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We have discovered two novel types of planar defects that appear in heteroepitaxial
YBayCuzO7_s (YBCO123) thin films, grown by pulsed-laser deposition (PLD) either
with or without a Lay/3Ca;;3MnO3 (LCMO) overlayer, using the combination of high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
imaging and electron energy loss spectroscopy (EELS) mapping for unambiguous
identification. These planar lattice defects are based on the intergrowth of either
a BaO plane between two CuO chains or multiple Y-O layers between two CuO,
planes, resulting in non-stoichiometric layer sequences that could directly impact the
high-T'. superconductivity. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5011761

Recently, a great deal of interest has been focused on thin-film heterostructures comprising
YBa;Cu3zO7_s (YBCO123) and other complex oxides, because of novel interfacial interactions !>
that could affect the high-critical temperature (7.) superconductivity.*> YBCO123 in heteroepitaxial
form is known to contain a variety of crystalline defects, as its layered perovskite structure is sensitive
to lattice strains induced by the epitaxial mismatch.%~'! Since such defects may also affect the micro-
scopic pairing mechanism, it is important to determine their lattice structures at the atomic scale.
There is solid experimental evidence to suggest that the interfacial lattice mismatch in heteroepitax-
ial thin films of complex oxides can, through induced lattice strains, affect the microstructure in the
film.

In an earlier study of YBCO123 thin films heterostructured with Lay/;3Ca;;3MnO3 (LCMO)
overlayers, we observed nanoscale domains of YBCO124 and YBCO247 (for which the first number
corresponds to the number of Y in a unit cell and the subsequent second and third number Ba and Cu,
respectively) containing CuO-chain intergrowths, which were attributed to the heteroepitaxial strain
and also shown to cause attenuation of 7'..” In the present study, we focus on defect phases associated
with Ba-O and Y-O intergrowths in heteroepitaxial YBCO123 thin films both with and without LCMO
overlayers. Two novel types of planar defects are unequivocally observed, both deviating from the
normal stacking sequence (CuO-BaO-CuO,-Y-CuO,-BaO) of the YBCO123 lattice. The first defect
type (henceforth called type D1) consists of a BaO layer sandwiched between two CuO-chain layers.
The second defect type consists of the addition of either one (type D2) or two (type D2’) extra Y-O
layers between the CuO; planes.

The samples used in this study include single-layer YBCO123 and bi-layer LCMO/YBCO123
thin films. The layer thickness of YBCO123 was either 25 nm or 50 nm, while the LCMO overlayer
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thickness was 25 nm. The films were epitaxially grown on (001)-oriented (La,Sr)(Al,Ta)O3 (LSAT)
substrates using pulsed laser-ablated deposition (PLD). The films were annealed in-sifu by slowly
cooling from 800 °C to 300 °C in 1 atm of O; at a rate of 11 °C/min. As we observed in a prior study,’
whereas an unilayer YBCO film experiences epitaxial strain from only the substrate, the YBCO layer
in a bilayer LCMO/YBCO film is subjected to epitaxial strain from both the underlying substrate
and the LCMO overlayer. In principle at least, differences in the asymmetry of the lattice strain
experienced by the YBCO layer could induce the formation of planar defects during film growth,
particularly defect structures that lack inversion symmetry. We observed that D1 and D2 (D2’) type
defects in both single and bilayer samples, nonetheless, both types of defect tend to coexist with
presence of double CuO-chain intergrowth, which may be strain-induced, and we believe the origin
of both types of defects to be linked to the CuO-chain intergrowths. Since the films were grown
with a YBCO-123 target, the double CuO chain intergrowths would leave behind regions with excess
Y or Ba, in order to preserve the total stoichiometry of the entire sample. These excess Y or Ba
atoms can get incorporated into the YBCO lattice and form either D1 or D2 (D2’) type defects. At
this point of our investigation, however, we do not yet have enough sample and data statistics to be
able to draw conclusive inferences in this regard. Nevertheless, we do believe that epitaxial strain
does contribute to the formation of the novel defect structures we report, since these defect types
have never been unambiguously observed in prior TEM studies of single-crystal YBCO samples.
Cross-section of the resulting samples were then prepared by focussed ion beam (FIB) and thinned
with an Ar beam to 40 - 45 nm in a Fischione Nanomill 1040 instrument operated at 900eV. Imaging
by scanning transmission electron microscopy (STEM) and spectroscopy of electron energy loss
(EELS) were carried out with an FEI Titan® TEM, equipped with a CEOS-designed hexapole-based
aberration corrector for both the probe-forming lens and imaging lens. The instrument is fitted with a
high brightness electron source, in order to achieve sub-angstrom resolution.!> Measurements were
performed at 200 keV in order to reduce knock-on damage. EELS spectra were recorded on a high
resolution Gatan GIF Tridiem spectrometer. The convergence semi-angle for STEM was 20 mrad, the
inner acceptance semi-angle for High Angle Annular Dark Field (HAADF) imaging was 50 mrad,
the collection semi-angle for EELS was 110 mrad.

