perpendicular,
g·R=0 the fault is ’invisible’.

2.2 TEM Specimen preparation

Sample preparation is a crucial issue to obtain the best TEM results. Here, the
aim is to produce an electron transparent sample, i.e. below 100 nm.

All the samples in this work have been prepared by the traditional mechanical
polishing method. The method is described as follows. For a cross-section view, the
direction of polishing is one direction parallel to the film/substrate interface (the
zone axis that we want to look at). The first step consists on cutting the sam-
ple along a direction perpendicular to the interesting zone axis, ending up with two
pieces. Then, the pieces are glued face-to-face so that two films face-to-face are sand-
wiched by the substrate. This sandwich is polished by means of grinding papers of
decreasing diamond crystallites radius. For controlling the thickness of the specimen
a micrometer is used. Once the sample is around 20µm, the mechanical polishing
process ends. Then, a more precise polishing is achieved by ion bombardment in
a Precision Ion Polishing System (PIPS). As soon as a hole is done, the polishing
should stop. Electron transparent areas sould appear around the hole. Planar view
specimen preparation slightly differs since the specimen will be investigates from
the direction perpendicular to the film/substrate interface. In this case the film is
protectd in a manner and the substrate is polished. Then, ion mill the specimen in
the PIPS till electron transparency.

TEM specimens presented in this thesis were performed by myself and Francisco
Belarre at ICMAB.

2.3 YBCO �lm growth

The preparation of the YBCO films presented in this work were carried out by
Dra. Mariona Coll, Pablo Cayado, Shuai Ye, Paula Garcés and Dr. Anna Llordés
at ICMAB.
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2.3 YBCO film growth

2.3.1 Precursor solution

Precursor solutions used to prepare YBCO films are based on the standard
YBCO-TFA precursor solution which has been optimized by members of the group
(ICMAB) [23]. Further modification of this standard YBCO solution by addition
of metal-organic salts containing the required cations led to the nanocomposite
precursor solutions.

Final film thickness will depend on the nature of the solution (viscosity, metal
concentration, surface tension, etc.) and the parameters chosen for the coating
process. All the solutions used in this work were equally processed. Therefore, the
resultant film thickness was reasonably invariable, within the range of 250-275 nm.

YBCO precursor solution

The standard YBCO precursor solution, used to prepare either pristine YBCO
films or to be the starting point for the nanocomposite precursor solutions, consist
of metal-trifluoroacetate salts, i.e. Y(TFA)3, Ba(TFA)2, Cu(TFA)2 dissolved in
methanol. The molar concentration of the TFA salts was respectively: 0.25M,
0.50M and 0.75M which led to the required stoichiometric ratio of 1:2:3.

Nanocomposite solution

Precursor solutions of the nanocomposites are derived from the standard YBCO-
TFA precursor solution. The solution is modified by adding a certain amount of solu-
ble metal-organic salts containing the required cations of Zirconium acetylacetonate
for BZO, Yttrium trifluoroacetate for Y2O3 and Tantalum ethoxide for Ba2YTO6.
The stoichiometry of Y:Ba:Cu was controlled to be 1:2:3 after addition of adding
salts.

2.3.2 Processing Steps

CSD is based on four processing steps. First, the preparation of the suitable
chemical precursors which are often metal-organic salts (e.g. carboxylates). These
precursors are then dissolved in appropriate solvents and mixed in a stoichiometric
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ratio that yields the desired composition of the final film. Compositional correc-
tions with respect to the exact perovskite stoichiometry are often required for in-
stance when losses occur due to the volatility of a component or due to formation
of solid solutions in multicomponent films. In addition, deliberate off-stoichiometry
is sometimes desired for the generation of secondary phases or native point de-
fects. In some cases, additives such as chemical stabilizers or polymers are included
during solution synthesis to adjust the properties of the coating solution. The sec-
ond processing step is the deposition of the coating solution on the substrate by
mainly spin coating (laboratory scale) using a rotating substrate, or dip coating
in a solution bath (industrial scale) among others. Then, the as-deposited film is
dried, and the organic matter decomposed at temperatures of 300-400°C typically
in oxidizing atmospheres. The as-decomposed film is a mixture of amorphous and
polycrystalline intermediate phases which subsequently crystallize into the desired
oxide phase at high temperatures (typically 700-800°C). The crystallized film is op-
tionally post-annealed for further densification or microstructure manipulation. A
detailed description of the growth process is found elsewhere [23,29].

A key goal for solution-based techniques is to achieve a detailed understanding
and control of the chemical and physical aspects of the several steps involved in the
process together with their mutual interrelationship.

2.4 X-ray di�raction techniques

The X-ray diffraction (XRD) measurements of the YBCO films presented in
this work were carried out by Dra. Mariona Coll, Pablo Cayado, Shuai Ye and
Paula Garcés at ICMAB.

2.4.1 Conventional X-ray di�raction

Due to wavelengths of X-rays are of the same order of magnitude as the in-
teratomic distances in solids (Å), these are used to study the internal (crystalline)
structure of materials. When a monochromatic X-ray beam impinges on a crys-
talline sample, apart from absorption and other phenomena, it will be scattered
with the same wavelength as the incident beam (coherent scattering). A diffracted
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2.4 X-ray diffraction techniques

beam may be defined as a beam composed of a large number of scattered rays mutu-
ally reinforcing one another (constructive interference). To do so they need to be in
phase. Two scattered rays are in phase if their path difference is equal to an integer
number n of wavelengths, from which is derived the well-known Bragg law

n� = 2dhkl sin 2θ (2.1)

, where dhkl is the distance between atomic planes in the crystal and θ is the angle
between the incident beam and the plane surface. n is the order of reflection.
Diffraction will only occur if the normal to the atomic planes is bisecting the angle
between the incident and the scattered beam (Fig. 2.4).

Figure 2.4: Schematic view of diffraction (i.e. constructive interference of the scattered X-rays)
from a set of atomic planes hkl. One defines a scattering vector K=ke-ki as the difference
between the scattered wave vector ke and the incident wave vector ki. Diffraction will occur if
the Bragg condition (2.1) is fulfilled and if the scattering vector K is parallel to the normal of
the hkl-planes.

The number, disposition and intensity of Bragg peaks (or reflections) in a
diffraction pattern depend primarily on the symmetry and size of the unit cell, the
arrangement of atoms within it and on the nature and wavelength of the radiation
used. In addition, the intensities may be affected by the orientation distribution of
the coherent diffracting domains within the sample. In the case of a powder sample
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Chapter 2 Experimental Methodologies

(i.e. aggregate of crystallites), the random orientation of the crystallites ensures
that whatever the incident beam angle is, it will be always the same volume fraction
of crystallites fulfilling the Bragg condition (2.1). Therefore for powder samples,
diffraction from different set of planes will always occur being thus the diffracted
peaks clearly observed in a conventional θ/2θ pattern. Texture effects are recog-
nized in a θ/2θ pattern by the intensity enhancement of certain Bragg peaks (Ihkl)
and reduction or even absence of others when compared with a powder pattern. In
particular, in highly oriented samples like single-crystals or epitaxial thin films (as
the ones studied in this work), only certain hkl planes are in diffraction condition
and thus the diffraction pattern exhibit only one family of planes.

The conventional θ/2θ X-ray diffraction measurements were performed on a
Rigaku Rotaflex RU-200BV with Cu-K� � =1.5418Å located at ICMAB.

2.4.2 Two-dimensional X-Ray di�raction: GAADS

The diffractometer most used in this Thesis for the routine phase identification
and texture evaluation was a Bruker-AXS D8 Advance, located at ICMAB, oper-
ated with CuK� radiation (�1=1.5406Å and �2=1.5444Å). The diffractometer was
provided with a General Area Detector Diffraction System (GADDS). Hereinafter, I
will refer to this diffractometer simply as GADDS. Operating power was 40 kV and
40mA.

GADDS is based on the same geometry of a conventional four-circle diffrac-
tometer in which one circle is used for the detector position and the other three
circles for orientation of the sample. The rotation and tilt angles necessary to define
the orientation of the sample were achieved by a goniometer. The incident X-ray
beam lies along the rotation axis of the diffraction cone (in the case of a powder
sample). The whole apex angle of the cone is twice the 2θ value given by the Bragg
law. For a flat 2D detector, the detection surface can be considered as a plane, which
intersects the diffraction cone to form a conic section which is named diffraction ring.

Thanks to the use of a large range of 2θ (�2θ = 30º) and � (�� = 70º), the
two-dimensional X-Ray diffraction (2D-XRD) pattern contains far more information
than a conventional diffraction pattern because not only the crystallographic planes
oriented parallel to the sample surface (� = 0º) will be detected but also those
with other orientations (� 6= 0º), thus providing information about the out-of-
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2.5 Superconducting and electrical properties

plane texture. Therefore, 2D-XRD is specially indicated for samples containing
both textured and randomly oriented phases. For instance, thin films samples with a
mixture of single-crystals, polycrystalline layers and textured layers can be measured
with all the features appearing simultaneously in the diffraction frames.

Fig. 2.5shows a typical GAADS frame of a YBCO–10% BYTO nanocomposite
film, see left image. The diffraction ring appearing at 2θ=30.1º evidence that
there is a crystalline fraction in the sample with a random orientation (BYTO
nanoparticles). On the other hand, diffraction spots at � = 0º indicate a strong c-
axis orientation (YBCO, the LAO substrate, and some other fraction of BYTO). The
conversion of the 2D-fram into raw spectra is carried out by integrating a specific
2θ and � range. Resultant XRD pattern , right image, resembles a conventional
�powder pattern� but with better intensity and statistics, thought the resolution in
2θ is lower.
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Figure 2.5: Left: Two-dimensional x-ray diffraction pattern for YBCO–10% BYTO nanocom-
posite film. Right: Integrated x-ray diffraction θ − 2θ of the GAADS pattern.

2.5 Superconducting and electrical properties

The superconducting properties of the YBCO films presented in this work were
carried out by Victor Rouco and Dra. Anna Palau at ICMAB.

2.5.1 Inductive measurements: SQUID magnetometer

Critical current density measurements of our YBCO films were measured with
two Quantum Design SQUID (Superconducting Quantum interference Device) mag-

37



Chapter 2 Experimental Methodologies

netometers provided with a 5.5T and 7T superconducting coils. Most of the analysis
have been done by determining the temperature dependence of Jc. For that purpose
the magnetic moment of the sample at 5K is saturated by applying a constant mag-
netic field (3T) that is then removed in order to measure the remanent magnetic
moment at different temperatures (from 5 to 93K). Jc values at zero applied field
are obtained by applying the Bean Model [77].

2.5.2 Electrical transport measurements

Critical current densities can also be determined from electrical transport mea-
surements. The critical current (Ic) is defined as the maximum current that can
flow in a superconductor without dissipation. When the applied current exceeds Ic,
the resistance becomes non-zero and a drop in voltage is measured. The four-probe
method has been applied to determine the critical current density of YBCO films in
the presence of an applied magnetic field H as a function of the angle θ, as well as
its dependence on temperature (Jc(θ, H, T)).

Electrical transport measurements were carried out with a Physical Properties
Measurement System (PPMS) from Quantum Design at ICMAB. The system es-
sentially consists of a 9T superconducting magnet and a helium cryostat. Precise
control of temperature within the range 1.8-400K can be achieved. The system also
has a nanovoltimeter and a dc/ac current source which can provide currents from
1µA to 2A with a resolution of 0.1µA.
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3 Microstructure of YBCO
nanocomposite thin �lms

3.1 Introduction

Efficient and viable superconducting films require a fine balance between de-
fects at both the nanoscale and mesoscale level. As stated in the introduction,
both YBCO lattice defects and non-superconducting nanostructures can effectively
pin the magnetic flux, thus enabling high Jc in external applied magnetic fields.
However, at the mesoscopic scale, Jc depends on the homogeneity of the grain-to-
grain connectivity because supercurrents must percolate along the whole sample.
Therefore, high quality of biaxial crystallographic alignment of the superconduct-
ing YBCO domains is required. Paradoxically the trick then is to achieve a single
crystal-like YBCO layer featuring imperfections at the nanoscale level. Throughout
this thesis I will focus on the nanoscale level investigation of the particular defects
that dramatically improve the superconducting properties.

Indeed, on of the most effective way to enhance the physical properties of YBCO
thin films is the introduction of secondary phase nanocoparticles within the YBCO
film [25–27, 37, 45, 78–81]. Barium perovskite nanoinclusions BaBO3 (B=Zr, Hf,
Sn) [25, 80, 82, 83], double perovskites Ba2RETaO6 (RE =Yb, Gd, Er) [27, 84] and
binary rare earth oxides RE2O3 (RE=Y, Dy, Ho) [26, 85] have been successfully
incorporated to YBCO epitaxial matrix by different deposition techniques lead-
ing to nanocomposite films with improved flux pinning properties. Nevertheless,
one must take into account that the embedded nanostructures reduce the current-
carrying cross section. Therefore an optimum volume fraction of nanoparticles exist,
in which the increase of Jc due to vortex pinning dominates over the decrease as-
sociated to the reduced percolation path (current-blocking effects). Moreover, the
density, distribution and separation between the pinning centers are also crucial
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Chapter 3 Microstructure of YBCO nanocomposite thin films

issues regarding the competition between pinning and current-blocking. Fig. 3.1
shows the Jc values at self-field (Jsfc ) and at 77K as a function of the NPs content
for a BaZrO3 (BZO), Y2O3 (YO) and Ba2YTaO6 (BYTO) nanocomposites. As ob-
served, Jc values increase with the NPs content up to a concentration ranging from
6 to 10mol%, where Jsfc is maximum in all cases. YBCO-BZO and YBCO-YO
films show maximum mean Jsfc around 5.8MA/Cm2 and 4.3MA/cm2 respectively
for a concentration of 10mol%, whereas YBCO-BYTO films shows a maximum of
4.6MA/cm2 at 6-8mol%. The Jc drop is accounted for the current blocking ef-
fect due to the presence of the insulating nanoparticles analogously to the current
blocking due to film porosity [86]. So, the trade-off is given at a concentration of
around 10mol% of nanoparticle. Moreover, the Jc curves differ between nanocom-
posites showing both the YBCO-BZO and the YBCO-BYTO systems a stronger
decrease than YBCO-YO one. This result is in agreement with the fact that ran-
domly oriented BZO and BYTO NPs not only induces a high disorder in the YBCO
lattice, but also quikly deteriorate the texture quality of YBCO above a certain
concentration.

Figure 3.1: Dependence of the self-field critical current density at 77K, Jsfc , on the nominal
nanoparticle concentration NP in YBCO–MO (MO=BZO, YO, BYTO) nanocomposite series.
Figure adapted from ref. [26].

Therefore, understanding the influence of the nanoinclusions on the YBCO tex-
ture and microstructure is essential for further correlating structure and supercon-
ducting properties. The first YBCO nanocomposites were achieved through in-situ
deposition techniques such as PLD, by using mixed targets [37, 44–46]. Because of
the non-equilibrium nature of the PLD film growth process, the surface diffusion of
adatoms is high enough to allow the heteroepitaxial growth of the nanoinclusions
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leading to coherent or semicoherent interfaces. As a result, such nanoinclusions
always sustain a specific crystallographic orientation relationship with YBCO. Con-
sequently, and if the atomic mobility of the adatoms is high enough, the formation of
self-assembled nanostructures occur due to minimization of mismatch strain. Indeed,
lattice mismatch between YBCO and the secondary phase inclusion become a key
parameter to control the formation of either homogeneously distributed nanoparti-
cles or self-aligned nanostructures in PLD-YBCO nanocomposites.

On the other hand, a different scenario emerges in solution-based YBCO nanocom-
posites as the growth process completely differs from PLD. Indeed, the nanostruc-
turing landscape drastically changes in MOD YBCO nanocomposites due to the fact
that growth process is closer to equilibrium, with volume diffusion of mobile species
(happening after deposition) rather than surface diffusion. Since nucleation of sec-
ondary phases may occur prior to the YBCO, it is then feasible that the nanoinclu-
sions do not sustain a clear epitaxial relationship with YBCO [25–27]. Fig. 3.2 shows
the percentage of randomly oriented nanoparticles in different YBCO nanocompos-
ites as a function of the nominal molar composition of secondary phase NPs [26].
The most obvious difference between nanocomposites is that those containing YO
nanoparticles have a large fraction of epitaxial orientation, which decreases with the
nanoparticle concentration, whereas BZO, BYTO and BaCeO3 (BCO) nanoparti-
cles have a much higher randomly oriented fraction with only a small percentage
of them remaining epitaxial [25, 40]. The observed differences are consistent with
the increase of in-plane lattice mismatch of the four oxides with YBCO in a cube-
on-cube epitaxy (-3.1%, +8.7%, +9.5% and +12.1%, corresponding to YO, BZO,
BYTO and BCO respectively), which enhances the possibility of avoiding epitaxial
order [40].

Additionally, recent results showed that the non-coherent interface between the
nanoparticles and the YBCO matrix is the controlling parameter for the nanostrain
generation, which has been suggested as responsible of the strong enhancement of
the superconducting properties [26]. Unlike in in-situ epitaxial nanocomposites,
where a macroscopic strain is mostly shown, an accurate analysis of the (00l) XRD
peak broadening, using Williamson-Hall plot measurements, revealed a non-uniform
strain attributed to elastic distortions of the crystal lattice at the atomic level. In
fact, it follows a single linear behavior with the incoherent specific interface of all
nanoparticle series, Fig. 3.2 b). In addition, different dependences on nanoparticle
concentration are followed for each series of nanocomposites, Fig. 3.2 c). These re-
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Chapter 3 Microstructure of YBCO nanocomposite thin films

sults suggest a strong dependence between the Np/YBCO non-coherent interface
and the generated nanostrain.

a) b) 

c) c)

Figure 3.2: a) Percentage of random nanoparticles versus nominal molar concentration NP, b)
Dependence of the YBCO vertical nanostrain on the incoherent specific interface of nanoparti-
cles, and c) different dependence on nanoparticle concentration in the different nanocomposites
(BZO, YO, BCO, BYTO). Figure adapted from ref. [26].

The incoherent interface between secondary phases and YBCO, understood
as an interface that is neither coherent nor semicoherent, is found to distort the
superconductor matrix and promote the nucleation of a high density of Y248 inter-
growth defects. The resulting complex defect landscape yields a disordered three-
dimensional volume of inhomogeneous nanostrain that partially affects and enhances
the physical properties of these nanocomposites [26]. Transport measurements on
Fig. 3.3 evidence a quasi-isotropic vortex pinning behavior of the YBCO nanocom-
posites. Fig. 3.3 a) shows the normalized magnetic field dependence, Jc(H || c)/Jsfc ,
at 77K for YBCO-BZO, YBCO-BYTO, YBCO-Y2O3, showing an overall increase
in Jc compared to pure YBCO. Pinning forces (Fp=Jc(H) xH) dependence on the

42



3.1 Introduction

magnetic field are represented in Fig. 3.3 b). Pinning forces are enhanced in all
nanocomposites being higher for the YBCO-BZO ones and the highest ever ob-
served in solution-derived YBCO films [25,26].

