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Abstract: 

It is well known that in the high-temperature superconductor YBa2Cu3O7-x (YBCO), oxygen 

vacancies (VO) control the carrier concentration, its critical current density and transition 

temperature. In this work, it is revealed that VO also allow the accommodation of local strain 

fields caused by large-scale defects within the crystal. We show that the nanoscale strain 

associated with Y2Ba4Cu8O18 (Y124) intergrowths—that are common defects in YBCO—

strongly affect the venue and concentration of VO. Local probe measurements in conjunction 

with density-functional-theory calculations indicate a strain‐driven reordering of VO from the 

commonly observed CuO chains towards the bridging apical sites located in the BaO plane and 

bind directly to the superconducting CuO2 planes. Our findings have strong implications on the 

physical properties of the YBCO, as the presence of apical VO alters the transfer of carriers to the 

CuO2 planes, confirmed by changes in the Cu and O core-loss edge probed using electron energy 

loss spectroscopy, and creates structural changes that affect the Cu-O bonds in the 

superconducting planes. In addition, the revelation of apical VO also has implications on 

modulating critical current densities and enhancing vortex pinning.  

Introduction

The formation of point defects in oxides can be promoted by the presence of extrinsic 

defects1,2 and internal electric fields3–5 or strain fields,6–9 which in many cases play a dominant 

role in determining the materials’ functionality.10 Tailoring the properties of such systems 

depends on a fundamental understanding of the relationship between functionality, 

microstructure, strain and composition modulations at the nanoscale.  In this regard, the 

development of aberration-corrected scanning transmission electron microscopes (STEM) 
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represents a significant breakthrough, as it allows probing defects11–13 and their dynamics, 

directly in the real space, with atomic scale resolution. Indeed, it is particularly useful when 

studying subtle changes in the structure around defects or at interfaces. The study of YBa2Cu3O7-

x (YBCO) illustrates how aberration-corrected STEM reveals complex point defects that had 

remained invisible to other characterization techniques, explaining the origins of functionalities 

such as diluted ferromagnetism in YBCO films.1

YBCO has excellent superconducting performance at high magnetic fields and temperature 

conditions well above liquid N2’s boiling point, thus it is a strong candidate for high current and 

power applications.14 Since the observation of high-temperature superconductivity in YBCO in 

1987,15 there have been numerous reports on the influence of the oxygen in YBCO, either when 

grown as a single crystal 16–20 or as a thin film,21–23 on its structure and superconducting 

properties. YBCO’s unit cell structure, shown in Fig. 1(a), is an oxygen-deficient triple 

perovskite with two fully-oxygenated CuO2 superconducting planes separated by an oxygen-free 

Y layer.20 Each CuO2 superconducting plane is connected to a Cu-O chain layer that is oriented 

along the b-axis, through a bridging or apical O - referred to as O(4) in Fig. 1(a). Hence, 

orthorhombic YBCO has five inequivalent oxygen sites. Oxygen not only governs the structural 

parameters of YBCO but also its superconducting properties, as each oxygen dopes additional 

hole carriers to the CuO2 superconducting planes.24 The superconducting critical temperature 

(TC) progressively decreases from a maximum value of 92 K, when the structure has a vacancy 

concentration of x=0.07, down to the suppression of superconductivity at x≈0.5, where the 

structure becomes tetragonal.17,20,24 

It is commonly accepted that out of the five inequivalent oxygen sites, vacancies 

predominantly reside in the Cu-O chain layers, herein referred to as VO(1).  There are a few 
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reports suggesting small concentrations of apical VO(4) that are directly connected to the 

superconducting CuO2 planes. 18,25,26
 Recently, direct evidence of the presence of apical VO(4) in 

optimally doped YBCO single crystals and thin films was shown using aberration-corrected 

STEM imaging and electron energy loss spectroscopy.27 These observations directly followed 

theoretical predictions made using first-principles density-functional-theory (DFT) calculations 

showing that in the optimal doping region isolated apical VO(4) have similar formation energy as 

chain VO(1). The two vacancies are, therefore, expected to be present at similar concentrations. 

Besides vacancies which introduce carriers to the lattice, the best performing YBCO samples 

have a complex microstructure including defects such as stacking faults, dislocations, anti-phase 

boundaries and secondary phases. Such a complex microstructure is intentionally designed as 

these defects introduce large strains and act as efficient pinning centers to immobilize the 

quantized vortices, enabling high critical current density. However, the interaction between the 

newly reported, but widespread, apical VO(4) and the strain due to the complex microstructure of 

YBCO is missing.  