Fig. 1 shows Z-contrast STEM images (in which the intensity is proportional to Z'7, and Z
is the atomic number) taken using the HAADF technique on single-layer YBCO123 films. As was
seen in our previous study, local domains of YBC0248 and YBCO247, resulting from intergrowth
of CuO chains, are present in the matrix of YBCO123. In the case of orthorhombic YBCO123
grown on and between cubic perovskites, Cu-O stacking faults have previously been observed® and
are associated with the formation of defect phases such as YBCO124, YBCO247, YBCO125 and
YBCO0249, depending on the number of CuO chains per unit cell.>!9 Also visible in Fig. 1(a) are
type D1 defects, which is related to an excess BaO layer between two CuO, chains. In previous
studies,>!? these defects were interpreted mainly as YO-CuO or as BaO/YO interconversion from
HRTEM image analysis; however, Domenges et al.'! has pointed out the unfavourable nature of the
YO-CuO structure, which would distort the environment of the YOg cage. More recently, Gazquez
et al.'® have interpreted this defect type in terms of Ba-CuOx intergrowth. In our present study,
atomic-scale HAADF imaging was used in conjunction with elemental EELS mapping to eluci-
date the exact lattice structure and atomic composition of the D1 defect structure, as we present
below.

As shown in 2(a), the D1 defect type we observed can be systematically identified in terms of
BaO-CuOj _s intergrowth using atomic-scale EELS mapping whereby an extra Ba layer is detected
in the Ba M4 5 map (pointed out with a green arrow in 2(a)). The D2 defect type, according to the
elemental maps seen on Figure 3(a) (deduced from the Y L, 3 edge intensity), contain additional
Y-O; layers between the CuO, planes (shown by red and blue arrows in 3(b)). Care was taken
such that the application of weighted principal component analysis (PCA) within the multivariate
statistical analysis plugin developed by M. Watanabe'# was only increasing the already good con-
trast in the elemental maps and not altering it or introducing artefacts. In Fig. 2(b) we first note
that the Ba atoms in the BaO layer are displaced away from the CuO chain.'>'® This displacement
is similar to the buckling distortion seen in the CuO, plane of all cuprate superconductors, where
the four oxygen atoms from the CuO, plane are displaced towards the Y spacer layer to form a
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FIG. 1. HAADF STEM images along the [001] crystallographic direction of single layer YBCO123 films. Scale bars are
2nm. Local domains of YBCO248 and YBCO247, resulting from intergrowth of CuO chains, are present in the matrix of
YBCO123. The defects highlighted by arrows are of two type: a) defect D1 consists of the insertion of a BaO plane in between
two CuOj _s chains and b) defect D2 is related to the insertion of one YO, layer between the CuO; planes.