Further insight into the superconducting properties is given by angular Jc(H,T)
measurements. Fig. 3.3 c) shows the field-angular dependence of the critical current
density in a log-linear scale at 77K and 1T, with the maximum Lorentz force config-
uration. It can be noticed that for a pristine YBCO films, that when the magnetic
field H is closely aligned parallel to the basal plane (θ=90º), a sharp increase of Jc
is obtained in the case of pure YBCO, stemming from the intrinsic anisotropy of the
YBCO material. This anisotropic contribution is attributed basically to the intrinsic
pinning of the Cu-O planes but also to other extrinsic linear or planar defects lying
parallel to the ab-planes, such as the already mentioned Y248 intergrowths. When
the magnetic field is applied parallel to the c-axis direction (θ=180º) a weaker peak
is also observed in the Jc(θ) curve of the pure YBCO film. This second peak is at-
tributed to anisotropic pinning centers, in this case, aligned to [001] direction, such
as dislocations or twin boundaries. On the other hand, It is evident from the Jc(θ)
curves that Jc becomes less dependent on the field orientation in the nanocompos-
ites, i.e. to be isotropic, thus pointing at the presence of isotropic pinning centers.
One can separate the isotropic contribution from the anisotropic one, shown as solid
lines in Fig. 3.3 c), using the Blatter scaling approach [87] applied to the Jc(θ) data
for different magnetic fields at a given temperature [40]. In particular, the most
isotropic Jc behavior is again observed for YBCO-BZO 10mol%. The absence of
any peak for orientations along the c-axis shows that there is no correlation or pref-
erential direction for the pinning or, therefore, of the pinning centers themselves.

Fig. 3.3 c) shows that the most efficient system is that based on BZO, followed
by that on BYTO. As observed, Jc becomes less dependent on the magnetic field
as increasing the NP content, which indicates that the presence of BZO or BYTO
NPs effectively generate vortex pinning centers in the YBCO matrix. However, even
that BYTO has a higher random fraction than BZO, such composites have a marked
lower effect on the enhancement of the superconducting properties, which worsen as
the BYTO concentration increases.
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Figure 3.3: a) Log-log plot showing the magnetic field dependence of the critical current density
at 77K, b) pinning force versus magnetic field at 77K, and c) field angular dependence of the
critical current density in a log-linear scale at 77K and 1T for different YBCO nanocomposites
with different NPs concentration, compared with a pure YBCO film.

In the present chapter a detailed TEM structural characterization of YBCO-
BaZrO3, YBCO-Ba2YTaO6 and YBCO-Y2O3 nanocomposite thin films will be pre-
sented. YBCO-BZO and YBCO-BYTO seem to be the most promising systems
due to its strong isotropic pinning behavior. Their microstructure will be stud-
ied and compared to pure YBCO, in particular the defects that have been found
to enhance the nanostrain in these YBCO nanocomposites. These results will be
compared to those from YBCO-YO nanocomposite films, which presents a differ-
ent microstructure due to the low lattice mismatch between the YO phase and the
YBCO compared to that of BZO and BYTO phases. YBCO-YO films feature large
epitaxial YO nanoparticles with different morphologies, being the incoherent inter-
face strongly reduced and, consequently, presenting lower isotropic pinning behavior.
However, new promising defect structures for vortex pinning have been observed in
such nanocomposites which are based on the presence of Y-rich intergrowths coex-
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3.2 YBCO - BaZrO3 nanocomposites

isting with the common Cu-rich intergrowths.

3.2 YBCO - BaZrO3 nanocomposites

Fig. 3.4 a) and b) are a 2D-XRD and a conventional θ− 2θ diffraction patterns
of a YBCO-BZO (10mol% BZO) nanocomposite film, respectively. BZO 10mol%
is the concentration which gives the best performance in terms of Jc and pinning
force. Thanks to the use of a large range of 2θ (�2θ = 30º) and � (�� = 70º),
the 2D-XRD pattern contains far more information than a conventional diffraction
pattern because not only the crystallographic planes oriented parallel to the sample
surface (� = 0º) will be detected but also those that are not (� 6= 0º), thus pro-
viding information about the out-of-plane texture. Therefore, 2D-XRD is specially
indicated for samples containing both textured and randomly oriented phases. The
diffraction patterns in Fig. 3.4 match and show intense YBCO (00l) peaks, indi-
cating a strong c-axis texture. An additional peak centered around 2θ ∼ 42.7º is
consistent with the (200)BZO. Additionally, a randomly oriented BZO fraction is
present, Fig. 3.4 a), as evidenced for the diffraction ring at 2θ ∼ 30º which accounts
for the (110)BZO most intense line.
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Figure 3.4: a) 2D-XRD pattern and b) conventional XRD diffraction θ − 2θ scan, of a fully
grown YBCO-BZO (10mol% BZO) nanocomposite film on a LAO substrate.

The best way to visualize the complexity of the solution based YBa2Cu3O7

(Y123) nanocomposites’ microstructure is using an aberration corrected scanning
transmission electron microscope (STEM). In STEM the most used imaging mode
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is the high angle annular dark field image (HAADF), in which the contrast ensues
from a high angle scattering strength, giving rise to the so called Z-contrast imag-
ing [63]. HAADF STEM is ideal for describing and identifying defects in such a
highly distorted Y123 matrix, as resulting incoherent images provide almost direct
interpretation; they do not suffer from contrast reversal due to the strong depen-
dence on thickness and defocus of conventional phase-contrast TEM [64]. Fig. 3.5-
(a) shows a global picture of the microstructure of both pure YBCO and YBCO
nanocomposite thin films. Fig. 3.5-(a) a) is a low magnification Z-contrast image of
an standard YBCO (Y123) specimen. Horizontal black stripes correspond to a com-
mon structural defect in YBCO. This defect consists of an extra Cu-O chain layer,
see Fig. 3.5-(b), which can form an ordered array resulting in the Y2Ba4Cu8O16

(Y248) phase [26, 42, 88–91]. The Y248 phase has the lattice parameters a=3.84Å,
b=3.87Å, c=27.22Å, and crystallizes in the non-standard space group Ammm (see
the crystal structure, Fig. 3.5-(b)). The presence of this extra CuO layer introduces
a 1.9Å increase along c and a non-conservative stacking fault with a displacement
vector [0 , b

2 , c
6 ] [92], being the two parts of the structure on either side of the

fault laterally shifted over 1
2 b when viewed along the [100] direction, see Fig. 3.5-

(b). When this double Cu-O layer 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. 3.5-(b). In a Z-contrast image
Y248 intergrowths appear as horizontal black stripes, see Fig. 3.5-(a) right panel,
and they can be extended to the micrometer range.

Conversely, the introduction of BZO nanoparticles within the YBCO layer dra-
matically increases the density of these planar defects. Fig. 3.5-(a) b) shows a low
magnification Z-contrast image of an YBCO-BZO thin film, where homogeneously
distributed nanoparticles, seen as bright spots in the Z-contrast image, are observed.
BZO nanoparticles are mainly round-shaped, being variable in size (10-20 nm). A
higher magnification image, Fig. 3.5-(a) b), shows a much higher density of Y248
defects, as compared to the non-doped, standard film. In a nanocomposite, due to
their mutual interaction, the Y248 intergrowths are shorter in length; whereas in
standard films can be as long as 1 µm, those observed in BZO nanocomposites are
in the range of 20-100 nm.
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Figure 3.5: (A): a) and b) are low magnification Z-contrast images of a 250 nm thick standard
YBCO and YBCO-BZO nanocomposite film, where brighter spots correspond to BZO nanopar-
ticles. Right panels show a higher magnification image of both layers. Y248 intergrowths appear
as dark horizontal stripes. (B): On the left: crystal structure of Y123 and Y248, with the re-
peat sequence of layers. The Y248 phase contains two sequential Cu-O layers, instead of the
single Cu-O layer in the Y123. On the right: high resolution Z-contrast images of the partial
dislocation associated to Y248 intergrowths. Due to the shift along b-axis, the Cu atoms in this
double Cu-O chains have a triangle-shaped atomic arrangement when viewed along the <100>
zone axis, while they lay head-to-head when viewed along the <010> zone axis. 47
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In agreement with XRD measurements, the two species of NPs that coexist in
CSD-YBCO nanocomposites are observed: those found within the YBCO matrix
and those heterogeneously nucleated at the substrate surface, which preserve the
(00l) orientation. Fig. 3.6 a) corresponds to a typical interfacial BZO nanoparticle.
The Fast Fourier Transform (FFT), Fig. 3.6 c), evidencing that the BZO nanoparticle
is semi-coherent with the matrix and the substrate in the (001)BZO || (001)LAO and
[100]BZO || [100]LAO crystallographic orientation being both parallel to (001)Y BCO.

(001) 

(002) 

(100) 

(101) 

10nm  

a) 

LAO 

BZO 

YBCO 
Y248 

2nm  

b) 

c) 

Figure 3.6: a) High resolution HAADF image of an YBCO/BZO/LAO interface with typical
interfacial BZO nanoparticle. The arrows point to a substrate step. b) Is a closer image of the
Y248 region surrounding the nanoparticle. c) FFT corresponding to image a). Orange labels
in the FFT corresponds to BZO reflections while green-dashed lines to YBCO/LAO.

Such interfacial nanoparticles have always been observed in the presence of
steps or vicinal orientations of the substrate (marked by arrows in the image). As
shown in the FFT, here the BZO structure is tilted ∼3º away from the YBCO/LAO
<001> axis. Based on previous TEM observations, some authors pointed out that
the driving force for tilting is more likely associated with a reduction in interfacial
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3.2 YBCO - BaZrO3 nanocomposites

energy through chemical modification than with pure geometrical considerations for
accommodate vicinal orientations of the substrate plane [93].

Looking in detail Fig. 3.6 b), the intergrowths displayed by this image present a
teeth-like pattern, i.e. they have a disruption along the double Cu-O. This pattern
is a result of a complex point defect, Cu vacancies along the planar defect. Y248
intergrowths comprises an extra Cu-O chain layer, compared to the normal Y123
(two extra layers in the case of the Y125). The extra amount of Cu needed for the
formation of this intergrowth may lead to an off-stoichiometry that could endanger
the superconducting properties of the film. In chapter 6 we will discuss how the sys-
tem balances this deficiency of Cu through a new structural feature, which becomes
a key factor in order to preserve the local stoichiometry.

As observed in Fig. 3.6 a) and b), interfacial nanoparticles are generally sur-
rounded by large clusters of intergrowths, forming a dense array of the Y248 phase.
Here the YBCO (00l) planes are strongly bended on top of the nanoparticle. Inter-
estingly, the genesis of intergrowths is expected to be linked to stress-related effects.
The marked structural anisotropy of the YBCO unit cell strongly influences its crys-
tallographic defects evolution, for instance the difficulty to create correlated defects
perpendicular to the CuO2 planes. Since c-axis dislocations in Y123 are energeti-
cally unfavorable, the system develops stacking faults parallel to the (001) plane by
the insertion of an extra atomic layer, the Y248 intergrowth [94,95]. Eventually, in
such highly defective regions even two extra CuO chain layers can be added to the
YBCO structure, resulting in triple CuO chains corresponding to a local composi-
tion of YBa2Cu5O8 (Y125) [96], see Fig. 3.7 a). In addition to Y248 defects, Y125
intergrowths cause a severe bending of (00l)Y BCO planes and inhomogeneous lattice
deformation on the surrounding YBCO lattice. The triple CuO chain intergrowths
are much shorter in length (a few nanometers) when compared with the Y248 (tens
to hundreds of nanometers), so they have a stronger influence onto the local strain
of the YBCO lattice.

A detailed atomic observation of the Y125 phase is shown in the inset of
Fig. 3.7 b), which is an image of the YBCO/LAO interface near the nanoparticle
where a multiple stacking of Y125 intergrowths nucleated. Intergrowth defects tend
to adopt a staggered configuration due to the mutual interplay of strain-fields asso-
ciated to partial dislocations. The dislocations that bound the intergrowth move by
climbing in the (00l) plane. When two dislocations in the same (00l)Y BCO plane
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Figure 3.7: a) YBCO/LAO interface near the interfacial nanoparticle where a stacking of
Y125 defects is observed. b) Is a detailed view of this particular defect (yellow=Y, green=Ba,
blue=Cu, red=O). Yellow symbols correspond to partial dislocations.

with opposite Burgers vector meet (i.e. two fault planes with the same displacement
vector), the dislocations will exert an attractive force on each other, annihilate,
and extend the fault plane. On the other hand, when dislocations are on adjacent
or nearby planes they will move to the minimum energy configuration positioned
vertically one above the other; i.e. the faults themselves will self-assemble and
assume a staggered configuration. Strain-related details of intergrowth structures
and its associated partial dislocations will be further discussed in chapter 4.

STEM images reveal that the BZO cube-on-cube epitaxial relationship is only
maintained near the substrate interface while the nanoparticles embedded within the
bulk of the matrix generally do not exhibit a clear crystallographic relationship with
YBCO. In agreement with XRD the vast majority of the embedded nanoparticles are
found randomly oriented. Examples of embedded NPs are shown in Fig. 3.8 a), which
is a low magnification image showing several BZO nanoparticles homogeneously
distributed within the YBCO matrix. The size of the BZO nanoparticles is in the
range of 10-20 nm in diameter and the YBCO matrix presents a very high density of
Y248 defects and strong bending of the YBCO planes nearby nanoparticles as well.

Fig. 3.8 b) shows three examples of different BZO NPs where each of them
presents a different orientation with YBCO. As observed in their corresponding
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Figure 3.8: a) Low magnification HAADF image where homogeneously distributed BZO nanopar-
ticles are separated by 50-100 nm from each other. b) Shows three examples of BZO NPs
in different orientations and their corresponding FFT (d). c) Shows enlarged images of the
BZO/YBCO interface where it is observed the atomic arrangement of both structures. Orange
labels in the FFT corresponds to BZO reflections while green-dashed lines to YBCO.

FFTs, Fig. 3.8 d), there is no clear crystallographic relationship between the BZO
and the YBCO, presenting a misorientation of several degrees. Occasionally, as it
is the case for the example shown in the left panel, the zone axis is unknown and
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only a single family of planes can be indexed, with a measured lattice spacing cor-
responding to the {110}BZO interplanar distance. Here, a ∼13 º misalingment of
the {110}BZO planes with the (103)Y BCO evidences the lack of coherence between
both crystals. The other two examples correspond to nanoparticles with the orienta-
tion <110>BZO || <100>Y BCO/(001)BZO || (001)Y BCO and <111>BZO || <100>Y BCO

/ (121)BZO || (001)Y BCO, respectively. However, the (001)BZO reflection of the <110>BZO

orientation is ∼9 º tilted away from the (001)Y BCO. The (101)BZO of the <111>BZO

is also misaligned with the (100)Y BCO plane, being in this case ∼3 º tilted. As ob-
served, generally, BZO nanoparticles are oriented such that a zone axis, e.g. <110>,
<111>, is fixed and is parallel to the <100> of the YBCO. In all cases, nanoparticles
are surrounded by a high density of Y248 intergrowths and lattice distortions.

Fig. 3.8 c) shows enlarged images of the BZO/YBCO interface where it is ob-
served the atomic arrangement of both structures. In all cases, they present in-
coherent interfaces to a greater or lesser extent. Fig. 3.9 is a scheme of possible
structural arrangements between two dissimilar crystals. Coherent interface is an
interface between two phases in which there is perfect lattice matching. Often this is
only achieved through the introduction of lattice strain in one or both of the phases.
A semi-coherent interface is an interface in which there is partial lattice matching.
Dislocations are formed at the interface to partially relieve the lattice strain required
to maintain the matching. On the other hand, an incoherent interface is an interface
in which there is no lattice matching or, as shown in Fig. 3.8 d), there is no clear
crystallographic relationship.

Figure 3.9: Scheme of coherent, semi-coherent and incoherent interfaces between dissimilar crys-
talline structures.

At this point it is important to emphasize the importance of the growth method
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3.2 YBCO - BaZrO3 nanocomposites

since its specifics determines the resulting microstructure of the film. This scenario
presented in Fig. 3.8, strongly differs from that observed in in-situ techniques such
as Pulsed Laser Deposition (PLD) or Metal-organic Chemical Vapor Deposition
(MOCVD), where self-assembled epitaxial BZO nanostructures with semi-coherent
interfaces nucleate [97, 98] (Fig. 3.9). In in-situ grown nanocomposites, epitaxial
nanoparticles, nanorods or nanocolumns are elongated and parallel to the c-axis of
the film, presenting a marked c-axis correlated pinning [81, 97, 99]. Unlike CSD-
grown nanocomposites, the density of defects found within PLD or MOCVD based
nanocomposites is considerably lower, which may explain the lower isotropic pinning
behavior.

Fig. 3.10 shows a BZO nanparticle with the <110>BZO || <100>Y BCO/(001)BZO
|| (001)Y BCO orientation. The BZO/YBCO interface image shows the high density
of intergrowths and the lattice distortion due to the nucleation of Y248 defects. As
observed, nucleation of Y125 intergrowths also appears, which strongly bends the
areas near incoherent interfaces (marked by an arrow in the image). Sometimes,
crystal faceting is observed in nanoparticles. The driving force for this microstruc-
tural rearrangement may be the minimization of misfit dislocations with YBCO.

BZO 

YBCO 

20nm  

<110> 

BZO 

2nm  

Figure 3.10: High-resolution Z-contrast images showing the interface between a <110> oriented
BZO nanoparticle and the YBCO matrix. The enlarged image from the lower magnification
image shows in detail the YBCO/BZO interface. The arrow points to a Y125 intergrowth.

The investigation of [001] oriented specimens becomes also interesting since cor-
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Chapter 3 Microstructure of YBCO nanocomposite thin films

related defects such as twin boundaries, in-plane dislocations or Y248 intergrowths,
are normally easily visualized. Twin domains in YBCO are formed along {110}
directions, shaped in the form of lamellae parallel to their twin boundaries [90,100].
Particularly in the case of twin boundaries and intergrowths, plan-view visualiza-
tions are of great interest since one can measure its length and spacing, using regular
bright field imaging in a conventional TEM. However, the situation worsens in the
case of Y123 nanocomposite films where the high density of defects and nanopar-
ticles hinders its identification due to phase-contrast reversals because the strong
dependencies on thickness, defocus and defect-contrasts. Fig. 3.11 is a plan-view
bright field image of an YBCO-BZO (10mol%) specimen, taken near the [001] zone
axis with g100 as the diffraction vector. Nanoparticles appear as black or bright
dots (pointed by arrows in the image), depending its particular orientation. Twin
boundaries are identifiable but, however, the Y248 identification becomes a tough
work. Besides, interaction between defects and nanoparticles also takes part in such
films giving rise to strong defect contrast and hindering the interpretation of such

100nm  

BZO 

Figure 3.11: a) Plan-view bright field image of an YBCO-BZO (10mol%) specimen, taken near
the [001] zone axis with g100 as the diffraction vector. In such diffraction contrast condition (two
beam condition) the revealed intensity variations are under the g·b=0 invisibility criterion.
Perpendicular domains are shown, corresponding to the (110) and (11̄0) family planes. With
g100 twin domains can be identified since one of the twin orientations fulfills the invisibility
criterion (the perpendicular orientation, i.e. <010>) and appears out of contrast. Diffraction-
contrast reversals in such conditions hide the identification of Y248 defects. The arrows point
to BZO nanoparticles.

images. An extensive description of twin boundaries and its interaction with other
defects and nanoparticles will be deeply discussed in chapter 4.
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The same specimen where analyzed in HAADF-STEM imaging as resulting
images do not suffer from drawbacks inherent to phase-contrast TEM. Fig. 3.12 a)
shows the homogeneous distribution of the nanoparticles (black dots) in the YBCO
matrix. Fig. 3.12 b) and c) show two examples of embedded randomly oriented NPs.
The corresponding FFTs denote its incoherent relationship with the YBCO. Only
one family of planes is observed for the nanoparticles, being ∼5º and ∼19º away
from the (110)Y BCO and (100)Y BCO planes, respectively.