In this work, we demonstrate the relationship between VO(4) and the commonly observed Y124 

stacking fault defect by examination of thin-film and single crystal samples.  We have combined 

high-angle annular dark-field (HAADF) and annular bright field (ABF) imaging modes to 

explore the structure of YBCO with oxygen vacancies in the BaO plane.  Density functional 

theory (DFT) calculations were carried out to evaluate the stability of the VO(4) and to understand 

the structural mechanisms driving its generation. While the two vacancy types (VO(1) and VO(4)) 

have similar formation energies under standard conditions, our calculations predict that VO(4)’s 

become relatively more favorable when the YBCO unit cell is vertically compressed. 

Interestingly, atomic-scale STEM probing of the lattice spacings proved that the YBCO unit cells 
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on either side of Y124 intergrowths are compressed vertically. Our results illustrate both the link 

between the local strain associated to the Y124 intergrowths and the appearance of the oxygen 

vacancies in the apical sites, and the structural and electronic changes appearing due to the 

occurrence of VO(4).  

  

Experimental

Sample Fabrication. A 5×5 mm2, 250nm-thick YBCO thin film has been grown onto a 

LaAlO3 single crystal substrate following the metal-organic decomposition of trifluoracetates 

route that is described elsewhere.28,29 A 0.5×0.5 mm2, 30 µm-thick YBCO single crystal has 

been fabricated by using the flux-growth technique described in Ref.30. The STEM specimen of 

the YBCO thin film was prepared by conventional methods, by grinding, dimpling, and Ar ion 

milling, whereas the STEM specimen of the single crystal was prepared with a Dual Helios 

Nanolab Focus Ion Beam.

Image acquisition. Scanning transmission electron microscopy images were acquired in an 

aberration-corrected FEI Titan 60–300 microscope operated at 300 kV, fitted with a high-

brightness field-emission gun (X-FEG) and a CEOS probe Cs corrector, in an aberration-

corrected Nion UltraSTEM100 microscope operated at 100kV and in a Nion UltraSTEM200 

operated at 200 kV, both equipped with a Nion probe-aberration corrector and a cold-FEG 

emission gun. 

DFT-calculations. Regarding the defect formation energies and chemical potentials, we have 

used density functional theory (DFT) as implemented in the VASP package to evaluate the 

stability of different vacancy configurations containing isolated oxygen vacancies at inequivalent 

crystallographic sites by estimating and comparing their associated formation energies. After 
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vacancy creation, the atomic positions were fully relaxed while keeping the cell volume fixed.  

We used a generalized Monkhorst-Pack grid31,32 with a minimum real-space distance of 32 Å for 

relaxations and 60 Å for high-quality static calculations, and a Gaussian smearing with a width 

of 0.05 eV. We have used a 3×3×1 supercell structure to study isolated vacancies, and apply the 

PBEsol functional.33 The formation energy associated to a specific vacancy configuration (EForm) 

is given by the next equation:

2.

1

2
Form vacancy O pristineE E E  

where Epristine is the energy of the pristine supercell, Evacancy is the energy associated to the 

presence of the VO and µO2 is the oxygen gas chemical potential. 

We do not include any correction for the known over-binding of O2 at the GGA level as our 

main purpose is to compare different vacancies, and this error affects all vacancy formation 

energies equally.

In order to study the influence of strain we have evaluated how the c-axis strain influences the 

formation energy associated to both the superconducting planes and chain layers by applying a 

uniaxial strain from –6% (compressive) to 6% (tensile) along the c-axis in 3×3×1 supercells. We 

optimized the a and b axes of the pristine cells according to the Poisson effect and their atomic 

coordinates. We then created an apical or chain VO in the deformed cells and optimized the 

atomic-coordinates keeping cell size and shape constant.

Results and discussion

The orthorhombic unit cell structure of YBa2Cu3O7 is illustrated in Fig. 1(a). The Cu cations 

[Cu(2)] belonging to the superconducting planes (blue arrows) are coordinated with 5 O atoms, 

forming a squared pyramidal unit, while the Cu cations [Cu(1)] of the chain layers (orange 
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Fig. 1. (a) Illustration of the orthorhombic YBCO unit cell structure viewed along the [100] (left) 

and [010] (right) zone axis, where the different Cu and O crystallographic positions are labeled. 

The blue and orange arrows point to the superconducting planes and chain layers, respectively. 

(b) Illustration of the Y124 intergrowth viewed along the [100]-zone axis.

