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The properties of the high-temperature superconductor YBa,Cu;07_, (YBCO) depend on the concentration
of oxygen vacancies (Vo). It is generally agreed upon that V;, form in the CuO chains, even at low concentrations
where the critical temperature for superconductivity peaks (x &~ 0.07), with only a handful of reports suggesting
the presence of Vg at the apical sites. In this paper, we show direct evidence of apical Vg in optimally doped
YBCO samples. Using density-functional-theory calculations, we predict that isolated V are equally favorable
to form in either the CuO chains or the apical sites, which we confirm using atomic-resolution scanning
transmission electron microscope imaging and spectroscopy. We further show that apical Vj lead to significant
lattice distortions and changes in the electronic structure of YBCO, indicating they should be considered on an
equal footing with chain V, to understand the superconducting properties of YBCO in the optimal doping region.
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I. INTRODUCTION

Subtle changes in structure and stoichiometry stemming
from defects influence many functional properties of ceram-
ics. A paradigmatic example is the high-temperature super-
conductor YBa,CuzO7_, (YBCO), where its critical tem-
perature (7;) and critical current density (J.) are governed
by oxygen vacancies (Vo) [1-3]. The structure of YBCO,
shown in Fig. 1(a), is that of an oxygen-deficient perovskite.
Oxygen is absent from the Y layers, and from half of the sites
in the CuO layers present between two BaO layers, which
are commonly referred to as CuO chains [4]. The bridging
oxygen in these chains can also be removed under reducing
conditions, allowing the stoichiometry to vary continuously
from YBa,Cuz0O; to YBa,Cu3QOg. Chain Vg leads to struc-
tural distortions in their vicinity and dopes the system with
electrons [1]. Optimal doping, at x = 0.07, gives a maximum
T. of 92 K, while x > 0.55, destroys the superconducting state
[1], thus controlling the oxygen stoichiometry allows a way to
tune 7. Jc is also modulated by the oxygen content, since
the magnetic vortex pinning is sensitive to both the carrier
concentration and the distortions around Vg [2,3,5].

Oxygen vacancies have received enormous attention, but
nearly all past studies have focused on the chain Vg, O(1) in
Fig. 1(a). There are three other oxygen sites in YBCO, one
apical site in the BaO layer, O(4), and two inequivalent sites
in the CuO; planes, O(2) and O(3). The attention to the chain
vacancies over others can be attributed to two factors. First,
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the full deoxygenation of the chains under reducing conditions
suggests that the chain vacancy ought to be energetically
preferable. Second, the position of Vg is commonly detected
using diffraction-based techniques involving either X rays,
neutrons, or electrons. However, owing to their large interac-
tion volume, such techniques are sensitive only when the va-
cancy concentration is large; and at large concentrations, Vo in
YBCO prefers to order in the chains [6]. Both of these factors
obscure the behavior of Vg at small concentrations, or low x,
where T; peaks. Nonetheless, there are a few reports of V at
sites other than the chains. For instance, neutron diffraction
studies [7—11] have indicated small vacancy concentrations
at the apical site O(4), depending on the annealing process.
There have been attempts at atomic-scale characterization of
Vo on surfaces of cleaved YBCO crystals having optimal
doping using scanning tunneling microscopy (STM) [12-15].
Pan et al. [12] observed modulations in the intensity of the
BaO surface and attributed them to apical vacancies; however,
subsequent STM studies did not find any apical vacancies
[14] and concluded that the previously observed modulations
were due to electronic ordering in the underlying CuO, plane
[13]. To summarize, while there is some evidence that apical
vacancies can form in YBCO at optimal doping, the results
are inconclusive owing to either the low spatial resolution of
the characterization techniques or to the sample preparation
methods. Furthermore, little is known about the conditions
that favor the formation of apical vacancies and their effect
on YBCO'’s structure and properties.

In this paper, we provide direct evidence of apical Vo
in optimally doped thin films and single crystals of YBCO
by using a combination of aberration-corrected scanning
transmission electron microscopy (STEM) and first-principles
density-functional-theory (DFT) calculations. Based on DFT
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FIG. 1. (a) The atomic structure of fully oxygenated YBa,Cu;0;
(YBCOy). The locations of the four possible oxygen vacancies are
marked. (b) Oxygen vacancy formation energy as a function of
oxygen stoichiometry, using the same colors and symbols as (a). The
solid blue line shows T, based on experimental data (Ref. [17], while
the solid brown line shows J¢ (Ref. [2]. O(2) and O(3) are combined
because they have nearly identical formation energies.