(110) 

(-1-10) 
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(-1-10) 

100nm  

a) 

BZO 

b) c) 

BZO 

YBCO YBCO 

10nm  10nm  

BZO 

BZO 

2nm  2nm  

Figure 3.12: a) Plain view low magnification Z-contrast image of an YBCO-BZO nanocomposite.
Black dots correspond to BZO nanoparticles. b) and c) are examples of two BZO NPs observed
in image a). Lower panels correspond to enlarged images of the YBCO/BZO interface and
its corresponding FFT. Orange labels in the FFT corresponds to BZO reflections while green-
dashed lines to YBCO.

In addition to the regular benefits of the HAADF-STEM imaging, the small
depth of focus can be particularly useful when viewing a complex distorted matrix as
the one shown here [101]. High resolution Z-contrast images along the [001] zone axis
allowed us to estimate the length size of the intergrowths generated around the BZO
nanoparticles. Fig. 3.13 a) is a high resolution Z contrast image of an YBCO/BZO
interface where an Y248 intergrowth has been identified. Since the Y248 structure
introduces a shift only along the bY BCO direction (t = b

2), the [001]Y 248 projection
differs from that of the Y123 by an extra Ba and Cu plane. Atomic models for both
phases along the [001] atomic projection are sketched in Fig. 3.13 b). The bottom
part of Fig. 3.13 a) shows a differentiated contrast due to the superposition of the
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YBCO and the Y248 phases. Besides, STEM image simulations1 have been calcu-
lated for the [001] atomic projections of both the Y123 and Y248 structures showing
good agreement with experimental images. HAADF simulations were performed
with the STEM_CELL software [70], a simulation package based on Kirkland rou-
tines [73]. This software is based on the multislice technique in the ‘frozen-lattice’
approximation. The boundary of the intergrowth can now be easily identified (yel-
low dashed line), as seen in Fig. 3.13 c), which shows a Bragg filtered image of the
marked zone in a) for a better visualization.
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5nm  
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Y248 

Figure 3.13: a) High resolution HAADF image of an YBCO-BZO interface taken along the [001]
direction. The enlarged areas correspond to the Y123 and Y248 structures. Atomic models and
STEM image simulations are superimposed (yellow=Y, green=Ba, blue=Cu, red=O). b) Atomic
models for the Y123 and Y248 structures along [001]. Notice the extra Ba column appearing
due to the half unite cell shift along the bY BCO direction. c) FFT filtered image of marked
zone in a), showing the Y123-Y248 transition. Yellow dashed line in a) and c) corresponds to
Y123/Y248 boundary.

A series of HAADF images at different magnification of the same region are
shown in Fig. 3.14 a), b) and c). Tracking down the intergrowth’s boundary one can

1The computed images were obtained using the experimental settings of an FEI TITAN operated
at 300KV, with a defocus value of 0 nm, a probe forming aperture of 25mrad and an angle of
64-200mrad for the ADF detector. The Kirkland routine for STEM simulation was used, setting
the thermal diffuse scattering cycles to 20 in both ∼ 3.5nm thick Y123 and Y248 supercells.
Source size broadening was taken into account using a gaussian with 0.7Å at FWHM.
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set its limits and estimate its projected size (marked in yellow dashed lines). The
estimated size for this particular intergrowth is around 60 nm of diameter. Another
Y248 structure is observed at the bottom part of Fig. 3.14 c) denoting the irregular
shape that these planar defects may present. This and other observations in cross-
sectional specimens suggest that the intergrowths size in YBCO-BZO nanocompos-
ites are smaller than those estimated for the pristine YBCO films, which can be as
long as 1µm.

a) b) c) 

BZO BZO 

BZO 

Y248 

Y248 

Y248 
Y248 

Y123 Y123 
Y123 

Y123 20nm  10nm  20nm  

Figure 3.14: Decreasing magnification HAADF image series. By a careful inspection of these
images it can be estimated the projected size of a particular Y248 intergrowth.
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3.3 YBCO - Ba2YTaO6 nanocomposites

As previously shown in Fig. 3.2, BYTO nanocomposites show a high random
fraction due to its large in-plane lattice mismatch with YBCO (ε=9.5%), slightly
higher than BZO (+8.7%). XRD out-of-plane measurement, of both textured and
random BYTO signals, estimates that the BYTO random fraction is above 90%,
while in the case of BZO is about 80% [26]. Due to its high lattice mismatch
in addition to its chemical inertness with YBCO, BYTO seemed to be the most
promising candidate to enhance pinning in CSD-YBCO thin films. In fact, recently,
double perovskites (Ba2RETaO6, with RE=Yb3+; Gd3+; Er3+) have gained attention
in vacuum techniques as effective APCs leading to significant improvement of self-
field Jc and also in-field Jc over a wide range of orientation angles (θ) and magnetic
fields compared to pure YBCO [102,103].

In this section I will report and discuss the microstructure of the YBCO-BYTO
nanocomposites and its main differences with YBCO-BZO thin films. Besides I will
show the observed differences between YBCO-BYTO samples with different BYTO
concentration. Contrary to what has been observed in other nanocomposite (YO,
BCO, BZO), where the nanoparticle size was found to be essentially independent of
the nominal concentration, in the case of BYTO an increase of the nanoparticle size
was observed as the secondary-phase concentration increases. Magnetic field depen-
dence measurements of the pinning force set an overall enhancement (for magnetic
fields up to 4-7T) for samples with 6 to 10mol% [27]. In contrast, for the nanocom-
posite with 15mol% of nanoparticles the values of Fp are below those obtained for
a pristine film. As occurs in BZO and Y2O3 (Fig. 3.1), this reduction in Fp is corre-
lated with a drop in self-field critical current density (Jsfc ∼2 MACm−2) compared
with the optimum doped nanocomposites with Jsfc ∼4–5 MACm−2. The Jsfc drop is
attributed to a blocking effect of high nanoparticle size and density, Fig. 3.1, but also
to a worsening of the YBCO texture [26]. In what follows, the main microstructural
differences between different doped samples (BYTO 6 and 10mol%) will be shown.

Fig. 3.15 shows the XRD analysis of an YBCO-BYTO film with 6mol%. From
the θ–2θ scans in Fig. 3.15 a) it is observed the intense (00l) reflections of the YBCO,
indicating a strong c-axis orientation. The additional peaks at 2θ∼ 30.1º and 2θ∼
43.0º correspond to the (220) and (400) reflections of the double perovskite phase
BYTO. Fig. 3.15 b) shows the corresponding 2D XRD analysis. Besides the strong
(00l) diffraction poles of both YBCO and BYTO, two diffraction rings are identified,
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3.3 YBCO - Ba2YTaO6 nanocomposites

one strong at 2θ=30.1º and a dimmer one at 2θ=43.0º, both attributed to BYTO
most intense reflections. These results indicates that random and epitaxial BYTO
phases coexist in the epitaxial YBCO matrix film.
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Figure 3.15: a) and b) Integrated θ–2θ scan and two-dimensional x-ray diffraction patterns for
YBCO–6% BYTO nanocomposite film, respectively.

STEM images of the 6mol% BYTO samples confirmed that BYTO grows in
the form of nanoparticles, and show the two species of nanoparticles present in these
films: those at the substrate interface which are epitaxially grown and those in the
bulk of the YBCO matrix which are randomly oriented. Cross-section Z-contrast
images of a YBCO–BYTO6mol% film is shown in Fig. 3.16. A low magnification
Z-contrast image, Fig. 3.16 a), shows that BYTO nanoparticles are homogeneously
distributed but some fraction tends to aggregate forming BYTO clusters. Higher
magnification images (Fig. 3.16 b)) confirm that this aggregation results in large
nanoparticles within the bulk of the film. On the other hand, interfacial nanoparti-
cles appear isolated, no aggregation is present.
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Figure 3.16: a) Low magnification Z-contrast image of an 250 nm thick YBCO-BYTO 6mol%
thin film. b) Closer HAADF images of the YBCO-BYTO interface. BYTO nanoparticles are
observed both at the substrate surface and within the YBCO matrix. Notice some BYTO
aggregation forming large nanoparticles in the bulk. Arrows point to both bulk and interfacial
nanoparticles.

Epitaxial BYTO nanoparticles in the substrate interface are found in all YBCO-
BYTO nanocomposites. Interfacial nanoparticles are cube-on-cube oriented, i.e.
with the [100]BY TO || [100]Y BCO || [100]LAO and (001)BY TO || (001)Y BCO || (001)LAO epi-
taxial relationship with both YBCO and LAO substrate. Fig. 3.17 is a Z-contrast
image of a YBCO/LAO interface with a BYTO nanoparticle on the substrate sur-
face. The corresponding FFT confirms the cube-on-cube epitaxy of the nanoparticle.
As in BZO nanocomposites, BYTO interfacial nanoparticles are found in the pres-
ence of substrate steps, as marked in the image by an arrow. Here, as also observed
in the low magnification image Fig. 3.16, interfacial nanoparticles do not present the
high density of intergrowths as observed in YBCO-BZO nanocomposites.
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Figure 3.17: YBCO/LAO interface with a BYTO epitaxial nanoparticle on the substrate surface,
and its corresponding FFT. Orange labels in the FFT corresponds to BYTO reflections while
green-dashed lines to YBCO/LAO. The arrow points to a substrate step.

Fig. 3.16 b) shows a low density of Y248 intergrowths being variable in size,
from 20 to 200 nm long. However, a closer look into the YBCO matrix reveals a
high density of very short intergrowths. Fig. 3.18 is a high magnification image of
the YBCO matrix with two isolated BYTO nanoparticles. Here, BYTO nanopar-
ticles are well separated and with sizes ranging from 15 to 25 nm in diameter. As
observed, these short intergrowths, down to 5 nm in some cases, are perfectly stag-
gered in adjacent planes (few examples marked by arrows in the image). Despite
exhibiting a lower density of intergrowths compared to YBCO-BZO samples, the
reduced size of the Y248 defects yields to a high density of mutual interactions. The
strain fields associated to their partial dislocations, see zoomed image in Fig. 3.16 b),
generates a high density of local lattice distortions on the YBCO matrix in-between
intergrowths. Then strain fields will be investigated in detail in Chapter 4, as they
are thought to constitute perfect pinning centers.
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BYTO 

5nm 

BYTO 

20nm 

BYTO 

Figure 3.18: High resolution Z-contrast image of a region with short Y248 intergrowths. Notice
that the BYTO nanoparticles are not aggregated and there is a high concentration of short Y248
defects. Image on the right is an enlarged region of the center part; some partial dislocations
are marked with yellow symbols.

BYTO-10mol% samples were also analyzed in order to disclose the microstruc-
tural differences compared to BYTO-6 mol%. XRD measurements (Fig. 3.19 a) and
b)), evidenced an increase of the (220) and (400) peak intensity according to the
increase in the BYTO content as well as a stronger (220)BY TO diffraction ring on
the 2D-XRD.
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Figure 3.19: a) and b) Integrated θ–2θ scan and two-dimensional x-ray diffraction patterns for
YBCO–10% BYTO nanocomposite film, respectively.

Z-contrast images, Fig. 3.20, revealed that in BYTO-10mol% samples there is
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an increase in the BYTO NP aggregation, compared with the YBCO-BYTO 6mol%
sample. The formation of aggregated clusters increases the size of the nanoparti-
cles up to 50-100 nm, as well as the separation between them. Consequently, the
formation of large nanoparticle clusters seems to induce the nucleation of a higher
density of larger intergrowths, see enlarged image in Fig. 3.20. The NP aggregation
may explain the strong Jsfc reduction previously observed, Fig. 3.1, and the nanos-
train saturation at ∼0.23%, Fig. 3.2, for BYTO concentrations above 10mol%, as
aggregation reduces the incoherent specific interface.

YBCO + BYTO 

LAO 50nm 50nm 

YBCO 

BYTO 

Figure 3.20: Low magnification Z-contrast image of a YBCO-BYTO 10mol% thin film. BYTO
nanoparticle aggregation is clearly observed in the enlarged image. There is a high density of
larger Y248 intergrowths compared to BYTO-6mol%.

Fig. 3.21 is a Z-contrast image showing an interfacial nanoparticle in the com-
mon cube-on-cube epitaxy, see corresponding FFT. Contrary to what has been ob-
served for the BYTO-6mol% sample, a high density of Y248 intergrowths surrounds
the interface. Arrows in the image point to several Y125 intergrowths which are com-
monly observed in these high defective regions, leading to lattice distortions and a
strong bending of the (00l)Y BCO planes.
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LAO 

10nm  

BYTO 

YBCO 

LAO 

 (022)  

 (004)  

 (400)  

Figure 3.21: YBCO/LAO interface with a BYTO epitaxial nanoparticle on the substrate surface,
and its corresponding FFT. Orange labels in the FFT corresponds to BYTO reflections while
green-dashed lines to YBCO/LAO. Arrows point to several Y125 intergrowths.

Aggregation of BYTO NPs is evidenced in Fig. 3.22. Fig. 3.22 a) is an example of
a common large cluster of aggregated nanoparticles surrounded by a high density of
Y248 defects. Fig. 3.22 b) is an enlarged image of (a) showing the YBCO/BYTO in-
terface of two adjacent NPs where the incoherent interface between each nanoparticle
with YBCO is revealed. The corresponding FFT denotes the degree of misalignment
between both nanoparticles to YBCO: the (220)BY TO1 reflection is 11º away from
(001)Y BCO and the (220)BY TO2 is 13º from the (100)Y BCO. At the same time, there
is a very large matching between both BYTO (220) planes, ∼67º. Generally, grain
boundaries between BYTO nanoparticles are preserved and no coalescence between
NPs is observed. The large mismatch between planes of neighboring nanoparti-
cles is might be a big impediment for the proper crystallographic reorientation and
the consequent grain coalescence, which may explain why these randomly oriented
nanoparticles agglomerate without recrystallization.

64



3.3 YBCO - Ba2YTaO6 nanocomposites

BYTO1 

YBCO 

BYTO2 

5nm 

 (-2-20)1  

 (220)1  

 (-2-20)2  

 (220)2  YBCO 

BYTO 

10nm 

a) b) 

Figure 3.22: a) Z-contrast image of a common large cluster of aggregated nanoparticles. b)
Enlarged image showing the YBCO/BYTO interface where is revealed the incoherent structural
relationship between both nanoparticles and with the YBCO. The corresponding FFT denotes
the misalingment versus YBCO. Orange and white labels in the FFT corresponds to BYTO
reflections while green-dashed lines to YBCO.

65



Chapter 3 Microstructure of YBCO nanocomposite thin films

3.4 YBCO - Y2O3 nanocomposites

YBCO-Y2O3 nanocomposite thin films presents a very different microstructure
compared to YBCO-BZO or YBCO-BYTO nanocomposites. Its smaller lattice mis-
match with YBCO (∼-3.1%) leads to a high fraction of epitaxial nanostructures
both at the interface and matrix, which is reduced with the YO content (Fig. 3.2).
The lower incoherent interface compared to YBCO-BZO or YBCO-BYTO, which is
pointed as the source of the inhomogeneous strain generation, can probably explain
the dissimilar pinning performance. The growth optimization of the YBCO-Y2O3

10mol% samples studied in this section is still undergoing, yet very promising defect
structures for vortex pinning are identified and characterized.

2D-XRD and conventional XRD diffraction patterns of a YBCO-YO 10mol%
nanocomposite evidences a c-axis (00l) alignment of the orthorhomibc YBCO (Fig. 3.23
a) and b)). The presence of the (400) peak of the cubic Y2O3 and the absence of
diffraction rings at any θ angle confirms the main epitaxial nature of the Y2O3 phase.
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Figure 3.23: a) and b) are a 2D-XRD and conventional XRD diffraction patterns of a fully
grown YBCO-Y2O3 (10 mol%) nanocomposite film on a LAO substrate, respectively.

Y2O3 nanoparticles grown at the substrate surface present the <110>Y O ||
<100>Y BCO and (001)Y O || (001)Y BCO crystallographic orientation, as shown in
Fig. 3.24 a). Generally, substrate YO nanoparticles have sizes ranging from 10 to
45 nm. Fig. 3.24 b) shows nearly perfect coherent YO/LAO interface, also confirmed
by the absence of splitting in the (440)Y O/(200)LAO reflections of the corresponding
FFT. On the other hand, YO nanoparticles embedded in the YBCO matrix present
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Figure 3.24: a) Z-contrast image of an 40 nm long Y2O3 interfacial nanoparticle grown along
the <110>(001)Y O || <100>(001)Y BCO crystallographic orientation. b) is a closer image of the
YBCO/YO/LAO interface. The FFT shows no sing of structural relaxation. c) Low mag-
nification Z-contrast image of an YBCO-YO nanocomposite where large epitaxially oriented
YO precipitates are observed, also in the along the <110>(001)Y O || <100>(001)Y BCO crys-
tallographic orientation. d) Close up image of the YBCO/YO interface. The separation of
the reflections in the FFT evidences that the YO grain is relaxed. Orange labels in the FFT
corresponds to BYTO reflections while green-dashed lines to YBCO/LAO.

very large sizes, ranging from 50 to 150 nm. These nanoparticles also present the
easy orientation <110>Y O || <100>Y BCO. Fig. 3.24 c) shows an example of two
large YO precipitates embedded in the YBCO matrix. Fig. 3.24 d) is a higher mag-
nification image of theYBCO/YO interface. Unlike in subtrate nanoparticles, here
the YO structure is clearly relaxed as evidenced in the FFT by the split of the
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Chapter 3 Microstructure of YBCO nanocomposite thin films

(440)Y O/(200)Y BCO and (222)Y O/(102)Y BCO refelctions (misfit strain ∼-3.1%). A
dark contrast modulation along the interface points to misfit dislocations between
the YO and the YBCO. These epitaxial nanoparticles do not distort the YBCO
matrix as as mcuh as BZO and BYTO NPs do.

However, in YBCO-YO nanocomposites, other secondary phases are found in
the form of large disk-shaped inclusions with lengths in the range of 50 to 300 nm,
as observed in Fig. 3.25 a) which is a low magnification Z-contrast image. These
nanoplatelets appear as dark thick stripes (compared to the thinner stripes cor-
responding to Y248 intergrowths) parallel to the YBCO basal plane (marked by
horizontal arrows in Fig. 3.25 a)). The majority of these platelets are found to be
also epitaxially oriented with the YBCO matrix. Fig. 3.25 b) is a magnified region
from Fig. 3.25 a). In these YBCO-YO nanocomposites the density of Y248 inter-
growths is much lower than in BZO and BYTO ones. Y248 defects are also longer,
with lengths up to hundreds nanometers, as shown in Fig. 3.25 b), similar in length
to those found in the pristine YBCO layers.