Fig. 2(a) shows the simultaneously acquired atomic-resolution HAADF and ABF images 

obtained from a solution-derived YBCO thin-film. Lower magnification images of this film are 

included in the supplemental material. The HAADF imaging mode highlights the heaviest 

atomic species of the YBCO structure, as the image brightness is proportional to the atomic 

number of each atomic column, so this mode is also called Z-contrast imaging.38,39 We observe 

the lighter oxygen sub-lattice simultaneously using an ABF detector.40 The superconducting 

planes (blue arrows) and the CuOx chain layers (orange arrows) are directly distinguished in the 

HAADF image shown in Fig. 1(c), along with two Y124 intergrowths (green arrows). The 

presence of this lattice defect is highly desirable as it contributes to the pinning of the magnetic 

flux vortices and enhances the physical properties of YBCO.37,41–47 However, its structure and 

chemistry is complex,1,48 as the system forms Cu and O vacancies buried within the very same 

intergrowth in order to balance the stoichiometry when an extra CuOx layer is inserted in the 

YBCO structure. Gazquez et al. reported that the most favorable vacancy configuration was the 

one containing two Cu vacancies accompanied with three O vacancies (2VCu+3VO), with one O 

vacancy located in the upper CuO chain and two in the lower one,1 as illustrated in Fig. 2(b). The 

DFT-predicted Y2Ba4Cu8O16 (Y248) structure in ref. 1, containing double chain layers instead of 

single ones, is superimposed onto the ABF image. Notice that the intensity of the oxygen 
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A closer look at this contrast-inverted ABF image reveals subtle changes in the nearby YBCO 

lattice. The first is that those oxygen columns located within the BaO plane marked with a red 

arrow — from now on referred to as BaO(1) — appear brighter than those belonging to the BaO 

plane placed below (cyan arrow) and referred to as BaO(2). The second is that the oxygen atoms 

belonging to the upper superconducting plane — that are closer to the BaO(2) plane — are 

shifted  upwards, farther form the Y plane, thus increasing the Cu–O–Cu bond angle and hence 

reducing the buckling of this CuO2 superconducting plane.  The reduced intensity at the oxygen 

columns of the BaO(2) planes is ascribed to the presence of oxygen vacancies in this site, and we 

examine these in more detail in a separate publication.27 Remarkably, this uneven distribution of 

apical oxygen vacancies (VO(4)) extend over several unit cells along the c-axis.  We have 

confirmed that the intensity reduction agrees well with simulated images of YBCO containing 

apical vacancies, and we also find that the apical and chain vacancies are equally stable at low 

concentrations.  

While the presence of apical vacancies has been demonstrated recently, there are several open 

questions regarding their formation. The first is whether these VO’s are generated only in YBCO 

thin films—that is, are they linked to a certain YBCO fabrication process? The second is whether 

they are promoted directly by Y124 intergrowths, or by the strain exerted by the substrate? We 

will answer these questions by investigating the structural properties of a YBCO single crystal 

(instead of thin films), which we shall describe in the following. 
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Fig. 3(a) shows a low-magnification HAADF image of a YBCO single crystal. Most of the 

image presents a homogeneous contrast, indicating the absence of large crystallographic defects. 

However, within 100 nm from the crystal’s surface, several horizontal dark stripes can be 

observed. By using high-resolution Z-contrast imaging, we have confirmed that these stripes 

arise due to the presence of Y124 intergrowths (see supporting information). In addition, a closer 

look at the YBCO single crystal structure reveals the presence of VO within the BaO planes in 

those crystal areas that are rich with Y124 intergrowths. Fig. 3(b) and c show contrast-inverted 

ABF images obtained from two different regions of the single crystal, marked by green and 

orange squares in Fig. 3(a). In particular, Fig. 3(b) shows a double CuOx chain of Y124 and a 

contrast variation in the BaO planes (see the intensity profile shown in Fig. 3(d) like the one 

shown in Fig. 1(c). Notice that the O columns located within the BaO(1) planes (red profile) 

show a larger signal intensity than those located within the BaO(2) planes (cyan profile). On the 

other hand, the image acquired from a deeper region far from the Y124 intergrowths (Fig. 3(c)), 

shows identical BaO(1) and BaO2(2) intensity profiles and is free of any apparent defects. These 

results provide evidence that VO(4)’s and Y124 intergrowths are unequivocally related, and that 

the formation of VO(4)’s is independent of the synthesis method as we observe them in both thin 

films and single crystals. 