CuOs pyramid with the apical oxygen atoms. Although buckling of the CuO, planes is expected to
have a stronger effect on the T, of YBCO123'7-!3 than buckling of the BaO planes, the latter does
significantly increase the Ba-Ba separation about the CuO-chain layer.'®!° This increased Ba-Ba
separation (easily noticeable from HAADF-STEM images) effectively increases the Cu-O apical
bond length, and could thus inhibit the charge transfer between chain and plane. Taking into account
these buckling effects on the YBCO123 lattice,”>>* we consider two structural models for the D1
defect, which are overlaid as simulated images in Fig. 2(b) for side-by-side comparison with the
experimental HAADF images. HAADF images were simulated using the multislice method carried
out with the code developed by Kirkland.>* A Gaussian broadening was applied to these simulated
images to consider, as a first approximation, the finite source size and to improve the accuracy
of the comparison with the experimental data.>> The experimental HAADF images were Fourier-
filtered to reduce the noise. For the lattice position of Ba, better agreement with the experimental
image is obtained by assuming a similar buckling in the outer BaO layers (highlighted by open
circle) as in fully-oxygenated YBCO123 (YBa;Cu30O7), and an absence of distortion in the cen-
tral BaO plane. The larger spacing between the BaO planes on each side of the defect (9.2 A for
empty chains versus 8.7 A for full chains) indirectly suggests (in conjunction with the absence of
heavy atoms from HAADF imaging) that the CuO chains are oxygen-deficient in this particular area
(see supplementary material). The simulated image with empty chains surrounding the BaO defect
layer is shown as an overlay in Figure 2(b), and is in excellent agreement with the experimental image.
The dimmer intensity of both the O K-edge EELS map shown in Fig. 2(a) and the HAADF images in
Fig. 1(a) gives further indication that this intercalated BaO plane is surrounded by oxygen-deficient
CuOj _s chains. Therefore, we can infer the defect structure D1 as having a local stoichiometry of
YBa3CuyOg_s. The difference between these values is several times greater than the precision achiev-
able through STEM imaging (around 10pm) making these assumptions on oxygen stoichiometry
trustworthy.
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FIG. 2. This figure will appear in color online. a) Atomic-resolved EELS elemental maps of Ba, Cu, O and La at the interface
between LSAT substrate and YBCO of a LCMO(25 nm)/YBCO(25 nm) double layer film on LSAT substrate. The same type
of defect seen in Fig. 1(a) is visible here, and can be identified as a BaO-CuOj _ s intergrowth. The long green arrow indicates
the presence of an extra Ba-containing layer. b) Noise filtered HAADF image showing the D1 defect; Green and brown arrows
indicate BaO and CuOj _ s layers respectively. Scale bars are 1 nm. Overlay in b show the structural models with Ba in green,
O in red, Cu in turquoise and Y in grey and the simulated images based on the YBa;CuzOg lattice, without buckling (left
overlay) and with buckling (right overlay).

The D2 defect type we observed is shown in Fig. 3(a) and 3(b) and also visible in Fig. 1(b),
and to our best knowledge has never been reported before in YBCO compounds. HAADF images
of the ribbon structures formed by the double-layered (D2)(Y-O,-Y) and triple-layered (D2’)
(Y-03-Y-0,-Y) intergrowths are shown in Fig. 3(b) and 3(d) respectively. It is worth noting that
a very dark band between the Y bright layers may indicate the presence of an additional layer (of a
low-Z element) not visible by HAADF imaging. Precise structural determination of this defect type
is non-trivial, requiring a priori knowledge about ideal interplanar distances for YBCO123?%-%? and
structural comparisons with other cuprate superconductors, as discussed below.??