High resosultion Z-contrast images shine light into the nature of these nanoplatelets.
Fig. 3.26 a), b) and c) shows the three main observed orientations of the platelets,

20nm LAO 

a) 

50nm 

YBCO + 
Y2O3 

b) 

Y2O3 

Figure 3.25: a) Low magnification Z-contrast image of an YBCO-YO nanocomposite film. Thin
dark horizontal stripes corresponds to Y248 intergrowths and thick stripes to nanoplatelet struc-
tures (horizontal arrows). Nanoparticles at the substrate interface are also marked by arrows.
b) enlarged image of the center part of image a).

being Fig. 3.26 a) the most observed orientation, followed by the one in Fig. 3.26 b).
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3.4 YBCO - Y2O3 nanocomposites

The right panels are close up images of the different YBCO/platelet/YBCO in-
terfaces. Unfortunately, the chemical nature and crystalline structure of these
nanoplatelets is unknown and it has not been possible to determine their orientation
and the epitaxial relationships with YBCO. However, the lower contrast displayed
by this phase suggests that the platelets are made of a Cu-rich compound.

a) b) c) 

2nm 2nm 2nm 1nm 1nm 1nm 

Figure 3.26: High resolution Z-contrast images of three YBCO/Cu-rich platelet/YBCO inter-
faces, where Cu-rich platelets are embedded in three different crystallographic orientations.
Arrows point to Y248 intergrowths.

It is worth to notice that the length of these nanoplatelets seems to be directly
linked to the degree of lattice mismatch with YBCO, i.e. has a depency on the
mutual strain contraints. The most observed orientation, Fig. 3.26 a), is also the
largest nanoplatet (up to 300 nm), followed by Fig. 3.26 b) (up to 100 nm). This
clearly suggest that they are oriented in an favorable crystallographic relationship,
being the mismatch between both lattice spacings the minimum. Notice that the
platelet crystal structure in Fig. 3.26 b) seems slightly rotated in-plane, with one
common axis parallel to the (00l)Y BCO. Indeed, the probe has not enough resolution
to solve the atom-to-atom distance. Even so, these platelets are observed more often
and are larger than the ones shown in Fig. 3.26 c), the length of which is in the range
of few tens of nanometer.

Despite the fact that YBCO-YO nanocomposites presents a lower density of
defects than YBCO-BZO or YBCO-BYTO ones, a high density of Cu vacancies are
found in the Y248 structures, as aboserved in Fig. 3.26; the arrows point to Y248
intergrowths that show Cu-pair vacancies. The formation of Cu-rich nanostructures
as secondary phases needs an extra amount of Cu extra needed for the formation of a
high density of Y248 integrowth defects. In chapter 6 we will discuss how the system
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Chapter 3 Microstructure of YBCO nanocomposite thin films

balances this deficiency of Cu through a new structural feature, which becomes a
key factor in order to preserve the local stoichiometry.

In addition to Y248 intergrowths, a new and unforeseen defect nucleate in
YBCO-YO nanocomposites. This defect consists in Y-rich intergrowths (instead of
the previously reported Cu-rich) which are widely observed over the whole sample
in different layered structures: in the form of a single, a double or even a triple Y-Ox

layers, being the latter the least favorable. Two representative examples are shown
in Fig. 3.27 a) and b), consisting on the addition of a single Y-Ox and double Y-Ox

layers added to the YBCO structure, respectively.

a) b) 

10 nm 10 nm 

Figure 3.27: Y-rich intergrowths in a YBCO-YO nanocomposite film. A single Y-Ox and a
double Y-Ox layers are added to the YBCO structure in a) and b) respectively.

As there is no record of these Y-rich phases in the literature, the structures have
been described in the same manner as the Y248 Cu-O stacking sequence and its re-
ported derivatives. Fig. 3.28 a), b) and c) are high resolution Z-contrast images of
YBCO regions with different type of intergrowths, comprising a single (Y-Ox), a dou-
ble (Y-Ox)2 and a triple (Y-Ox)3 layers. According to the analogous Y248 stacking
sequence, the proposed compositions for (depending on the amount of introduced Y-
Ox layers) are: Y2Ba2Cu2Ox (Y222), Y3Ba2Cu2Ox (Y322) and Y4Ba2Cu2Ox (Y422)
respectively, referred to as the unite cell of an ordered structure. So far, oxygen
atomic positions and occupation is unknown. As observed in the Y222 phase, the
Y-Ox layer is likely introduced in substitution of the Cu-O chain layer positions,
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3.4 YBCO - Y2O3 nanocomposites

i.e. between the two closer Ba-O layers in a normal 123 unite cell, and produces
an increase of about 0.31 nm along the c-axis. Thus, the resulting c parameters of
these structures are of about 13.54Å, 32.28Å and 37.48Å, respectively.

2nm 2nm 2nm 

a) b) c) 

Figure 3.28: Z-contrast images of the three types of Y-rich intergrowths observed in YBCO-YO
nanocomposites: a) Y2Ba2Cu2Ox (Y222), b) Y3Ba2Cu2Ox (Y322) and c) Y4Ba2Cu2Ox (Y422)
proposed phases. Y=yellow, Ba=green, Cu=blue, O=red.

A detailed high resolution observation of the Y-rich intergrowths determined
that the derivative phases have no distinct projections of the crystalline structure
depending if the crystal is [100] or [010] oriented. This could suggest that, unlike
occurs in the Y248 phase (which crystallizes in the Ammm space group producing
the well known 1/2[0b0] shift), the extra layers are not introduced in the form of
chain-layers but planes. On the contrary, the Y322 phase (i.e. two Y-Ox layers)
is always observed with a half unit-cell shift along both [100] and [010] directions.
The only explanation according to observations is that the Y322 phase crystallizes
in the Immm spacial group (centered body unit cell), so the extra Y-Ox layers have
a displacement of 1/2[110] being always shifted when viewed along either the [100]
or [010] projection (Fig. 3.28 b)). In the Y422 case (three Y-Ox layers) the spacial
group changes back to the primitive cell Pccm an no shift is produced between
closest Ba-O planes (Fig. 3.28 c)). The Y222 phase is likely to prevail in the same
Pmmm group, as the normal Y123.

Fig. 3.28 shows the comparison between the experimental observations with
HAADF image simulations2. The insets of Fig. 3.28 contain the superimposed com-

2The computed images were obtained using the experimental settings of an FEI TITAN operated
at 300KV, with a defocus value of 0 nm, a probe forming aperture of 25mrad and an angle
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Chapter 3 Microstructure of YBCO nanocomposite thin films

puted images. ADF intensities matches well with experimental Y222 and Y322
phases, Fig. 3.28 a) and b) respectively. However, the Y422 phase simulation, Fig. 3.28
c), is not fully consistent with the epxerimental image since the central Y-Ox layer
presents a remarkable dimmer contrast. One possible explanation could be a lower
occupancy of Y which would reduce the ADF signal in this atomic position.

These Y-rich intergrowths are found to have a wide range of lengths, depending
on the the amount of extra Y-Ox layers added. According to experimental obser-
vations the largest intergrowths are the Y222, which can be as longs as the Y248
intergrwoth and therefore extended up to several handred of nanometers. However,
very short Y222 intergrowths of few nanometers have also been observed in highly
defetive regions. On the other hand, Y322 intergrowths are less observed and much
shorter, ∼100 nm. Finally, Y422 intergrowths are very short in length and are only
observed in the presence of the Y322.

In addition, mutual intercalations of Y layers with Cu-O chain layers along a
certain intergrowth structures is often seen. Fig. 3.29 a) and b) are two representative
examples. In Fig. 3.29 a) a ∼10 nm Y222 intergrowth is intercalated on the Y248
phase (edges marked by arrows). Notice that when a single Y-Ox is introduced
the Ba-Ba distance is slightly expanded, what is expected due to the bigger size
of the yttrium atom. Fig. 3.29 b) is an intercalation sequence of Y-Ox layers by a
Y248 intergrowth. In Fig. 3.29 c), a Y248 intergrowth along the [010] zone axis is
observed, followed by a single Y-Ox layer. Finally, a second Y-Ox layer is instrudced
forming the Y322 phase. Each extra layer addition entails a partial dislocation and
consequent lattice distortions on the surrounding YBCO. The yellow symbols point
to the edge of the intergrowths and its associated partial dislocations. Obviously,
when a Y322 phase is near a Y248 the lattice distortion is even larger due to the
major expansion of the Ba-Ba distance of the YBCO.

of 64-200mrad for the ADF detector. The Kirkland routine for STEM simulation was used,
setting the thermal diffuse scattering cycles to 20 in ∼ 3.2nm thick supercells. Source size
broadening was taken into account using a gaussian with 0.7Å at FWHM.
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5 nm 5 nm 

2 nm 

a) b) 

c) 

Figure 3.29: a) A single Y-Ox layer is introduced within a Y248 intergrowth, locally forming
the Y222 phase. b) Is an intergrowth sequence by an Y248 intergrowth where two Y-Ox layers
are introduced after the introduction of a single layer, locally forming the Y322 phase. c) is an
enlarged image of the intergrowth sequence. Crystal structure models are superimposed for each
phase. Symbols point to the associated partial dislocations. Y=yellow, Ba=green, Cu=blue,
O=red

Thereby, as well as Y248 intergrowths, Y-rich layered structures will suppose a
big source of pinning since its introduction also involves lattice distortions, i.e. defor-
mation at the nanoscale and then pinning centers. Similarly, Cu-rich nanoplatelets
could be considered as planar defects analogous to the intergrowth structures from
the structural point of view. From the structural point of view, both Cu-rich
nanoplatelets and Y248 defects coexist occupying the same structural position within
a YBCO crystal, i.e. they are confined along the ab-planes being mainly inserted
along the Cu-O chain layers. The arrows in Fig. 3.30 point to two adjacent CuOx

nanoplatelets.

As previously observed and discussed for Y248 defects, the associated strain
fields to the edges (now considering Cu-rich inclusions as planar defects) will impede
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the propagation over each other. Cu-rich nanoplatelets remain in this energetically
stable configuration being the YBCO matrix between both nanoparticles clearly
distorted and bended.

5nm 

Figure 3.30: HAADF image where two adjacent Cu-rich nanoplatelets interact with each other.
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3.5 Summary

In this chapter the microstructure of the nanocomposite systems YBCO-BZO,
YBCO-BYTO and YBCO-YO are disclosed, as well as their particular defect land-
scape.

The YBCO nanocomposites are characterized by a spontaneous segregation
of NPs within the YBCO matrix. Among them, YBCO-BZO and YBCO-BYTO
nanocomposites present a homogenous distribution of randomly oriented nanoparti-
cles. Both nanocomposites have the higher lattice mismatch of the secondary phase
with the YBCO, showing the best superconducting properties. On the contrary, YO
has a much lower mismatch with YBCO and YBCO-YO nanocomposites presents
a high fraction of epitaxial nanostructures and a lower isotropic pinning behavior.

HAADF-STEM analysis revealed that BZO shows the smallest nanoparticle
size (10-20 nm) and an homogeneous distribution within the film, BYTO tend to
aggregate forming large nanoparticles, specially as the BYTO content increases.
The formation of large BYTO nanoparticles is evidenced on BYTO-10mol% samples
(50-100 nm) compared to 6mol% (20-35 nm).

In the case of the YBCO-BZO 10mol% and YBCO-BYTO 6mol% samples,
intergrowths are short compared to pristine YBCO layers, particularly in the case
of BYTO which are found to be as short as 5 nm. Short intergrowths entail a
high density of partial dislocations and intergrowth-intergrowth interactions, which
might increase the nanostrain. On the other hand, when BYTO NPs aggregate,
the separation between nanoparticles increases leading to a higher density of larger
intergrowths, thus lowering the number of possible pinning centers. Additionally,
in BYTO-10mol% samples, the presence of large clusters of the Y248 phase is less
pinning efficient and contribute to the degradation of the lattice texture. The BYTO
NP aggregation may explain the strong Jsfc reduction, the nanostrain saturation
at ∼0.23%, as for BYTO concentrations above 10mol% aggregation reduces the
incoherent specific interface.

YBCO-YO nanocomposite forms platelet epitaxial Cu-rich structures, which
can be extended up to hundreds of nanometers. These samples feature a lower
density of large Y248 defects and new and unreported Y-rich intergrowth structures,
which might become a promising source of nanoscale strain, and hence for pinning
vortices.
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4.1 Introduction: strain-induced suppression as a
vortex-pinning mechanism

In chapter 3 we studied the main microstructural differences between YBCO-
BZO, YBCO-BYTO and YBCO-YO nanocomposites, according to size, shape, and
distribution of their structural defects. The strong enhancement on the vortex pin-
ning observed in these nanocomposites is found to be controlled by nanostrain, which
showed to induce a quasi-isotropic pinning force [25]. This nanostrain, observed by
XRD, is attributed to elastic distortions of the crystal lattice at the nanoscale level.
Williamson-Hall plots from the (00l) diffraction lines for nanocomposite films demon-
strates that the non-coherent interface between the nanodots and the YBCO matrix
is the controlling parameter for the nanostrain generation. Interestingly, the weight
of the isotropic contribution to the total vortex-pinning force has been found to grow
linearly with the nanoscale strain, reaching in some cases a 100% weight depend-
ing on the percentage of randomly oriented fraction or from differences on nanodot
sizes. The conclusion is that isotropic pinning is due to a strong modification of the
pinning landscape, attributed to the increased lattice disorder in YBCO [26].

A mechanism correlating the direct strong influence of nanostrain on the su-
perconducting order parameter has recently been proposed [26]. This new vortex-
pinning mechanism is based on the strain-induced Cooper-pair suppression (Bond
Contraction Pairing model) [48, 49], which explains a quasi-isotropic vortex pin-
ning landscape is generated within the YBCO matrix itself. This model stresses
that a key role in the pairing mechanism should be attributed to the in-plane CuO
distances, because hole pairing in adjacent Cu positions is made possible by the
contraction of these bonds. The pair breaking energy 2� is the difference gained
by pair formation and the energy of two carriers at the bottom of the conduction
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band [48]

2� = 4(tCuO)2

U
− 8t0 (4.1)

where tCuO is the transfer integral between a d orbital (Cu) and a p orbital (O)
in the presence of doped holes CuO, U is is the on-site Coulomb repulsion and 4t0
is the half-bandwidth. The pairs are formed when the first term in the right-hand
side of equation (4.1) overcomes the second one and so � is positive. Whereas
� is known to be of the order of 50meV in YBCO, both terms of equation (4.1)
are in the range of 1 eV. The transfer integral tCuO is very sensitive to the CuO
bond length (tCuO/1/d5

CuO) and an elongation of CuO (as low as 1% tensile strain)
would quench the pair formation; that is, the second right term would overcome
the first one in equation (4.1). This theory has successfully explained the weak-link
behavior observed for low-angle (<10º) grain boundaries in HTSs [104]. It takes
into account the tensile strain associated with the dislocations [49,105], and justifies
the detrimental effect of the grain-boundary tensile strain on Jc [106].

All these results point out that the superconducting order parameter in YBCO
is highly sensitive to local strain. And although it can be detrimental in grain
boundaries, it can be turned into a very useful tool to engineer strong and isotropic
pinning. The current Chapter is devoted to the study of the local strain associated
to the Y248 intergrowths, which can be considered as the main source of isotropic
pinning centers.
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4.2 Lattice strain analysis: imaging strain contrast

As shown in prvious chapters HAADF STEM is ideal for imaging the mi-
crostructure of YBCO nanocomposites. This Z-contrast conditions are easily at-
tained by employing an annular detector with a large inner collection angle, �i, be-
ing the diffraction contrast excluded from the STEM signal. Assuming �i is �large
enough� (��50mrad) the resulting incoherent images are directly interpretable in
terms of atomic column positions, with intensities related to a given column’s high
angle scattering strength, and, hence, atomic number. However, additional infor-
mation can be gathered using an alternative imaging mode, the low angle annular
dark-field (LAADF) STEM. Here, a smaller �i is used, which results in an image
with enhanced contrast from defects [65–68]. The defects cause distortions, defro-
mations of the lattice in such a way that lead to a dechanneling of the incident
electron beam [69]. When the electron beam is scanned over a distorted lattice,
those electrons that normally would go to very low angles (θ�10mrad) are now
dechanneled and deviated to higher angles (10���50mrad); the electron scattering
results in different angular distributions and the intensity collected by the ADF de-
tector from the strained region can be different than that from the strain-free region
thus causing extra contrast. Though, as �i is decreased, the ADF signal can no
longer be described as incoherent, as low-angle scattering participates, and again
contrast reversals and other undesired effects may surface (see Fig. 2.2).

Thereby, the combination of both HAADF and LAADF detectors gives the
full range of information of those electrons scattered at high and low-angles, tak-
ing advantage of both contrast modes: when HAADF is ideal for describing and
identifying defects in a highly distorted Y123 matrix, LAADF imaging allows for
imaging the lattice deformations along the Y248 intergrowths and from the partial
dislocations associated to them. In this way, it is easy to have a firsthand impression
of the distortions present within the Y123 matrix due to the presence of both the
nanoparticles and the Y248 intergrowths.

Fig. 4.1 a)-b), and Fig. 4.1 c)-d) show the simultaneously acquired HAADF and
LAADF low magnification images of a pristine YBCO and a YBCO-BYTO6 mol%
nanocomposite film, respectively. As previously shown, the presence of Y248 de-
fects in HAADF mode is evidenced by the presence of dark stripes running parallel
to the (001) YBCO plane, see Fig. 4.1 a). However, in LAADF, the Y248 inter-
growths, appear brighter, see Fig. 4.1 b). Notice that the major fraction of the film,
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which is free of defects, appear with a homogenous contrast. On the other hand,
the nanocomposite film presents a higher density of Y248 intergrowths, Fig. 4.1 c)-d).
The LAADF image showsa higher density of bright stripes as well as a homogeneous
distribution of BYTO nanoparticles both at the matrix and interface. Also, in both
films a brighter contrast close to the YBCO/LAO interphase due to the presence of
Y248 defects, dislocations and nanoparticles (in the case of the nanocomposite) is
observed. It is worth noting that one must be cautious when interpreting LAADF
images, since the contrast could stem from the presence of interphases [68], disloca-
tions [65,107], grain boundaries [69], sample thickness effects [68], dissimilar crystal
orientations (as in the case of twinned crystals) or the presence of oxygen vacan-
cies [67]. However, as LAADF and HAADF can be acquired simultaneously, the
last imaging mode may help identifying the different contrast sources.

a) 

c) 

b) 

d) 

100 nm 100 nm 

YBCO 

LAO 

YBCO 

LAO 

100 nm 100 nm 

YBCO+BYTO YBCO+BYTO 

LAO LAO 

Figure 4.1: Comparison of the microstructure between a pristine YBCO film and YBCO-BYTO6
mol% nanocomposite films. a)-b), and c)-d) are the simultaneously acquired HAADF and
LAADF low magnification images, respectively.

High-resolution imaging with the combination of HAADF and LAADF is partic-
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ularly interesting in the case of the YBCO defect analysis. Fig. 4.2 a) and b) are the
HAADF and LAADF images of an isolated ∼25 nm long Y248 intergrowth. While
the contrast in the HAADF image is uniform over the entire image, the LAADF im-
age presents two marked halos at the edges of the intergrowth (pointed by arrows).
As observed in the enlarged images (right panels), the bright halos enclose the Y248
partial dislocations and extend over several YBCO unit cells. The reason is that the
presence of the partial dislocation in the YBCO matrix distorts the YBCO planes,
generating a locally distorted volume and enhancing the contrast in the LAADF
image. As clearly observed in the HAADF image, the (00l) YBCO planes on either
side of the dislocation are bended in order to adapt the extra CuO plane, being most
of the deformation located at the dislocation core.

a) 

b) 

YBCO 

YBCO 
10 nm 

10 nm 

2 nm 

2 nm 

Figure 4.2: a) and b) are an HAADF and LAADF image of an isolated Y248 intergrowth of
∼25 nm long, respectively. The yellow symbols in the images point to partial dislocations and
arrows to their surrounding strain fields.