At this stage, another question remains unanswered regarding the driving mechanism favoring 

the formation of VO(4).  As the Y124 intergrowths have a finite length, they expand the crystal 

lattice locally by a sixth of the c-axis (c/6) along the out-of-plane direction. We can measure this 

expansion precisely using a center-of-mass refinement method with picometer resolution to 

locate each atomic column, as previously shown by Guzman et al. .37 We have applied this 

procedure to each unit cell in an area like the one shown in Fig. 4(a), which shows a high-
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resolution Z-contrast image with two Y124 intergrowths in the center separated by 4-unit cells. 

While the lower intergrowth crosses the full image, the upper one begins in the middle of the 

image (the yellow cross signals the associated partial dislocation). Accordingly, the right side of 

the image contains one additional Cu-O plane, which implies that the system adapts to include 

the c/6 out-of-plane expansion. We can generate a c-axis map, shown in Fig. S4 of the 

supporting information, where each pixel in the map represents the interplanar distance per 

atomic row. We have plotted two averaged line profiles in Fig. 4(a), left inset, which extend 

across either one intergrowth (profile 1 in red) or two intergrowths (profile 2 in cyan). The given 

values of profile 1 and 2 have been calculated taking 13-unit cells along the basal plane, leading 

to a statistical error of 0.09 Å. The yellow line represents the YBCO out-of-plane parameter 

(c=11.68 Å) of the bulk. From these values, we have also calculated their corresponding c-axis 

strain depth-profiles (see Fig. 4(a) right inset), which are obtained from the following expression: 

.𝜀𝑐= (𝑐𝑖𝑚𝑎𝑔𝑒𝑑― 𝑐𝑏𝑢𝑙𝑘) 𝑐𝑏𝑢𝑙𝑘 × 100
 Profile 1 and profile 2 show that far from the Y124 intergrowths the c-parameter matches that 

of bulk YBCO. However, the cells located close to the Y124 intergrowths are significantly 

compressed, especially in the first unit cell on either side of the intergrowth, with compressive 

strain values larger than 1%.  This effect is magnified in the area between the two intergrowths 

(crossed by profile 2), where the compression exceeds 2%. These results show that Y124 

intergrowths induce a local compressive deformation along the c-axis. Accordingly, we have 

calculated how the formation energy of isolated chain VO(1) and apical VO(4) changes as a function 

of strain along the c-axis. The results are plotted in Fig. 4(b), which shows that for a tensile 

deformation (positive strain values), both vacancies, VO(1) and VO(4), are more probable to appear 

when compared to bulk YBCO (strain-free), as their formation energy is lowered. Yet, as the 
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represents the fully relaxed YBCO c-axis parameter. Superimposed at the right side of the 

HAADF image are the depth-profiles of c-axis strain calculated from the previous c-parameter 

depth-profiles.  (b) DFT-calculated formation energy of one VO located at either the chain 

(green dots) or apical (orange squares) sites as a function of uniaxial strain along the c-axis. 

Negative/positive strain values represent compressive/tensile uniaxial strains.  (c) Illustration of 

the distorted YBCO unit cell, which is superimposed onto an enlarged image region of the 

contrast-inverted ABF image shown in Fig. 1(c). Ba, Y, Cu and O atoms are represented with 

green, blue, yellow and red circles. The red arrows represent the atomic shifts occurring in the 

oxygen sub-lattice. 

We have used ABF imaging to monitor the picometer-scale lattice distortions occurring within 

the oxygen sub-lattice near to VO(4).  Fig. 4(c) displays an enlarged view of the contrast-inverted 

ABF image that is shown in Fig. 1(c). As sketched in the inset, the oxygen atoms belonging to 

the upper superconducting plane and apical positions are shifted upwards. On the one hand, these 

atomic shifts enlarge the spacing between the upper superconducting plane and its corresponding 

apical oxygen (the one located within the BaO(2) plane) by (8±3)%, compared to the same 

spacing of the superconducting plane that is connected to the fully oxygenated BaO(1) plane. On 

the other hand, the oxygen displacements occurring in the upper superconducting plane also 

increase the Cu–O–Cu buckling angle up to a value of (176±2)º from (165±2)º, nearly 

eliminating the rippling pattern that is commonly displayed by the Cu and O atoms when moving 

along the basal direction in the undistorted superconducting planes.