In a general manner, high-T, cuprate superconductors can be represented by the formula unit
ALE2Y,—1Cu,02,4m424+4y where A and E denote atoms in the EO/(AO,),,/EO charge reservoir (here
E=Ba and A=Cu, stacked with n CuO, superconducting planes and n-1 Y spacer layers) and con-
veniently abbreviated as A-m2(n-1)n."> By this nomenclature, YBCO123 can be represented as
Cu-1212. The spacing between the oxygen atoms of the CuO, plane and Y layers is 1.418 A in
YBa,Cuz 07,22 due to the buckling of the CuO; planes discussed earlier (O shifted towards the Y
plane). Similarly in the Pr-based cuprate of the Hg-1222 and TI-1222 families,®?” a second Pr plane
is intercalated between the CuO, planes, the distance between the Pr and O ions being 1.4 A. This
spacing is remarkably identical to the spacing observed between each Pr layer and the central O, layer
in this 1222 structure.’®?” In the HAADF image shown in Fig. 3(b), the spacing between the two Y
layers is about twice as large (2.8 A) as the spacing between the Y and CuO, planes, suggesting the
presence of a similar O, plane between the Y layers in the D2 defect structure.
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Ba M4,5 Cul23 YL2,3

FIG. 3. This figure will appear in color online. a) Atomic-resolved EELS elemental maps of Ba, Cu, O and Y in a region of
a YBCO single-layer film (25 nm) on LSAT substrate where the D2 and D2’ defects structures can be identified as Y-O, and
Y-0,-Y-0, intergrowth respectively from the Y and O EELS mapping. b) HAADF image of a D2 and a D2’ defect lattice;
Blue and red arrows indicate Y and O, layers from the fluorite layer respectively, brown arrows indicate CuO, layers, the
crystal structure model determined from this is shown in panel c¢. d) HAADF image of a triple-Y D2’ defect, overlayed with
a simulated image and structural model based on a buckled YBa,;Cu3Og lattice, the crystal structure model determined from
this is shown in panel e. Scale bars are 1 nm. Each overlay in b show the structural models with Ba in green, O in red, Cu in
turquoise and Y in grey. The simulated images are based on the YBa, Cu3 07 lattice, both without buckling (left overlay) and
with buckling (right overlay).

Using these structural analogies, we establish a model for the double-layered Y-O, defect as
shown in Fig. 3(c). A model for the triple-layered Y-O, defect can be similarly established as shown
in Fig. 3(e). Details of our structural models, corresponding to the D2 and D2’ defect types, are given
respectively in supplementary material. HAADF images were also simulated from the D2 and D2’
defect lattices plotted as overlays in Fig. 3(b) and 3(d) for comparison with the experimental HAADF
images. We note that, as in the case of the BaO defect discussed above, the Ba-Ba spacing shows
better agreement between the simulated and experimental images when buckling of the CuO, and
BaO planes is conserved as in the previous case. In terms of interplanar spacings, the Ba and Cu
positions in the experimental image are better explained by assuming oxygen-rich CuO chains on
both sides of this defective BaO-CuO,-Y-0O,-Y-CuO,-BaO unit (see supplementary material).

As for the D2 defect shown in Fig. 3(b), comparison of the Ba-Ba spacing between the experi-
mental image and the simulated image for under-oxygenated YBCO123 (YBa;Cu3zOg) suggests that
these CuO;_s chains are oxygen-deficient in this particular area. Thus the D2 and D2’ defects cor-
respond to local stoichiometries of Y,Ba,Cu3O1g and Y3Ba;Cu3zOj,_¢ respectively. Here it should
be noted that O K-edge maps cannot be directly used to determine oxygen content, as the contrast
is strongly influenced by channeling of the neighboring columns of heavy atoms; nonetheless a hint
on the O content in layers with the same environment (or coordination sphere) can be postulated.
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In the oxygen mapping of Fig. 3(a), we do notice a strong increase in the intensity of the
K-edge map versus the number of Y layers, confirming the presence of oxygen atoms between the Y
planes.