Although the strain fields emerging from an isolated intergrowth within a defect-
free region can be easily identified by LAADF imaging, things may be more com-
plicated when multiple defects interact with each other. Fig. 4.3 a) and b) show two
HAADF and LAADF images, respectively, of a region with several staggered Y248
intergrowths. As observed, the most intense contrast in the LAADF image comes
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Chapter 4 Nanoscale strain sources in YBCO

from the regions where the strain fields of adjacent partial dislocations interact,
strongly distorting the surrounding YBCO planes. A good example of this is the
region marked by arrows, see insets. Other minor contrast variations compared to
the strain-free lattice are probably explained by the presence of twin boundaries
which at the same time interact with intergrowths. The chapter 5 will be devoted
to discuss such defect interactions.

20 nm 20 nm 

a) b) 

HAADF LAADF 

Figure 4.3: a) and b) are two HAADF and LAADF images of a YBCO region with several
staggered Y248 defects, respectively. The most intense contrast in the LAADF image comes
from the interaction of the partial dislocations associated to the intergrowths. The insets show
an enlarged image of the region marked by arrows. Yellow symbols in the inset mark the position
of the partial dislocations.

As seen, LAADF imaging is an easy and direct way for strain-imaging. How-
ever, the strain quantification from LAADF intensities is a tough work, and requires
of computational simulations [68]. Alternatively, strain information can be obtained
by computing high-resolution images with dedicated software, such as Geometrical
Phase Analysis (GPA) [108] or Peak Pairs Analysis (PPA) [109]. The GPA soft-
ware is based on the Fourier analysis of a high resolution lattice image selecting
a strong Bragg reflection and performing an inverse Fourier transform. The phase
component of the resulting complex image gives information on local displacements
and rotations of atomic planes compared to an assumed strain-free reference lat-
tice [108]. On the other hand, PPA computes distances between atomic columns
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4.2 Lattice strain analysis: imaging strain contrast

in real space. PPA superimposes a two-dimensional reference lattice extrapolated
from a non-distorted region of the material to the experimental one, built up from
the set of intensity maxima in the HRTEM image, and calculates the local discrete
displacement field at each node. Subsequently, by derivating the calculated displace-
ment field, the strain field is obtained [109]. Both GPA and PPA algorithms are
equally useful for strain determination, each having different properties, advantages
and pitfalls, and are considered as complementary tools in strain mapping.

In this chapter both methods will be used for characterizing the strain associ-
ated to the Y248 intergrowths. As a first example, GPA maps corresponding to an
isolated intergrowth and two intergrowths interacting with each other are shown in
Fig. 4.4. The εyy and εxx corresponds to deformation maps along the <001>Y BCO

and <100>Y BCO directions, Fig. 4.4 b) and g) and Fig. 4.4 d) and i) respectively,
while the rxy maps are the rotation of the planes away from the horizontal plane,
Fig. 4.4 e) and j). Lattice deformation and rotation are represented by a color scale,
which indicates the difference in percentage compared to the reference lattice. In
both cases the reference lattice is marked in the HAADF image (Fig. 4.4 a) and f)),
corresponding to a single YBCO unit cell, as it is the unity element repeated in
the crystal. As shown, the most evident lattice deformation is observed in the εyy
maps, Fig. 4.4 b) and g). Notice that the red and green fringes in the εyy1 maps
put on display the difference between the parameters of the Ba and Y perovskite
blocks of the YBCO (aBa=0.412 nm and aY=0.339 nm), which corresponds to the
distance between the Ba atoms (CuO chain layers) and Ba-Y ((CuO)2 supercon-
ducting planes), respectively. The εyy2 maps are the same εyy1 maps but highly
contrasted for a better visualization of the most distorted areas, Fig. 4.4 c) and h).
The white horizontal fringes represent the increase of the Ba-Ba distance in the CuO
chain layer due to the introduction of an extra plane.

In the case of an isolated intergrowth, Fig. 4.4-(a), tensile strains are observed
on the Ba perovskite blocks surrounding the partial dislocation of the intergrowth
in the εyy map (Fig. 4.4 b) and c)) . The CuO chain located at the center of the
image, i.e the plane where the extra CuO layer is introduced, undergoes a progressive
expansion from the right of the image (reference lattice) towards the left (edge of
the dislocation) up to +4±1.3% (the error is the standard deviation measured in the
reference strain-free area). At the same time, the Y perovskite blocks just above and
below are compressed in an asymmetric manner being -1.7±1.3% and -3.8±1.3%,
respectively. Equally, asymmetric residual tensile strains are observed on the Ba
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Chapter 4 Nanoscale strain sources in YBCO

blocks below the dislocation. This asymmetric accommodation of the intergrowth
can be directly observed in the HAADF image (Fig. 4.4 a)), and its confirmed by
the rxy map (Fig. 4.4 e)) where the strong red fringes located below the dislocation
show a ∼+1.2º rotation in front of the ∼-0.7º above. The εxx map (Fig. 4.4 d)) also

(a) isolated intergrowth (b) two intergrowths

Figure 4.4: GPA strain maps showing the deformation of the YBCO lattice due to the presence
of a single isolated intergrowth (a) or two intergrowths interacting with each other (b). The εxx
and εyy corresponds to deformation maps along the <100>Y BCO and <001>Y BCO directions,
b) and g) and d) and i) respectively, while the rxy maps are the rotation angle of the planes
away from the horizontal plane, e) and j). The εyy2 maps are the same εyy1 maps but highly
contrasted for a better visualization of the most distorted areas, c) and h). The Bragg reflections
taken for computing the images are the {100} and {003}, respectively. The marked region in
the HAADF image is the reference lattice, a) and f).

is a progressive shift to darker colors from the right to the left (∼-1.75±1.1%),
which indicates a change of the twin domain; the difference in percentage reflects
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4.2 Lattice strain analysis: imaging strain contrast

the different a and b YBCO lattice parameters.

Things get more interesting when two staggered intergrowths interact with each
other, Fig. 4.4-(b) f). The accommodation of the intergrowths by the YBCO lattice
is very similar to the one described for an isolated intergrowth: tensile strain emerge
between Ba atoms surrounding the two partial dislocations, and compressive strains
between the Ba-Y atoms, as seen in the εyy maps (Fig. 4.4 g) and h)). Notice that
in between the two faults the interaction of both strain fields associated to the
partial dislocations produce a high distortion with the matrix (up to several YBCO
unit cells). On the other hand, the εxx map (Fig. 4.4 i)) show slight tensile and
compressive strains located at the dislocation (pointed by an arrow in the image).
The rxy map (Fig. 4.4 j)) also denotes a rotation of the YBCO planes in the region
between both dislocations.

As seen, the strain analysis of the YBCO distorted lattice can be achieved by
using the GPA software. The extracted phase component from the Fourier analysis
may provide strain information of large and small areas at once. On the other hand,
since PPA is based on the peak-to-peak analysis in real space, it is found to be
more suitable for detailed and accurate works in small areas. Here, the quality of
the image is a critical parameter as the approach to peak detection is based on the
peak-maxima identification according to their intensities. Then, a lower threshold is
defined and all the peaks below are discarded. However, problems may arise when
computing large areas with highly distorted regions, which are generally slightly out-
of-focus giving rise to blurred atomic columns with dimmer intensities. As a result,
it is often difficult to keep all the desired peaks over the selected threshold and
then to properly compute the peak-to-peak grid. Fig. 4.5 a) is a high-magnification
HAADF image with two intergrowths (pointed by arrows) interacting with each
other. The strain map was computed in the region marked in the image.

The peak-to-peak grid computed by the software is shown in Fig. 4.5 b, where
the reference lattice is also marked. The resulting εxx and εyy maps are shown
in Fig. 4.5 c) and d), respectively. Unlike in GPA, a low pass filter was applied
before computing the image. The strain maps are shown superimposed with the
HAADF image in order to correlate both images. Here the displacements between
Ba and Y atomic columns are measured, as observed in the peak-grid (Fig. 4.5 b)).
As previously shown in the GPA analysis, the main deformations emerge along the
c-axis ((Fig. 4.5 d)). A gradual expansion of the Ba perovskite block takes part
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both along the partial dislocation plane and along the normal planes toward the
dislocation core (up to +4.8±1.2%), in order to accommodate the extra CuO plane.
The values displayed on the right side of the image are taken from the atomic
columns placed below the dislocation vertical line. Also, compressive strains are
observed for the Y perovskite blocks. Furthermore, the εxx map ((Fig. 4.5 c)) show
tensile and compressive strains in front and below the dislocation core of +1.1±0.3%
and -1.6±0.3%, respectively.

Figure 4.5: PPA column-to-column strain analysis of the YBCO lattice when two intergrowths
interact with each other, a). The reference lattice is marked in the peak-to-peak grid image, b).
The HAADF image is superimposed in the εxx and εyy map, c) and d), as well as the YBCO
unit cell (Green=Ba, Yellow=Y, Blue=Cu and Red=O). Yellow symbols mark the position of
the partial dislocation.

These strain analysis show that the strain is found to be highly localized around
the partial dislocations, distorting the surrounding YBCO lattice. It is also observed
that this local deformation may be extended up to several nanometers, three YBCO
unit cells in the case of an isolated intergrowth (Fig. 4.4-(a)). Consequently, inter-
growths located nearby tend to adopt a staggered configuration due to the mutual
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4.2 Lattice strain analysis: imaging strain contrast

interplay of the strain-fields associated to their partial dislocations; i.e. they self-
assemble according to the minimum energy configurationn this is vertically one above
the other, as seen in Fig. 4.4-(b). Comparing the εyy and the εxx maps, it is clear
that most of the structural changes in the YBCO due to the lattice deformation are
found along the c-axis and, in a much lower degree, along the ab-planes. Particu-
larly, tensile strains are found to be confined between the closest Ba columns, i.e.
in the Cu-O chain layers (Fig. 4.5 d)). On the contrary, the Cu-O superconducting
planes, i.e. distances between Ba-Y columns, generally remain invariable or slightly
compressed in the presence of a high expansion of the CuO chains (Fig. 4.5 c)). In-
deed, the chains seem to be more playable than the superconducting planes, which
may also be related with the fact tha oxygne vacancies are more preferable also in
the Cu-O chains [110, 111]. In chapter 6 the formation energy of oxygen vacancies
at different crystallographic positions will be discussed.

Fig. 4.6 a) and b) show two opposite stacking configurations of the Y248 in-
tergrowths depending on their concentration and length. As observed in chapter 3
in the case of YBCO-BZO and YBCO-BYTO6mol% nanocomposites, short inter-
growths tend to interact with each other and remain in an staggered configuration,
Fig. 4.6 a). On the other hand, in the case of YBCO-BYTO10mol%, a higher den-
sity of much larger intergrowths is found. In these conditions they tend to form
regions with a perfect array of the Y248 phase due to the annihilation of oppo-
site partial dislocations along the same plane, thus extending the fault, Fig. 4.6 b).
As shown in the images, staggering of intergrowths is preferred since yields to a
high density of highly nanostrained regions due to the interaction of nearby partial
dislocations, as it is shown in LAADF images and strain maps. However, when
the Y248 phase is formed there is no presence of dislocations and no distortion of
the YBCO matrix takes part, Fig. 4.6 b). The homogeneous distribution of localized
nanostrained regions, i.e. pinning centers, may be crucial from the pinning efficiency
point of view.
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Y248 YBCO 
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a) b) 

Figure 4.6: Two different intergrowth stacking configurations found in different YBCO nanocom-
posites, from a YBCO-BYTO6mol% and YBCO-BYTO19mol% nanocomposites, a) and b)
respectively.

In addition to the partial dislocation associated to the edges of the Y248 inter-
growths, another type of dislocation has been also observed within its double (CuO)2

chain layers which may also act as a nanoscale strain source. Fig. 4.7 a) and b) show
the simultaneously acquired HAADF and LAADF images of an isolated Y248 in-
tergrowth. Between positions A and B in Fig. 4.7 a), the (CuO)2 double layer is
clearly imaged along the <010> zone axis, where the Cu columns lay head-to-head.
Along BC the double chain layer is viewed along the <100> direction, where the
Cu columns have a triangle-shaped atomic arrangement. Keep in mind that the
Y248 intergrowth comprises an extra Cu-O chain with a half unit cell shift along
the b-axis. This 90º reorientation of the YBCO structure is consistent with the
presence of a twin boundary vertically positioned along the B position, as denoted
in Fig. 4.7 c) which is a εxx GPA deformation map of the HAADF image where the
two crystal domains are in red and green colors. Since the Y248 structure involves
the addition of an extra Cu-O chain and a structural shift of 1

2b0, a linear defect
that separates the two crystal orientations must be present. As observed in detail
in Fig. 4.7 d), this boundary generates a dislocation line along the twin boundary
plane, i.e. <110>Y BCO. This dislocation was previously reported as a Frank sessile
type dislocation with a 1

2 [110] Burgers vector and a (001) glide plane located between
the two CuO layers [112].
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4.2 Lattice strain analysis: imaging strain contrast

Figure 4.7: a) and b) are the simultaneously acquired HAADF and LAADF images of an
isolated Y248 intergrowth. When crossing position B, the direction of the chains in the (CuO)2
layer changes from the <010> orientation (position A) into the orthogonal one, the <100>
(position C). c) is an εxx GPA deformation map of the HAADF, where the two twin domains
are shown by red and green colors. As observed in the LAADF image, lattice distortion is
denoted by compressive and tensile strains around the dislocation core. d) is a detailed image
of the Frank sessile dislocation on region B with a 1

2 [110] Burgers vector and a (001) glide plane
located between the two CuO layers. The YBCO structure is superimposed in the image, where
Green=Ba, Yellow=Y, Blue=Cu and Red=O. The yellow symbol marks the position of the
dislocation.

Interestingly, the strain field of the dislocation is also observed in the LAADF
image in position B (marked by an arrow in Fig. 4.7 b)) due to the YBCO lattice de-
formation, as evidenced in Fig. 4.7 d). Besides, the GPA map shows compressive and
tensile deformations around the dislocation core. This suggests a nanoscale strained
volume along the twin boundary-intergrowth dislocation line. The chapter 5 will be
devoted to discuss the structural interactions between Y248 intergrowths and twin
boundaries.
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4.3 Conclusions

In this chapter we have unveiled several sources of inhomogeneous strain at
the nanoscale, which are suggested as the responsible for a quasi-isotropic vortex-
pinning force in YBCO nanocomposite thin films. LAADF imaging, in combination
with HAADF, permits to quickly visualize in a single image those regions where the
YBCO matrix is distorted. The partial dislocations associated to the edges of Y248
intergrowths, and dislocations due to the interaction with twin boundaries, induce
distortion within the YBCO matrix. Strain maps computed by both the GPA and
PPA software confirm that the strain-contrast observed in the LAADF images can
be interpreted in terms of lattice deformation. These distortions generate tensile
strained regions where Cooper pair formation may be precluded, becoming effective
for pinning vortices [48, 49]. As mentioned before, a 1% tensile strain of the Cu-O
bond in CuO2 planes, might be enough to quench the hole pairing. A representative
picture of the overall pinning landscape inside an YBCO nanocomposite is shown
in Fig. 4.8. Here, the incoherent interface between the homogeneously distributed
nanoparticles and the YBCO promotes the nucleation of a high density Y248 defects.
As a consequence, a nanoscale extended and disordered three-dimensional volume
of strained YBCO lattice is formed. Vortice are expected to be pinned on the
homogenously distributed pinning centers (nanostrained regions) at different points
of their length, which draws a new contribution to the vortex-pinning landscape of
HTSs.

vortex 

intergrowth 

vortex 

NP 

Strained regions 

Figure 4.8: Scheme of how the magnetic vortices are pinned by the nanostrained regions along
the intergrowths inside the YBCO matrix. Dark lines correspond to magnetic vortices, while
nanoparticles and intergrowths are repersented in yellow and blue, respectively.
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5 Evolution and interaction of YBCO
structural defects

5.1 Introduction

As seen in chapter 4 lattice deformations associated to intergrowths produce
a nanoscale extended and disordered three-dimensional volume where Cooper pair
formation may be precluded, thus becoming effective for pinning vortices.

Yet, as we will see below, strain also plays a unexpected role. STEM obser-
vations disclosed a strain-driven interaction between the twinning mechanism and
the already existing nanoparticles and defects within YBCO nanocomposite films.
In fact, defects and interphases are found to act as extra nucleation centers for the
formation of twinning, which appear at the last stage of the growth process (dur-
ing the oxygenation step), when the high density of intergrowths have already been
formed. Nanoscale lattice deformations, as well as the presence of NPs, are found
to strongly disturb the accommodation of the twin boundaries (TB) in the crystal.
The result is a broken vertical coherence of the boundary walls and a high density of
twin domains with shorter twin spacing. Besides, this new microstructure influences
the superconducting properties: Jc transport measurements determined that vortex
channeling, understood as the easy vortex sliding along the TB planes, is hindered
at low temperature in nanocomposite films.

In the present chapter will be reported a detailed TEM characterization on the
evolution and interaction between the two most widespread defects found in YBCO,
the Y248 intergrowths and the twin boundaries. This study has been extended to
pristine and nanocomposite thin films.
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Chapter 5 Evolution and interaction of YBCO structural defects

5.2 Strain-driven broken twin boundary coherence in
YBCO nanocomposite �lms

It is well known that TBs appear in YBCO in order to accommodate the sponta-
neous strain energy of the tetragonal-to-orthorhombic phase transition as increasing
oxygen is absorbed by the oxide when it is cooled from high temperature in an O2

atmosphere [113]. Twin boundaries are distributed in twin domains along either
(110) or (1�10) family planes and shaped in the form of parallel lamellae bound-
aries [90, 100,114,115]. The {110} mirror planes are the symmetry elements lost in
the phase transformation from the 4/mmm space group to mmm. The (110) and
(1�10) coherent contact planes are preferred because they are mutually perpendicular
families of strain-free interfaces in the transformation, seeFig. 5.1.

b 

a 

b 

a 

a 

b 

b 

a 

a 

b 

Figure 5.1: Scheme of the twin boundaries in YBCO.

The twinning of the crystal is the result of the small difference between the
lattice parameters a and b (a=3.82Å, b=3.88Å) of the orthorhombic YBCO, which
itself has to be attributed to the arrangement of oxygen vacancies in the Cu-O planes
(see sec. 1.1.1). Thus, at the twin boundary, the two axes (a and b) alternate across
the (110) boundaries. The distance between adjacent twin boundaries in a twin
domain is referred to as the twin spacing. The twin spacing is known to be mainly
controlled by the dimension of the YBCO grains [116]. However, in thin films the
twin spacing is found to be controlled by the thickness of the film (rather than the
grain size) and the substrate constraints [117]; the shear strains associated with
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5.2 Strain-driven broken twin boundary coherence in YBCO nanocomposite films

the phase transformation can be relieved by twinning at the cost of twin boundary
energy. Thus, the twin spacing is determined by minimizing the total energy of
the system associated with the elastic strain energy and twin boundary interfacial
energy.