Using DFT, we have investigated how the combination of compressive strain and apical 

vacancies affect the atomic structure and electronic properties of YBCO.  We show the variation 
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of three key quantities with uniaxial strain along the c-axis in Fig. 5: the planar O–Cu–O 

buckling angle in Fig. 5(a); the in-plane O–Cu bond length in Fig. 5(b), and the apical O–Cu 

bond length in Fig. 5(c).  All quantities are calculated for the pristine YBCO unit cell and for 

3×3×1 supercells containing a single oxygen vacancy either at the apical or chain site. In the 

presence of vacancies, the above quantities are measured next to the vacancy. Looking first at the 

buckling angles in Fig. 5(a), we see that the CuO2 planar unit next to a VO(4), which is flatter than 

normal even without strain, becomes almost perfectly flat (approaching 180) under 

compression. Comparing this relation with that of the pristine YBCO immediately suggests a 

reason VO(4) are preferred under compression. A planar Cu adjacent to an apical vacancy is 

underbonded and will tend to move closer to the planar O. This coincides with the strain-induced 

tendency to reduced buckling of the CuO2 planes, which stabilizes the structure.  We note that 

Poisson’s effect leads to an expansion of the planar units under compression, as shown in Fig. 

5(b).  In principle, this in-plane expansion could make the planar Cu underbonding near a VO(4) 

even worse, but Poisson’s effect also lengthens the Cu-O chains by an equal amount, and so it 

has little influence on the relative stability of different VO. Finally, we note that the apical bond 

length reduction in Fig. 5(c) might destabilize the pristine and chain vacancy structures, but this 

is not an issue if the apical O is no longer present.
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of Pavarini et al. [49]49, moves 2 eV closer to the Fermi level and becomes narrower.  These 

effects are due to the motion of the apical O away from the plane, which is coupled to the motion 

of the planar O as part of the buckling mode, and creates effects similar to the presence of an 

apical vacancy.  

We shall compare these changes in the electronic structure with those obtained using electron 

energy loss spectroscopy with atomic resolution, see Hartman et al. [27]. In this work we gave a 

detailed description of the subtle spectral changes arising in both the O K edge and Cu L edge 

fine structures when comparing the upper superconducting plane, with reduced buckling 

(adjacent to the apical VO), and the lower one from those YBCO cells neighbouring a Y124 

intergrowth defect. The O K edge fine structure shows a decrease in the intensity of the pre-peak 

in the planes with reduced buckling, see ref. 27.  As the pre-peak of the O K edge is susceptivble 

to changes in the filling of the unoccupied, hybridized O-2p and Cu-3d states,50 we can abscribe 

this result to electron doping by the adjacent apical VO of the previously unoccupied O 2p states 

hybridized with Cu 3d in the superconducting planes and to an enhancement of the in-plane 

orbital overlap previously shown by the theoretical calculations.27 In addition, a second 

experimental evidence of an electronic reconstruction comes from the annalysis of the Cu L edge 

fine structure, which shows that the intensity of the Cu L3 edge increases with apical vacancies, 

see ref. 27.
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plane direction, with half of the BaO planes having many more vacancies. DFT calculations have 

confirmed the stability of apical vacancies, which is observed to be favored by a compressive 

strain along the out-of-plane direction, which is exactly the strain effect we observe near Y124 

intergrowths. Finally, we have identified additional lattice distortions appearing within the 

vacancy-rich half of YBCO unit cell, which are expected to influence the YBCO 

superconducting properties. In particular, we have identified an enlargement of the spacing 

between the CuO2 superconducting plane and its corresponding apical oxygen, and flattening of 

the Cu-O-Cu buckling angle. 

As the main parameter of interest of YBCO is the critical current density, especially under 

magnetic fields, the major aim of recent research has been to maximize pinning forces, 

preventing the dissipative movement of magnetic vortices through the material. The pinning 

force can be enhanced either by an enriched defect landscape or by increasing the 

superconducting condensation energy by means of increasing the doping state of YBCO, that is, 

reaching the overdoped regime.51 For that reason, we expect that the presence of oxygen 

vacancies in apical sites might influence vortex pinning. For instance, VO(4) may affect the 

transfer of holes from the CuOx chains to the CuO2 superconducting planes and therefore the 

critical temperature Tc. But carrier concentration not only impacts Tc, it may also affect the 

critical current density and vortex pinning in YBCO.51,52 In addition, VO(4) might also control the 

carrier concentration when trying to reach the overdoped regime in YBCO through an 

oxygenation process, since super-oxygenated YBCO forms many intergrowths53 and therefore 

ought to have many apical vacancies as well. 
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Supplementary files. 

The supplementary file contains further information about the general microstructure of the 

YBCO thin films and the single crystal.
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