It is remarkable to note that, while neither D1, D2 and D2’ defect structure appears to modify
the buckling of the BaO and CuO; planes, the zigzag ribbon structure of the double Y-O, layer in
the D2 case effectively breaks inversion symmetry of the YBCO123 lattice about the Y plane. This
structural peculiarity is physically significant, in that the resulting lack of a center of symmetry along
the c-axis could profoundly affect the electron pairing in the CuQO, layers,'6?8 either by allowing
spin-singlet/triplet mixing or by introducing a Rashba spin-orbit term in the pairing Hamiltonian,
especially when strong electron correlations are present. Prior studies of such non-centrosymmetric
superconductors have been limited to a few intermetallic materials with rather low 7', such as CePt3Si,
Li>Pd3B and KOs, 0g.2°3! Our observation of the D2 defect structure, and its role in forming a YBCO
lattice with broken inversion symmetry, suggests that it is potentially useful as a building block for
synthesizing non-centrosymmetric high-7'. superconductors via heteroepitaxial oxide engineering.
According to geometrical phase analysis (see supplementary material for details) the D2 type defect
locally affects the (00/) and (0k0) family of planes but not the (0k/) planes. These D2 defects are linked
to some antiphase boundary delimiting an intergrowth region. This boundary might act as pinning
center for vortices as discussed previously for BaZrO3 or other type of foreign intergrowths.!332-33
In contrast, the defect D1 does not influence any of the three aforementioned families of
planes.

Finally, we discuss generic implications of the defect structures identified above, in relation
to the superconducting properties of the high-7'. cuprates. First, it should be noted that since the
volume fraction of these defects is rather small, a direct measurement of their influence on the
superconductivity of the film is thus not possible. Nevertheless, by virtue of their novel stacking
sequence, the primary effects of these defect structures on fully-oxygenated YBCO123 (structure
type 1212) can be inferred from analogies with similar defect structures observed in the bulk form
of more complex cuprates. For the D1 defect (structure type 2312), carrier localization within this
BaO-CuOj_s-BaO-CuO;_s-BaO block may occur as a result of inhibited conduction within the
oxygen-depleted chains. For the D2 defect (structure type 1222), insertion of YO, layers (which
follows the fluorite structure®*3%) between the CuO, planes increases the spacing between the two
CuO, planes, and could thus directly affect T as in the case of Tl- and Hg-based cuprates.?’-*
Furthermore, for the D2 defect, it is conceivable for excess oxygen within the YO, layers to more
tightly bind together the CuO, layers and reduce their spacing to the Y plane, thus enhancing the hole
concentration within them.?”3® Since the high-T'. cuprates that contain these fluorite-type defects
are predominantly tetragonal, we can infer that the presence of these defects in YBCO123 tends to
weaken its orthorhombicity, thereby reducing the oxygen content and thus the hole concentration in
the CuO chains.

In summary, we have performed atomic-scale STEM, via Z-contrast HAADF imaging and ele-
mental EELS mapping, of defect structures in heteroepitaxial YBCO123 thin-film samples grown on
LSAT substrates by PLD. We focused on the observation of two novel types of planar defects associ-
ated with Ba-O and Y-O intergrowths, and used atomic-scale data analysis with model simulations to
unequivocally identify their lattice structures. One defect type (D1) consists of a BaO layer between
two oxygen-deficient CuO;_s chains corresponding to the formula unit of YBasCusOyg_; the other
defect type (D2 and D2’) consists of either a Y-O,-Y or Y-O;-Y-O,-Y fluorite-like block sandwiched
between the CuO, planes, corresponding to Y,Ba;CusO;9 and YBa3zCuysOj,_ s respectively. While
the D1 defect is expected to localize charge carriers in the CuO chains, the D2 and D2’ defects are
expected to directly impact the high-T'. pairing by increasing the CuO, bilayer spacing. Remark-
ably, the D2 defect is shown to break inversion symmetry of the YBCO123 lattice, and could thus
serve as a building block for synthesizing non-centrosymmetric high-7'. superconductors. Our STEM
study demonstrates that the combined use of atomic-scale HAADF imaging and EELS mapping can
effectively identify defect structures in complex materials.

See supplementary material for: tables of the determined defects crystal structures, simulated
HAADF images based on full and empty chains compared with experiment, GPA strain analysis of
the defects’ influence on surrounding lattice planes.
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