Fig. 5.2 a) is a plan-view bright field image of a pristine YBCO specimen, taken
near the [001] zone axis with g100 as the diffraction vector. In this image is observed
the intersection of two twin domains, corresponding to (110) and (1�10) family planes.
In such diffraction contrast conditions (two beam condition [50]) the revealed inten-
sity variations are under the g·b=0 invisibility criterion (see sec. 2.1.4). With g100

one of the twin orientations fulfills the invisibility criterion (the perpendicular orien-
tation, i.e. (010)) and appears out of contrast. As seen in the image, the diffraction
condition is not strictly maintained in the entire area; the presence of some defects,
thickness variations and bending of the TEM lamella may cause severe diffraction
contrast variations while imaging large regions. Fig. 5.2 b) is a Selected Area Elec-
tron Diffraction (SAED) of the same area in a well aligned [001] zone axis. The
inset reveals the diffraction split of the {110} reflections due to the presence of per-
pendicular twin domains. The splitting angle θ is directly related to the degree of
orthorhombicity (i.e. the deviation from tetragonality). The angle θ is given by the
relation

θ = 90º - 2 arctan b

a
(5.1)

which gives a value of ∼1.7º.

Nevertheless, the twin spacing observed in our pristine and nanocomposite films
is significantly smaller than the usual values observed for single crystals or melt
textured YBCO ceramics [115, 118, 119]. As observed, the average twin spacing
shown in the twin domains are ranging between 50 and 75 nm. However, variations
in the twin spacing either between boundaries along the same domain or between
neighboring domains are observed as well.
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Figure 5.2: a) Plan-view bright field image of an YBCO specimen, taken near the [001] zone
axis with g100 as the diffraction vector. Two perpendicular domains are shown, corresponding
to the (110) and (11̄0) family planes. b) Selected area electron diffraction of the same region in
a) along the [001] zone axis. Inset shows how {110} reflections are splitted due to the presence
of perpendicular twin domains.

Observation of cross-sectional specimens of pristine YBCO films in two-beam
condition reveals the mutual interaction of twin boundaries with Y248 intergrowths.
Fig. 5.3 a)-b) and c) are bright field images taken with the g200 diffraction vector of an
YBCO standard specimen in a defect-free, moderate-faulted and highly-faulted area,
respectively. All three areas have distinct density of Y248 defects which appear
as contrast variations running perpendicular to TBs and parallel to the YBCO
basal plane (marked in Fig. 5.3 a)-b) with arrows). In a defect-free environment,
Fig. 5.3 a), the TBs can extend up to its critical twin spacing, which is controlled
by the film thickness and substrate constraints. In this case the maximum twin
spacing value measured from the image is ∼100 nm in a [100] projection. Since
TBs are aligned along the [110] direction, the real twin spacing should be the

p
2 of

100 nm, i.e.∼70 nm. This value is in well agreement with those calculated from plan-
view specimens (see Fig. 5.2). However, in the presence of Y248 defects, Fig. 5.3 b),
the vertical TB coherence appears broken. In this case, TBs still preserves some
coherency, but the TB spacing is reduced. In this case the measured twin spacing
is of about 50 nm, 35 nm in the [110] projection. The later case, Fig. 5.3 c), shows
a cluster of staggered Y248 defects near the film surface, where the TB spacing is
reduced down to as low as 7 nm.

94



5.2 Strain-driven broken twin boundary coherence in YBCO nanocomposite films

a) b) c) 

Figure 5.3: BF cross sectional images with the g200 diffraction vector taken of a 250 nm thick
YBCO standard specimen in a: a) defect-free area, b)moderate-faulted area and c) highly-faulted
area.

In previous chapters, an isolated Y248 intergrowth with a finite lateral length
has been considered analogous to a Frank loop, i.e., an extrinsic stacking fault sur-
rounded by a partial dislocation (see Fig. 3.5). It was also shown how intergrowths
distort the YBCO matrix, which might also affect the TB as well. A high resolution
investigation permits a detailed visualization of the TB-Y248 intergrowth interac-
tion. Fig. 5.4 a) shows a high resolution Z-contrast image of the YBCO lattice in
the presence of an isolated Y248 intergrowth in an almost defect-free region. As the
Y248 intergrowth involves a shift of half the unit cell along the bY BCO axis, one can
easily identify different zone axes across the TB, as it is clearly seen in Fig. 5.4 c),
which shows two enlarged images corresponding to regions 1 and 2 of Fig. 5.4 a),
identified as [010] and [100] zone axes, respectively.

As shown in chapter 4, the GPA software helps mapping deformations in the lat-
tice. Here, [100] and [010] domains can be unambiguously distinguished by GPA due
to the existing differences between a and b cell parameters in the YBCO orthorhom-
bic phase (a = 0.382 nm; b = 0.388 nm). Fig. 5.4 b) shows the εxx deformation tensor
map ensuing from the {100} Bragg reflection, where the [100] and [010] domains are
depicted as red and green, respectively. The dark horizontal fringe observed in the
center of the map in Fig. 5.4 b) is the result of the region where the periodicity of
(100)Y BCO planes is truncated due to the shift along b. On the other hand, the
Y248 defect appears invisible in the green colored areas because there is no 1

2b shift
of the Y248 structure along the [100] crystalline direction. As shown in Fig. 5.4 b),
the interaction of the TBs with the Y248 is likely to be strain-mediated. The stress
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built up due to an extra Y248 intergrowth and the ensuing local stress from its
partial dislocation constitutes a strain barrier for the TB growth front propagation,
see region 2 and 3 in the image. Here, the twin spacing is very similar to the one
observed in Fig. 5.3 b) , ∼45 nm, 32 nm in a [110] projection.

Figure 5.4: a) A composition of consecutive atomic resolution Z-contrast images along a par-
ticular isolated Y248 planar defect. b) εxx deformation map showing in colors (red and green)
different deformation values. Region 3 in a) was taken as a reference area. c) Close up views
of regions 1 and 2 labeled in a) corresponding to two sides of a twin boundary, which permits
determination of the [010] and [100] zone axes in b). The YBCO structure is superimposed in
the inset (yellow=Y, green=Ba, blue=Cu, red=O). Figure adapted from [42].

On the other hand, the microstructure of nanocomposite films is in sharp con-
trast with that of the pristine YBCO, which present a random distribution of sec-
ondary phase nanoparticles and a huge increase of the Y248 intergrowths. Fig. 5.5 a)
is a low magnification Z-contrast image of a YBCO-YO nanocomposite. As previ-
ously commented, these nanocomposites have a high density of large Y248 inter-
growths, similar in length to those found in pristine YBCO layers. Fig. 5.5 b) shows
the εxx deformation tensor map ensuing from the {100} Bragg reflection, showing
in colors the [100] and [010] domains. Here, the higher density of defects produce a
strong variation of the twin sapcing and a break in the twin boundary coherence, as
showm in detail in Fig. 5.4. Interestingly, the twin spacing is higher near the sub-
strate interface and decreases progressively towards the top of the film, where there
is a higher concentration of defects and denoting the strong structural interaction
between both defects.
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Figure 5.5: a) Low magnification Z-contrast image of a YBCO-YO nanocomposite presenting
a high density of Y248 defects. b) εxx deformation map showing in colors (red and green)
different deformation values, corresponding to the [100] and [010] twin domains.

Fig. 5.6 a) shows a plan-view bright-field TEM image of a YBCO-BZO10mol%
nanocomposite film taken near the [001] zone axis with (110) as the diffraction
vector, g110. The image shows a single domain of TBs (marked by arrows), along with
several secondary phase nanoparticles (dashed lines). The areas featuring strong
diffraction contrast might correspond to Y248 planar defects, as expected for such
diffraction conditions [92,120], however, the highly distorted YBCO matrix of these
nanocomposites hinders the identification of isolated defects. Certainly, a cross-
sectional view of a YBCO nanocomposite thin film (see Fig. 5.6 b)) shows a high
density of Y248 planar defects. In addition to the Y248 intergrowths, the presence
of nanoparticles is also found to disturb the accommodation of the twin boundaries,
as shown in Fig. 5.6 a). The most obvious change is the variation of the TB spacing
and the bowing of the boundary walls, as marked in Fig. 5.6 a).
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Figure 5.6: a) Bright field TEM micrograph under two beam condition with g110. Under
these diffraction conditions TBs appear as dark stripes (arrows point to TBs in the image).
Randomly distributed nanoparticles are observed (marked with dashed lines in the image). b)
Cross-sectional low magnification Z-contrast image of a nanocomposite with BZO nanoparticles
embedded within the YBCO matrix. Dark horizontal stripes correspond to Y248 intergrowths.
Figure adapted from [42].

In addition, the influence of secondary precipitates in the twinning mechanism
in YBCO was also observed in single-grain melt-textured Y123, having a high con-
centration of small (<1µm) Y211 precipitates. As pointed out by Müller an Frey-
hardt [121], the twin spacing may be modified by Y211 particle additions. There,
a high concentration of precipitates displayed strong variations in the twin spacing
depending on local variations of the Y211 inclusion density and the associated strain
fields.

A high resolution Z-contrast image reveals the changes observed in the bright
field image in detail. Fig. 5.7 a) depicts a plan-view high resolution Z-contrast image
with a BZO nanoparticle embedded within the YBCO matrix. Careful inspection of
the YBCO lattice unveils the rotation of the atomic planes across the TBs and allows
their delimitation, Fig. 5.7 c). As previously shown, the geometrical phase analysis
helps processing the whole image and characterizing the domain map. Fig. 5.7 b)
shows a map of Fig. 5.7 a) calculated with the GPA software: a plot of the fringe
rotation map of the {110}Y BCO selected Bragg reflection. The change in color from
red to green shows the rotation (in degrees) of the lattice fringes. Because the
selected Bragg reflection belongs to YBCO planes, a calculation artifact appears
within the region delimited by the BZO nanoparticle. The calculated value of the
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5.2 Strain-driven broken twin boundary coherence in YBCO nanocomposite films

angle between adjacent twins along the <110> direction perfectly matches with the
theoretical value obtained from the orthorhombic cell, i.e. ∼1.78º. On the left side
of the image a sharp and straight boundary is observed, whereas the following TB is
strongly perturbed by the presence of a BZO nanodot. Here, it is also observed that
TB spacing changes due to the presence of the BZO nanoparticle, being reduced to
a few nanometers.

Figure 5.7: a) Plan-view high resolution Z-contrast image of a 20 nm embedded BZO nanodot
within the YBCO matrix viewed along the [001] zone axis. b) Fringe rotation map corresponding
to image a) of the {110}Y BCO lattice planes showing the rotation (in degrees) of lattice fringes
between adjacent twins. Colors show different rotation angles. Twin spacing changes due to the
nanoparticle presence. {110} YBCO Bragg reflections were used to generate the fringe rotation
map, which cause an artifact within the nanoparticle region. c) Is a magnified image of the
squared region in a), where is observed the change in orientation of the lattice planes while
crossing the boundaries. Figure adapted from [42].

In addition, smaller twin spacing is found in highly distorted regions, where
(001)Y BCO planes are highly bent. Fig. 5.8 shows an enlarged region with a high
density if intergrowths near a BZO/YBCO interface. There, neither GPA nor PPA
analysis were possible due to the numerous distortions present in this region. How-
ever, a careful inspection of the micrograph permits probing, cell by cell, the suc-
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cessive changes of the YBCO basal axes. For the sake of clarity, different colors
represent different domains in the image. A patchwork-like pattern is observed as a
result of broken twin coherence and different twin spacing.

Figure 5.8: High resolution Z-contrast image showing a YBCO/BZO interface. Green and brown
colored regions mark different twin domains, where green corresponds to [100] and brown to [010]
YBCO zone axis orientation. The arrows point to local intergrowths with one and two extra
Cu-O chains added to the YBCO structure. The inset shows a higher magnification image of the
marked region, showing the interaction between the Y125 and Y248 partial dislocations. Yellow
symbols point to partial dislocations. The YBCO intergrowth structures are superimposed in
the inset (yellow=Y, green=Ba, blue=Cu, red=O). Figure adapted from [42].

Since the orthorhombic phase exhibits a higher O content than the tetragonal
phase, {110} twin domain formation is strongly determined by O diffusion within the
film during the phase transformation process, and consequently, by the microstruc-
ture of the sample. In a defect-free environment, the formation of coherent twins
in YBCO results from the heterogeneous nucleation of oxygen-rich centers of the
orthorhombic phase at the surface of the grains (at grain boundaries and pores).
Afterwards, the nuclei grow and extend deeper into the grain incorporating oxygen
supplied from ambient through the pore-grain boundary-twin boundary network
and by incorporating twin nuclei that might have been eventually formed inside the
grain. During the last stage of twin formation coarsening takes place, eliminating
some of the twin boundaries, and thus decreasing total free energy [122]. In the
present YBCO epitaxial nanocomposites, the interfaces between the superconduc-
tor and the secondary phase nanoparticles are expected to constitute additional
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nucleation sites for twin boundaries due to the broken symmetry, strain and altered
chemical structure, which decrease the nucleation barrier. In addition, defects in
highly faulted films, like the ones studied here, constitute additional paths for O
transport [121, 123]. As previously shown in chapter 3 and in Fig. 5.6 b), YBCO
nanocomposite films feature plenty of randomly staggered Y248 defects. These pla-
nar defects have a marked irregular shape which stacking leads to highly strained
three-dimensional regions within the YBCO lattice [26]. These highly localized and
strained regions might pin the twin boundaries, thus the final domain pattern will
be a consequence of the TB-planar defects interaction. TBs must adapt to lattice
distortions and strain barriers associated to Y248 defects and their associated par-
tial dislocations. A paradigmatic example is shown in Fig. 5.8. The arrows point to
local intergrowths with one and even two extra Cu-O chains added to the YBCO
structure, the later corresponds to a local composition of YBa2Cu5O8 (Y125). A
detailed image of the central part of the image is also shown in the right panel. As
previously commented, Y125 intergrowths are shorter in length (few nanometers),
and the higher local strain generated prevent the advance of adjacent twin bound-
aries. This interaction results in a scenario where twin boundaries are no longer
coherent along the twin domain, being sometimes the twin spacing reduced down
to few nanometers (Fig. 5.8). Indeed, in such faulted regions the twin boundary
coherence along the c-axis could be as small as just one Y248 unite cell.

The effect of nanoparticles and the associated defects onto vortex pinning has
been evaluated with the Jc angular dependence of a standard YBCO film (without
BZO nanoparticles) and a YBCO-BZO nanocomposite. In Fig. 5.9 (a) and (b) a plot
of the Jc(θ) measured at µ0H=9T and at two different temperatures, T=10K and
65K, respectively for both samples is shown. Solid lines correspond to the isotropic
pinning contribution determined by means of the Blatter scaling approach [40, 87].
As previously commented, the incorporation of BZO nanoparticles produce a clear
enhancement of the isotropic Jc contribution associated to the highly nanostrained
YBCO matrix induced in the nanocomposites. In addition, the contribution of
anisotropic pinning defects (intergrowths and twin boundaries) can be evaluated by
subtracting the isotropic contribution from the total Jc(θ) at the θ value where the
magnetic field is oriented along the anisotropic defect. Thus, pinning associated to
anisotropic extended defects parallel to the a-b planes, such as Y248 and Y125 in-
tergrowths, can be estimated by analyzing the width of the Jc peak appearing above
the isotropic Jc contribution when H is aligned parallel to the ab-planes (dotted line
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at θ=90º). The full width at half maximum values obtained for the standard sam-
ple at 65K and 10K are 2.5º and 4.6º, respectively. Instead for the nanocomposite
much larger values have been found, i.e. 4.0º at 65K and 11.4º at 10K, evidencing
the effect of a higher density of intergrowths.

YBCO 

YBCO/BZO 

YBCO 

YBCO/BZO 

Figure 5.9: Angular dependence of Jc at 9T, for a standard YBCO film (open symbols) and
a nanocomposite (closed symbols) at (a) 10K and (b) 65K. Solid lines correspond to the Jc
random pinning contribution determined using the Blatter scaling approach. Dotted and dashed
line mark the orientation of magnetic field direction along the ab planes and c axis, respectively.
Figure adapted from [42].

Regarding the effect of twin boundary distribution on vortex pinning, the
anisotropic Jc contribution when H is aligned along the c-axis (dashed line at θ=0º)
must be evaluated. At this θ value a Jc peak over the isotropic contribution is ob-
served in the Jc(θ) curves measured at 65K for both samples (dashed line Fig. 5.9 (b))
indicating that there is a pinning contribution of c-axis correlated defects (mainly
twin boundaries) to the total Jc. A quantification of this anisotropic contribution
can be performed by subtracting the isotropic Jc(θ) (solid lines in Fig. 5.9) from the
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5.2 Strain-driven broken twin boundary coherence in YBCO nanocomposite films

experimental Jc curve (symbols in Fig. 5.9). By doing that on a standard sample, re-
sults that at θ=0º and 65K a 84% of Jc comes from c-axis anisotropic pinning defects
(twin boundaries) whereas for the nanocomposite and due to their nearly isotropic
pinning performance, the fraction of pinning force associated to twin boundaries is
just 21%. On the other hand, the effect of BZO nanoparticles on the TB distribu-
tion is demonstrated by the reduction of their vertical coherence along the c-axis.
This lack of coherence should also have a significant effect on the Jc performance at
low temperatures where vortices easily channel along TBs [41]. Indeed Jc(θ) curves
measured for a standard sample and YBCO-BZO nanocomposite at low tempera-
ture, 10K, (Fig. 5.9 (a)) show that the standard sample presents a sharp suppression
of Jc at θ=0K (dashed line in Fig. 5.9 (a)) associated to easy vortex sliding along
the TB planes (vortex channeling) whereas no hints of channeling are observed for
the YBCO–BZO nanocomposite.
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5.3 Conclusions

In this chapter it has been shown for the first time how TBs in YBCO thin
films are disturbed by the presence of intergrowths as well as by secondary phase
nanoparticles. In defect-free areas, the twin boundary spacing is mostly determined
by the film thickness, as illustrated in Fig. 5.10 a) which is an schematic of the
different scenarios observed experimentally. In faulted areas, the local strain ensuing
from the partial dislocations associated to intergrowths induce a breaking in the
twin boundary vertical coherence and a reduction of the twin spacing. In moderate-
faulted areas, this interaction is present but the boundary still preserves some vertical
coherency, Fig. 5.10 b). In nanocomposite films a more complex defect landscape
is generated prior the twinning formation, due to the introduction of secondary
phases and the nucleation of a high density of intergrowths. These high density of
nanoparticles and intergrowths are found to promote the inhomogeneous nucleation
of twin nuclei within the YBCO, interacting with a highly distorted matrix which
leads to a strong reduction of the twin spacing and a breaking of the boundary
coherency, see Fig. 5.10 c). At the same time, the presence of nanoparticles is found
to bend the boundary walls. Then, the resulting twin spacing in the twin domain
will be intimately connected to the structural accommodation, self-assembling, of
the TB into the faulted YBCO matrix.

the structural changes that take place in a nanocomposite also affect their phys-
ical properties. It is observed that the anisotropic pinning contribution coming from
TBs (at high temperatures) has a minor role compared with the huge enhancement
of isotropic pinning in nanocomposites. On the contrary, the reduction of the TB
vertical coherence has a relevant effect on precluding vortex channeling at low tem-
peratures and thus avoiding a Jc suppression for field parallel to the c-axis.
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Figure 5.10: Sketch illustrating the crystal twinning when the orthorhombic YBCO accom-
modates to an: (a) Defect-free, (b) moderate faulted and (c) highly-faulted scenario. Y248
intergrowths are shown in blue.
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6 Origins and control of a complex
point defect

6.1 Introduction

As seen in the previous chapters, the Y2Ba4Cu8O16 intergrowth is the common-
est and most widespread structural defect in YBCO (Y123) films. As commented,
the presence of Y248 intergrowths 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 of their boundaries, affect the flux-pinning and
the critical current carried by the superconductor [25,26,40,124,125]. However, the
nucleation of these defects comprises an extra Cu-O chain layer, which arises a vex-
ing problem related to the local composition of the layer. As seen in sec. 1.1.1, Y123
is a multilayered compound with a complex chemistry. It consists of two hole-doped
CuO2 planes separated by a rare earth metal, Y, and one CuOx layer connected to
the CuO2 planes via an inter-planar oxide BaO. This CuOx layer is referred to as
‘charge reservoir’ as it compensates for the doping of the CuO2 planes [5, 6, 126].
Y248 shares, basically, the same structure but adding two CuOx layers, two Cu-O
chains. Recall that such films are prepared from a stoichiometric precursor that
is converted to Y123, therefore, the extra amount of Cu needed for the formation
of this intergrowth may lead to a local off-stoichiometry. The situation worsens in
the case of Y123 nanocomposites where the introduction of secondary phases within
the layer renders a huge increase of Y248 intergrowths, garnering more Cu along
the double Cu-O chains (see chapter 3), which could endanger the superconducting
properties of the film.

Ther present chapter will show how the system solves the stoichiometric issue
through the generation of a complex point defect, the structure and the chem-
istry of which have been determined using STEM-EELS in combination with DFT
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calculations.

In the present Chapter a complex Schottky-like defect will be unveiled. The de-
fect consists on O-decorated Cu vacancies within the Y248 intergrowth, which have
been observe to be ubiquitous in Y123 films, irrespective of their growth-technique.
Aberration corrected HAADF imaging in STEM in combination with EELS allowed
to locate these defects and identify the local chemistry around them. In presence
of the Y248 intergrowths, the system avoids the stoichiometric catastrophe through
the formation of a large number of these defects. Image simulations suggest that
these defects are extended along the Y123 b-axis and thus form an elongated 1D
line defect. A structural relaxation of the Y123 around them is also observed, which
may therefore serve as additional vortex-pinning centers.

Complementery DFT calculation showed that the defects form a quintuplet
complex of two copper and three oxygen vacancies within the Y248 double Cu-O
chains. The calculations also indicate that these defects are more stable than other
competing point defects, at the current growht conditions, mainly at low oxygen
partial pressures (PO2). Indeed, it is possible to avoid these defects and thereby
the strains associated with them by growing the films at higher PO2 starting with
targets with excess Cu stoichiometry.

Our results render new understanding of point defects formation in Y123 that
can be extended to other complex oxides. Furthermore, allows studying the possible
consequences on the evolution of the electronic structure as doping level changes
along the double chains, which may alter the density of charge carriers in the CuO2

planes. It might also explain why the critical temperature of nanocomposites remain
close to the properly doped Y123 (>90K), being that of the Y248 phase much lower,
80K.
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6.2 O-decorated Cu vacancies in YBCO

As mentioned before, a high concentration of Y248 intergrowths would require
extra copper. Therefore, it seems natural to presume that when Y248 intergrowth
is formed, Y and Ba rich secondary phases will appear. Surprisingly, save the non-
superconducting nanoparticles deliberated added to the nanocomposite system, no
other secondary phases were found. Conversely, the system balances this deficiency
of Cu by forming a point defect within the intergrowths, as observed in Fig. 6.1a) and
b), which are two Z-contrast high-resolution images of an YBCO-BZO (10mol%)
and YBCO-BYTO (6mol%) specimens.

2nm 2nm 2nm 

5nm 5nm 

BZO 

BYTO 

5nm 
a) b) c) 

Figure 6.1: Z-contrast high-resolution images takne along the <010> zone axis of: a) YBCO-
BZO (10mol%), b) YBCO-BYTO (6mol%) and c) pristine YBCO films with the presence of
Cu vacancies along the Y248 intergrowths. The insets show the ’teeth-like’ pattern observed
along the double Cu-O chain layers, being more intense in the YBCO-BZO nanocomposite, as
is the specimen with the highest density of this defect.

Notice that most of the intergrowths displayed in these images present a teeth-
like pattern, i.e. they show a disruption along the double Cu-O (see insets). This
pattern is a result of having Cu vacancies along the planar defect. The correction
of aberrations in STEM results in a very small depth of focus, allowing to probe
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in detail such point defects [101], as shown in insets in Fig. 6.1 a) and b). The
atomic structure of this defect, when viewed along the [010] zone axis, present a
void in the double Cu-O chain. Further, the abundance of these defects allows the
overall stoichiometry of the film to be preserved. To our knowledge, this defect has
never been reported before in Y123 thin films or single crystals, mainly because
only when the number and concentration of Y123 intergrowths is high, and the
local stoichiometry imperiled, they become visible. In fact, a careful inspection
of our pristine, not doped samples, which present a much lower number of Y248
intergrowths, revealed only a small concentration of these defects, Fig. 6.1 c). This
result is of great importance since these point defects are generic, regardless of the
growth technique. Recently, although not mentioned by the authors, an aberration
corrected STEM analysis of the microstructure of pulsed lased deposition derived
Y123 thin films also showed these point defects in regions with a high concentration
of Y248 intergrowths [127].

In order to able to estimate the percentage of Cu vacancies present in the double
Cu-O chains, in a region of a YBCO-BYTO (6mol%) nanocomposite like the one
shown in Fig. 6.2, calculating the double chains volume fraction and considering the
fact that twice as much Cu in the Cu-O chains is needed to form the Y248 out of the
Y123 phase. Hence, subtracting the volume of the nanoparticles and considering an

50nm 50nm 

a) b) 

Figure 6.2: a) and b) are two simultaneous STEM HAADF and LAADF images, respectively,
showing Y248 intergrowths (as dark and bright stripes in HAADF and in LAADF modes,
respectively) and embedded Ba2YTaO6 nanoparticles (as bright spots in LAADF mode), within
the Y123 matrix.
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intergrowth area as large as the image (note that almost all the intergrowths run
across the image), a 5.6% of volume occupied by the intergrowths double Cu-O
chains is obtained. Therefore, assuming that the stoichiometry is preserved, a 2.8%
of Cu vacancies must be present in the double Cu-O chains of Y248 intergrowths.
Obviously, other regions or other samples with a different concentration of Y248
intergrowths will present different concentrations of Cu vacancies.

According to STEM observations, the Cu vacancies are only observable when
the Y248 structure is viewed along the b-axis. These vacancies are found to be
confined along the b-direction forming vacancy clusters. As previously commented,
the Cu atoms in the double Cu-O chains of the Y248 structure lay head-to-head
when viewed along the [010] zone axis, while they have a triangle-shaped atomic
arrangement when viewed along the [100] zone axis. Fig. 6.3 is a atomic resolution
image of the YBCO lattice where two intergrowths, imaged along both the [010]
and [100] orientation, are present.

[010] 

[100] 

ADF intensity 

(CuO)2 

(CuO)2 

CuO 

CuO 

CuO 

Figure 6.3: Atomic resolution image of the YBCO lattice with two intergrowths imaged along
both the [010] and [100] orientation. Cu-vacancies are delivered in the form of Cu-pairs along
the b-direction, as shown in the inset where the ADF intensity of both Cu-vacancy columns is
in sharp contrast with the neighboring pairs, apparently fully occupied. On the other hand,
when the crystal is viewed along the [100] direction, no missing atoms can be directly observed.
A general decrease of the ADF intensity in the (CuO)2 planes compared to the CuO planes is
observed in both crystal orientations due to the the inhomogeneous distribution of the vacancies
in the (010)Y BCO planes. Scale bar, 2 nm.

As in Fig. 6.1, a clear ’teeth-like’ pattern is present in the [010] orientation while,
apparently, no hint of vacancies is observed in the [100] (an example of Cu vacancies
is marked with an arrow in the image). This observation suggests that Cu vacancies
are formed along the b-direction. Furthermore, vacancies are found to be delivered in
the form of pairs of Cu-vacancies: as shown in the right panel of Fig. 6.3, the ADF
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intensity of both Cu-vacancy columns is in sharp contrast with the neighbouring
pairs, apparently fully occupied. The different ADF intensity displayed by the Cu-
pair vacancies along the intergrowth is then related to the amount of Cu occupancy.
On the other hand, when the intergrowth is viewed along the [100] no missing atoms
are directly observed. However, as evidenced by the ADF intensity profile, a general
decrease of the ADF intensity along the (CuO)2 planes is observed for both crystal
orientations. Notice that, at the same time, the intensity of the (CuO)2 planes is
clearly below that the one displayed by the single CuO chain planes of the Y123,
where no Cu vacancies are present. This is a clear indication of the presence of Cu
vacancies even when the (CuO)2 chains are viewed along the a-axis.

In order to qualitatively quantify the amount of Cu vacancies along a single
column of the double Cu-O chain of the intergrowths, images of Y123, faulted Y248
and perfect Y248 structures have been simulated1and compared with the experimen-
tal ones, see Fig. 6.4-(a), where top and bottom panels show the experimental and
the simulated HAADF images, respectively. Fig. 6.4 a) shows, as a reference, the
experimental and the simulated images of the Y123 structure along the [010] zone
axis. Conversely, the faulted Y248 phase has been simulated along two different
zones axes, see Fig. 6.4 b) and c). Fig. 6.4 b) shows both the experimental Z-contrast
image and the simulation of the faulted Y248 structure along the [010] zone axis.
To be consistent with the experimental images, the concentration of vacancies was
varied over a wide range. The best match between the simulated and the exper-
imental images required a Cu occupancy of 0.5 and 0.66 down the columns along
the second (red arrow) and the fourth (blue arrow) Cu-pair columns of the image,
respectively. The Cu atoms subtraction was carried out removing non-consecutive
Cu-pairs along the b-axis, while the other three Cu-pairs columns of the super-cell
were kept fully occupied, as shown schematically in Fig. 6.4-(b). Fig. 6.4 c) shows the
case of the faulted Y248 viewed along [100] zone axis. Obviously, the experimental
Z-contrast image is from a different region, and in this case a Cu occupancy of 0.5
was necessary to match the contrast of the simulated image with the experimental

1The computed images were obtained using the experimental settings of a Nion UltraSTEM
microscope operated at 100KV using an aberration corrected probe with a defocus value of
0 nm, a probe forming aperture of 30mrad, Cs=0mm, C5=50mm, and an acceleration voltage
of 100KV. The angle of the ADF detector in the calculations was 80-240mrad. Source size
broadening was taken into account using a gaussian with 0.7Å at FWHM. For both all cases,
an approximately 3.5 nm thick supercells were created for the simulations.
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(b) [001] view of the faulted Y248 supercell used for HAADF simulations

Figure 6.4: (a): Experimental HAADF (upper) and simulated HAADF (lower) images of Y123,
faulted Y248 and fully stoichiometric Y248 phases. a) and b), Y123 and faulted Y248 in-
tergrowth images viewed along the [010] zone axis, respectively. c) and d), faulted and fully
stoichiometric Y248 intergrowth images viewed along the [100] zone axis, respectively. The sim-
ulated image in b) is performed considering a Cu occupancy of 0.5 and 0.66 in the second (red
arrow) and the forth (blue arrow) Cu-pair columns, respectively. The simulated image in c) is
performed considering a Cu occupancy of 0.5 in two non-consecutive (010)Y 248 planes. For both
Y123 and Y248 cases, an approximately 3.5 nm thick supercell was created for the simulations.
(b): [001] view of the faulted Y248 supercell used for HAADF simulations. Cu vacancies are
represented by black dots. Notice that in order to achieve a Cu occupancy of 0.5 and 0.66, one
Cu-pair of every two pairs (red arrow) and every three pairs (blue arrow) is removed. 113
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one. The last pair of images, Fig. 6.4 d), show the experimental and the simulated
images of the Y248 structure along the [100] zone axis. All the simulated images are
consistent with the experimental observations, and only the simulated image viewed
along the b-axis shows the contrast variation stemming from the presence of the Cu
vacancies, being dimmer the Cu-pair column where half of the Cu atoms are missing.
Nonetheless, in the [100] case, the simulated image of the faulted Y248 structure
shows a general decrease of the HAADF intensity being in well agreement with the
experimental observations. From these observations one can conclude that these
defects extend over several unit cells along the b-axis, generating splayed channels
of Cu-pairs vacancies along the Y248 intergrowths.

Further evidence for the presence of Cu vacancies along the double Cu-O chain
comes from EEL spectrum imaging. Fig. 6.5 a) shows the HAADF image of an
isolated Y248 intergrowth decorated with pairs of Cu vacancies. The square marks
the region where an EEL spectrum image was recorded2. Panels b)-d) of Fig. 6.5
show the simultaneously acquired ADF signal and the atomic resolution elemental
maps of the Ba M4;5, O K and Cu L2;3 edges, respectively, while Fig. 6.5 f) shows
the averaged profile of the Ba M (in blue), O K (in green) and Cu L (in red)
signals perpendicular to the double Cu-O plane, along the direction of the white
arrow. Both the O K and the Cu L edge signals decrease along the double Cu-O
chain stripe (arrowed in red). This is a clear indication that the Cu vacancies are
accompanied with O vacancies, forming a Schottky-like defect (an ideal Schottky
Defect is when in an ionic crystal of type A+B− an equal number of cations and
anions are missing from their lattice sites so that electrical neutrality as well as
stoichiometry is maintained [129]); otherwise, the presence of a high concentration of
Cu vacancies would inevitably introduce a significant amount of excess net negative
charge to the Cu-poor planes, leading to a localized charge unbalance between the
two adjacent planes.

2The convergence semiangle for the incident probe was 30mrad, with an EELS collection semi-
angle of 34mrad. The principle component analysis (PCA) method of was used to eliminate
noise in atomic-resolution EELS elemental maps [128]. EELS elemental maps were generated
by integrating the PCA-treated spectra over a 40 eV window, after back-ground subtraction.
The acquisition time was 1.5 s per pixel.
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Figure 6.5: STEM-EEL spectrum image. a) High resolution HAADF image of a Y123 nanocom-
posite thin film. The square marks the area where the spectrum image was acquired. b)
simultaneous ADF signal. c)-e) 2D EELS maps corresponding to the Ba M4,5 edge, O K edge
and Cu L2,3 edges. f) Integrated intensity of each row of pixels in the raw Ba (in blue), O (in
green) and Cu (in red) maps. A red arrow points to the location of the double Cu-O chain.

On that account, another aspect to take under consideration is that the local
clustering of these complex Cu vacancies may very well distort the structure of the
surrounding unit cells. In order to measure and quantify the possible interatomic
displacements around the O decorated Cu vacancies a detailed atom-to-atom lattice
spacing analysis has been carried out onto HAADF images, such as the one presented
in Fig. 6.6-(a). The accurate Cu column position coordinates were determined using
a center-of-mass refinement method with picometer precision. By that means, an
atom position map is obtained corresponding to the Cu sites, from which the out-of-
plane (yy) and in-plane (xx) distances are calculated, see Fig. 6.6-(b) . The HAADF
image used for this calculation shows an Y123/Y248 interface taken along the [010]
zone axis, with visible Cu vacancies in the double CuO chain of the Y248 structure.
The calculated out-of-plane (solid squares) and in-plane (solid triangles) Cu-Cu
lattice spacings are plotted in Fig. 6.6-(a), by the HAADF image, for each Cu-O
plane. The ADF intensity profile also allows identifying the faulted double Cu-O
chain, which clearly falls in intensity. Fig. 6.6-(a) shows no significant changes along
the a-axis: the in-plane Cu-Cu spacings remain constant and close to the bulk values
(aY BCO=0.382 nm). On the other hand, a structural relaxation is observed along the
c-axis. Since the Y123 structure comprises two different blocks, one must consider
the Cu-CuBa bonding spacing of the Ba-perovskite block and the Cu-CuY bonding
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Chapter 6 Origins and control of a complex point defect

(a) Cu-Cu lattice spacing analysis

(b) Cu-Cu interatomic spacing maps

Figure 6.6: (a): Cu-Cu spacing analysis of a Y248 intergrowth. Cu-Cu computed distances
along the out-of-plane (solid squares) and in-plane (solid triangles) directions of an Y123/Y248
interface. Atomic spacings are averaged over Cu atomic rows of the HAADF image. Error
bars represent the standard deviation of the computed spacing average for each atomic row.
Y123 can be considered as a triple perovskite, accordingly, the Cu-CuBa bonding spacing of the
Ba-perovskite block and the Cu-CuY bonding spacing of the Y-perovskite block are compared
to the bulk values, 0.412 and 0.339 nm respectively. Dashed lines correspond to each bulk value
and are given as guides to the eye. The B site ADF intensity signal of the ABO3 perovskite
structure is represented by columns. Scale bar, 5Å. (b): Cu-Cu interatomic spacing maps for
the HAADF image. The change in color in the yy-map evidence the different spacing between
the Cu-CuBa and Cu-CuY bonding, as well as the increase in the Cu-CuBa bonding in the Y248
crystal.116



6.2 O-decorated Cu vacancies in YBCO

spacing of the Y-perovskite block and compare them to the bulk values, 0.412 and
0.339 nm respectively, see Fig. 6.6-(b). Deviations from the Cu-CuBa main value
are observed, where the spacing is increased by ∼5%. On the other hand, Cu-CuY
distances, i.e. the distances between the CuO2 superconducting planes present no
variations.

In order to gain a more detailed understanding of about the nature and atomic
structure of this defec, we turn to theoretical calculations. By means of density
functional theory (DFT) calculations, different defects are studied, near and far
from to the double chain, within the Y2Ba4Cu7O14 (Y247) unit cell, where single
and double Cu-O chain layers alternate. Firstly, Cu vacancies at different crystallo-
graphic positions were removed. For a single Cu vacancy, the most favourable site
is at the CuO2 plane (VCu plane in Fig. 6.7 a)), having a formation energy of 1.3 eV.
Fig. 6.7 a) includes the formation energies of another two sets of point defects deter-
mined by using the appropriate chemical potentials for Cu and O, i.e. compatible
with low oxygen pressure during growth. Di-vancacies in the double chain adopt
the configuration shown in Fig. 6.7 a), compatible with microscopy images (Fig. 6.4),
but still have an energy cost of more than one eV higher per Cu than in the plane.
This result seems at odds with the STEM images. In the absence of O vacancies,
not only Cu vacancies have a higher energy cost in the double chain, they also repel
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Figure 6.7: DFT calculations. a) [100] view of the Y247 structure with Cu vacancies at different
crystallographic positions and their corresponding formation energies. b) Cu-Cu distances from
the most stable configuration, Cu di-vacancies decorated by O vacancies at the double Cu-O
chain.
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Chapter 6 Origins and control of a complex point defect

each other as a di-vacancy is found to have a larger formation energy than two
separate vacancies (2.1 vs 2.5 eV).

A more systematic study and taking into account the O elemental mapping of
Fig. 6.5 d), oxygen vacancies in the Cu-O single chain solves the puzzle. It reconciles
theory and experiments, and clarifies the exact composition, crystallographic sites
and strain associated with the observed defects. Several configurations of defects
were examined comprising different number of Cu and O vacancies and their inter-
play. The DFT results indicate that O vacancies are more favourable in the Cu-O
single chain than in the double chain. Indeed, some O vacancies in the system are
always favourable when using low oxygen partial pressure during growth, as found
in the experiments. When O chemical potential is lower, which would correspond
to higher oxygen partial pressures, where the Y248 phase is more stable, the reverse
is true. We found that Cu di-vacancies decorated by three O vacancies as shown
in Fig. 6.7 a) are the most stable Cu defect, 1.1 eV per Cu, in a configuration that
explains the microscopy images. Fig. 6.7 b) also shows the value of the strain in the
c-direction induced by the defect. The values are close to the experimental ones in
Fig. 6.6-(a), only deviations from the Cu-CuBa main value are observed. This result
is quite remarkable and shows us that copper oxide planes are unassailable, they
remain flat, and have a geometry like that found in BO2 of the ABO3 structure
(sec. 1.1.1), and that are the BOx layers, termed the ’charger reservoir’, those more
pliable.

Point defects, at high enough concentration, have a remarkable influence on
the overall composition or nonstoichiometry of a compound. The reverse, in the
case of Y123 in the presence of a huge amount of the Y248 phase, is true as well.
Point defects may also help to attain the stoichiometric equilibrium. Moreover, the
formation of Schottky-like point defects is favored where atoms are displaced, such a
surface, grain boundary, or dislocation. Indeed, the complex microstructure of these
nanocomposite thin films holds plenty of lattice discontinuities that can act as source
of defects. Besides, it is likely that individual defects occur simultaneously during the
growth of these thin films. In fact, point defects in oxides are believed to be formed
by thermal excitation at high temperature, by oxidation or reduction processes which
cause variation in the metal/oxygen stoichiometry of the compound [129]. Indeed,
DFT calculations showed us the way to get rid of the Cu-pair vacancies within the
Y248 intergrowths. The stability of Y123 and Y248 are quite different and strongly
dependent on the composition and processing conditions of the samples.
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6.2 O-decorated Cu vacancies in YBCO

The phase composition and epitaxy of a series of solution derived YBCO films
on LAO single crystal have been evaluated by X-Ray Diffraction θ−2θ scans, Fig. 6.8.
In this XRD study, seven Y-Ba-Cu-O films are presented grown at a reaction tem-
perature of 810-830ºC, varying the nominal Cu molar ratio Y1Ba2CunOx (n =3,
3.3 and 4) in the metalorganic precursor solution and the oxygen partial pressure
(PO2) of the conversion step (PO2 =0.2mbar and 1 bar). The post annealing of the
films is performed at 450ºC in 1 bar oxygen pressure. The films are: (1) pristine
YBCO film from a metalorganic precursor solution with stoichiometric cation mo-
lar ratio Y:Ba:Cu of 1:2:3 (Y123) processed at PO2=1bar, (2) pristine Y123 film
from a metalorganic precursor solution with stoichiometric 1:2:3 cation molar ratio
(Y123) processed at PO2=0.2mbar (standard conditions), (3) nanocomposite Y123
with Ba2YTaO6 prepared by adding 10mol% of Ta salt in the stoichiometric Y123
precursor solution and processed at PO2=0.2mbar (standard nanocomposite con-
ditions), (4) nanocomposite Y123 with Cu-excess precursor solution with nominal
cation molar ratio of 1:2:3.3 and 10mol% Ba2YTaO6 processed at PO2=0.2mbar,
(5) Y123 pristine film from a precursor solution with cation molar ratio of 1:2:4,
processed at PO2=0.2 mbar, (6) Y248 pristine film from a precursor solution with a
cation molar ratio Y:Ba:Cu of 1:2:4, processed at PO2=1bar and (7) nanocomposite
Y123 with Ba2YTaO6 prepared by adding 10mol% of Ta salt in the stoichiometric
Y123 precursor solution and processed at PO2=1bar.

The XRD θ − 2θ spectra for this set of samples are compared in Fig. 6.8. All
the samples present the (00l) Bragg reflections corresponding to the Y123 phase,
and are identified with filled circles. However, for sample (1) and (6), their intensity
is very weak. Sample (1) also shows a small peak at 2θ=32.8º and a strong peak at
2θ=46.7º (see inset) corresponding to the (103) and (200) Y123 Bragg reflections,
respectively, suggesting that the c-axis of the YBCO grains are mainly oriented
parallel to the (100) plane of the substrate (ab-axis grains). Thus, according to the
well-established PO2 -1/T diagram for the Y123 films [30], the growth of Y123 films
at high oxygen pressure lead to an ab-axis epitaxy. Sample (6), which is prepared
from a nominal cation molar concentration of 1:2:4 also shows intense (00l) Bragg
reflections corresponding to the Y248 phase, as well as (111) and (200) Y248 Bragg
reflections, see inset. Therefore, the result of processing the sample with nominal
molar concentration 1:2:4 at high oxygen pressure lead to the formation of both
Y123 and Y248 phases with c-axis and ab-axis epitaxial grains. Samples (2)-(5),
all of them prepared at low oxygen pressure (PO2 = 0.2mbar), present strong (00l)
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Chapter 6 Origins and control of a complex point defect

reflections from the Y123 phase, indicating the formation of highly epitaxial c-axis
oriented Y123 film. The nanocomposite samples (3)-(4) and (7), along with the
(00l)YBCO Bragg reflections, also present a broad and small peak at 2θ=42.8º
consistent with the formation of the Ba2YTaO6 secondary phase within a highly
epitaxial Y123 matrix [27].
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Figure 6.8: X-ray diffraction θ − 2θ scans of samples: (1) Y123 film from stoichiometric 1:2:3
precursor solution processed at PO2=1bar, (2) Y123 film from stoichiometric 1:2:3 precur-
sor solution processed at PO2=0.2mbar (standard conditions), (3) Y123-BYTO film prepared
from Y123+10mol% Ta precursor solution processed at PO2=0.2mbar (standard conditions),
(4) Y123-BYTO film from Y123+10mol% Ta precursor solution with Cu excess processed at
PO2=0.2mbar, (5) Y123 film prepared from stoichiometric 1:2:4 precursor solution processed
at PO2=0.2mbar, (6) Y248 film prepared from an stoichiometric 1:2:4 precursor solution pro-
cessed at PO2=1bar, and (7) nanocomposite Y123-BYTO prepared by adding 10mol% of Ta
salt in the stoichiometric Y123 precursor solution and processed at PO2=1bar. The inset shows
the (h00) Bragg reflections of both Y123 and Y248 phases of samples (1) and (6) processed at
PO2=1bar.

A detailed HAADF STEM investigation on the seven samples confirmed that
Cu vacancies are stable only at low oxygen pressures, as previously observed in
the experiments (see Fig. 6.1 as examples of pristine and nanocomposite samples
processed at low PO2). Interestingly, even increasing the nominal Cu molar con-
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6.2 O-decorated Cu vacancies in YBCO

centration when processing at low PO2 , as is the case for sample (3), (4) and (5)
(1:2:3, 1:2:3.3 and 1:2:4, respectively), the Cu vacancies are still present. In fact,
CuO nucleate as evidenced by a peak at 2θ ∼58º, being more intense as the nominal
Cu concentration increases. Only when processing under higher oxygen pressures
(PO2=1bar) Cu vacancies were avoided. Fig. 6.9 a) and b) and c) show low and
high resolution Z-contrast images of samples (1), (6) and (7), i.e. the pristine Y123
film, the pristine Y248 film and the Y123-BYTO film prepared by adding 10mol%
of Ta salt, all of them processed at PO2=1bar. Samples (1) and (7) where both
prepared from an stoichiometric 1:2:3 solution, while sample (6) with 1:2:4. In
agreement with XRD, TEM confirmed that ab-grain epitaxy is preferred when pro-
cessing under higher oxygen pressures as denoted in the low magnification images
(upper panel), being the peak more intense for sample (1) (Fig. 6.9 a)). As observed
in the lower panels, high resolution images present no dimmer Cu nor voids along
the double Cu-O chains.

200nm 

2nm 

200nm 

2nm 2nm 

400nm 

a) b) c) 

Figure 6.9: Low and high resolution Z-contrast images of samples (1), (6) and (7): a) prisitine
Y123 film, b) prisitne Y248 film, and c) nanocomposite Y123 with Ba2YTaO6 prepared by
adding 10mol% of Ta salt. All three samples were processed at PO2=1bar. Samples (1) and
(7) were both prepared from an stoichiometric 1:2:3 precursor solution, while sample (6) with
1:2:4. Low magnification images confirm that ab-grain epitaxy is preferred when processing
under higher oxygen pressures. [010] High resolution images show no hints of Cu vacancies
along the double Cu-O chains.
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Evidently, structural distortions are not expected, as demonstrated in Fig. 6.10
which is a lattice spacing analysis of the Y248 phase at high oxygen pressure (sam-
ple (6) in the XRD analysis and Fig. 6.9 b)). The interatomic displacements present
no significant changes compared to the bulk values, in direct contrast to what has
been observed in the faulted regions, see Fig. 6.6-(a). An Y248 structure without
Cu vacancies at the double chains has been simulated and compared with the ex-
perimental Z-contrast image3. As observed, the ADF intensity in all the Cu-pair
columns is consistent with the simulation of a perfect Y248 structure.
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Figure 6.10: Lattice spacing analysis of the Y248 phase at high oxygen pressure. Cu-Cu computed
distances along the out-of-plane (solid squares) and in-plane (solid triangles) directions of the
Y248 phase. Atomic spacings are averaged over Cu atomic columns of the HAADF image.
Error bars represent the standard deviation of the computed spacing average for each atomic
column. Dashed lines correspond to the bulk values of the Cu-CuBa (0.412 nm) and Cu-CuY
(0.339 nm) bonds and are given as guides to the eye. The B site ADF intensity signal of the ABO3
perovskite structure is represented by columns. An HAADF simulated image is superimposed
on the experimental image. Scale bar, 5Å.

3The computed image was obtained using the experimental settings of an FEI TITAN operated
at 300KV, with a defocus value of 0 nm, a probe forming aperture of 25mrad and an angle
of 64-200mrad for the ADF detector. The Kirkland routine for STEM simulation was used,
setting the thermal diffuse scattering cicles to 20 in a ∼ 3.5nm thick Y248 structure. Source
size broadening was taken into account using a gaussian with 0.7Å at FWHM.
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6.3 Conclusions

The present chapter answers how the system balances the local stoichiome-
try when Y248 intergrowths are present. The combination of aberration-corrected
STEM and spatially resolved EELS allowed to unveil a complex Schottky-like point
defect that had not been previously identified and is shown to be present in all
YBCO films. STEM-EELS images have revealed the clustering of O and Cu va-
cancies within the Y248 double CuO chains along the b-axis. A detailed analysis
of the YBCO lattice spacings determined that the presence of this point-like defect
produce a structural relaxation of the host YBCO matrix along the c-axis. Con-
current theoretical DFT calculations clarified the exact composition of the defects,
crystallographic sites and formation energies. In addition, DFT showed strain values
associated to the defects close to the experimental ones, i.e. deviations only in the
Cu-O chains. Furthermore, DFT confirms their stability and establish under which
conditions they can be controlled, since they are stable only at low oxygen pressures
as demonstrated by the combination of XRD and high-resolution STEM studies; no
vacancies are present when the samples are processed at high oxygen pressure.

As has been previously demonstrated, the superconducting order parameter
is highly sensitive to the local strain, which is at the origin of the negative grain
boundary problem, but can be turned into a very useful tool to engineer strong,
isotropic pinning thereby turning Y123 into a much more practical material for
power applications.
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7 General conclusions and future
work

This work pretends to be a comprehensive investigation of the structural defects
present in YBCO nanocomposite thin films. Aberration-corrected STEM allowed
for the structural and chemical exploration of these YBCO layers at the unit-cell
level, which helped to correlate their microstructure with their physical properties.

The CSD route showed that YBCO films can be effectively engineered with
the purpose of generating artificial pinning centers within the YBCO matrix by
introducing randomly oriented nanoparticles as secondary phases. The incoherent
interface between the secondary phase and YBCO is found to distort the super-
conductor matrix and promote the nucleation of a high density of defects, mainly
the so called Y248 intergrowth, which comprises the introduction of an extra Cu-O
chain layer within the YBCO structure. The resulting defect landscape yields a dis-
ordered three dimensional volume of inhomogeneous nanostrain that may enhance
the physical properties of these nanocomposites.

However, the YBCO nanocomposites studied in this work present different su-
perconducting properties, which appear to be correlated with their random fraction
and nanoparticle size. The systems based on BZO (10mol%) and BYTO (6mol%)
present the best performance, both featuring a high random fraction of homoge-
neously distributed nanoparticles and a high density of short Y248 intergrowths,
compared to pristine YBCO films. Additionally, unlike in BZO based system, the
increase of the BYTO content (above 6mol%) results in nanoparticle aggregation
and in the formation of large clusters of the Y248 phase, which reduces the nanos-
train generation and worsens the superconductor properties. On the other hand,
YBCO-YO (10mol%) feature a high fraction of epitaxially ordered nanostructures
with coherent or semi-coherent interfaces and a much lower density of Y248 defects,
and therefore less YBCO lattice distortions. In this case, the Y248 defects are found
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as large as the ones observed in pristine YBCO films. Additionally, a new, although
less common, type of intergrowth is found which is based on the addition of extra
Y-O layers. Briefly, the pinning behavior of each system appears to correlate with
the different defect landscapes observed: while BZO and BYTO systems present a
quasi-isotropic pinning behavior due to the presence of a higher density of nanos-
trained regions within the YBCO matrix, the YO system has a greater magnetic
field angular dependence and a lower pinning force, mainly because of a much less
distorted YBCO matrix.

As already mentioned, the enhancement of the physical properties of these
nanocomposites thin films is found to be controlled with the inhomogeneous strain
at the nanoscale, which in turn is the responsible for the quasi-isotropic vortex
pinning force observed in them. LAADF imaging in combination with HAADF and
lattice strain maps confirmed that the partial dislocations associated to the edges
of Y248 intergrowths, and dislocations due to the interaction with twin boundaries,
induce the necessary distortion within the YBCO matrix. This is, these distortions
generate tensile strained regions where Cooper pair formation may be precluded,
becoming effective vortices pinning centers; a 1% tensile strain of the Cu-O bond
in CuO2 planes might be enough to quench the hole pairing.

Ultimately, the complex microstructure of these nanocmposite thin films stems
from the interplay between defects. For instance, it has been shown how the
nanoscale lattice deformations, as well as the presence of NPs within the YBCO,
strongly disturb the accommodation of the twin boundaries in the film, which appear
during at the last stage of the growth process (during the oxygenation step), when
the high density of intergrowths has already been formed. This results in a broken
vertical coherence of the twin boundary walls and a high density of twin domains
with shorter twin spacing. It has also been shown how this new microstructure
influences the superconducting properties: Jc transport measurements determined
that vortex channeling, understood as the easy vortex sliding along the TB planes,
is hindered at low temperature in nanocomposite films.

Although the benefits of the presence of a high density of Y248 defects are
clear, a vexing problem related to the local composition of the film arises. These
nanocomposites are prepared from a stoichiometric precursor solution that is con-
verted to Y123. The extra amount of Cu needed for the formation of a high density of
intergrowths may lead to local off-stoichiometries which could worsen the supercon-
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ducting properties of the film. However, the system balances the local stoichiometry
by introducing a new complex defect, a Schottky-like point defect. STEM images in
combination with EELS have revealed the clustering of O and Cu vacancies within
the Y248 double CuO chains along the b-axis. The presence of this defect induces
structural relaxations into the host YBCO matrix. DFT calculations brought new
insights in the nature and stability of these complex defects, establishing the exact
composition and structure, and by measuring the formation energy of this defect as
a function of oxygen chemical potential to identify the growth conditions where it
is possible to avoid these defects.

Future work

Among complex oxides, cuprates are some of the most actively studied materi-
als. Over the last decades, they have gained the attention of the scientific community
mainly due to their unique properties and to the prospects and benefits of their pos-
sible applications. . However, there is still room at the bottom, and certain issues
should be addressed in the futures. For instance, the control of the nanoparticles
distribution and size in new systems, control and optimization of the new, and
promising, artificial pinning centers such as the Y-rich intergrowths, or a thorough
investigation of the electronic structure of those defects that may act as vortex pin-
ning centers. To this aim, atomic-scale EELS studies of interfaces and defects can
provide fundamental information about their electronic nature and their effect on
the superconducting properties of the YBCO film. For instance, the analysis of the
OK-edge and the CuL-edge around defects may be very useful to elucidate their
electronic properties. In particular, the oxygen K-edge, which has been successfully
used to quantitatively probe the occupancy of the oxygen 2p bands, i.e. the carrier
density in the superconductor. This advanced STEM-EELS investigation is of great
importance in order to unveil the effectiveness of the artificial pinning centers.
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Nomenclature

2D-XRD Two-dimensional X-Ray diffraction

AEM Analytical electron microscopy

APC Artificial pinning center/s

BYF Ba1−xYxF2+x phase

BYTO Ba2YTaO6

CCs Coated Conductor/s

CSD Chemical solution deposition

CTEM Conventional transmission electron microscope

DFT Density functional theory

DFT Density functional theory

EELS Electron energy-loss spectroscopy

FFT Fast Fourier Transform

Fl Lorentz Force

Fp Pinning Force

GADDS General Area Detector Diffraction System

H Applied magnetic field

Hc Critical magnetic field

HRTEM High resolution transmission electron microscopy

HTS High temperature superconductors

IBAD Ion-beam-assisted deposition
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Nomenclature

IL Irreversibility line

Jc Critical current density

MOD Metal-organic decomposition

PLD Pulsed laser deposition

RABiTS Rolling-assisted biaxially textured substrate

SAED Selected Area Electron Diffraction

STEM Scanning transmission electron microscope

T Temperature

Tc Critical temperature

TEM Transmission electron microscopy/e

TFA Trifluoroacetate/s

XRD X-ray diffraction

Y123 YBa2Cu3O7

Y125 YBa2Cu5O8

Y222 Y2Ba2Cu2Ox

Y248 Y2Ba4Cu8O16

Y322 Y3Ba2Cu2Ox

Y422 Y4Ba2Cu2Ox

YBCO YBa2Cu3O7

YO Y2O3
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Table of observed phases

Phase Structure Cell parameters (Å)
YBa2Cu3O7 Orthorhombic (Pmmm) a=3.816, b=3.886, c=11.680
Y2Ba4Cu8O16 Orthorhombic (Ammm) a=3.840, b=3.870, c=27.225

BaZrO3 Cubic (Pm3-m) a=4.188
Ba2YTaO6 Cubic (Fm3-m) a=8.442

Y2O3 Cubic (IA3) a=10.557
LaAlO3 Cubic (Pm3-m) a=3.791
SrTiO3 Cubic (Pm3-m) a=3.904
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