calculations, we find that isolated apical Vp have a small
formation energy, comparable to that of isolated chain Vjp,
and should exist across the entire doping range. Using atomic-
resolution STEM imaging, we show that apical vacancies are
most common in the vicinity of YBa,CusOg (YBCO-124)
intergrowths, which are prevalent stacking faults formed by
the inclusion of a second layer of CuO chains. Furthermore,
the observed distortions around the apical vacancies in the
STEM images match the equivalent DFT-optimized structural
distortions, confirming their origin. We find that the apical
vacancies modify the electronic structure of adjacent plane
Cu atoms, as shown by simultaneously acquired electron
energy loss spectra (EELS) in STEM. DFT calculations show
that the apical vacancies increase the electron density of the
adjacent superconducting CuQO; planes. Finally, we compare
our results with prevalent models of cuprate superconductiv-
ity, and consider how apical vacancies might affect YBCO’s
superconductive properties.

II. RESULTS AND DISCUSSION

To assess the favorability of different V in the optimal
doping region, we calculated the formation energies (Eform ) of
apical, chain, and planar Vg in YBCO by varying x from 0.05
to 0.25 vacancies per formula unit. We only considered one
vacancy type when varying the concentration; interaction of
different vacancy types is briefly addressed in the Supplemen-
tal Material [16]. For x < 0.15, we find that isolated apical
O(4) and chain O(1) vacancies have similar Efop,,, as shown in
Fig. 1(b). For instance, at x = 0.06, Etorm, of an isolated apical
and chain Vg is 1.35 and 1.39 eV, respectively, suggesting that
the two are likely to exist at similar concentrations. Although
a previous work has examined the ordering of chain vacancies
in YBCO at higher Vi concentrations using DFT [6], we are
not aware of any first-principles studies comparing the stabil-
ity of isolated apical and chain vacancies. It is not favorable to
form vacancies at the planar sites O(2) and O(3), as they have
Etorm of 1.90 and 1.91 eV, respectively, at x = 0.06. At higher
concentrations, we find that chain vacancy formation benefits
from ordering. For instance, for x = 0.25, Efory of the chain
vacancy decreases to 1.13 eV, while it increases for the apical
vacancy to 1.58 eV. We find that the lowest energy ordering of
chain Vj is an entire chain emptied of oxygen, in agreement
with previous experiments [4] and theory [6]. Additional
results on Vg ordering and formation energy of apical Vg in
other cuprates are included in the Supplemental Material.

We have used STEM annular bright-field (ABF) imag-
ing, which is sensitive to lighter elements [18,19], to iden-
tify oxygen vacancies in YBCO samples synthesized by
chemical solution deposition; the synthesis and characteriza-
tion procedures are described in the Supplemental Material.
Figure 2(a) shows an ABF image of YBCO. Figure 2(b) shows
the same image with its contrast inverted to show the oxygen
columns in the BaO layers and the CuO chains with more
clarity. We show the intensity trace measured along two BaO
layers close to a YBCO-124 stacking fault. While the Ba
columns have the same intensity for both layers, the O(4)
column closer to the film surface has a lower intensity than the
O(4) column farther from the surface, indicating the presence
of apical vacancies. We observe a similar intensity difference
for pairs of BaO layers several unit cells away from the faults,
with the layer closer to the surface consistently having more
apical vacancies. Crystallographically, the near and far planes
are equivalent, so the asymmetry in vacancy concentration
may be due to kinetic factors during the growth process.
We have also performed STEM image simulations on DFT-
optimized structures containing O(4) vacancies to directly
compare with the experimental images. Figure 2(d) shows a
simulated contrast-inverted ABF image of a DFT-optimized
supercell having 25% Vg in one of the BaO planes. We find
good agreement between the simulated and experimental in-
tensity profile changes, confirming the presence of apical V.

Apical vacancies are expected to create structural distor-
tions in their vicinity that serve as additional evidence of
their presence. We have quantified these distortions from the
ABF images by locating the different atomic columns using
a center-of-mass refinement method (see the Supplemental
Material for details). By measuring the change in various
lattice spacings around BaO layers with or without apical V,
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FIG. 2. (a) Raw ABF image of a YBCO thin film with a YBCO-
124 intergrowth viewed along the [100] zone axis. (b) The same ABF
image with its contrast inverted to show the atomic columns as bright
spots. The image has been filtered to reduce the noise. Scale bar:
1 nm. (c) Panel showing two horizontal intensity profiles measured
along the BaO planes near to the intergrowth. (d) A simulated
contrast-inverted ABF image of a YBCO supercell relaxed with 25%
oxygen vacancies in one of the apical planes, marked with a red box,
which corresponds to the red intensity trace.

we have obtained a detailed real-space map of the vacancy-
induced structural distortions. For comparison, we have used
DFT to optimize a 3 x 3 x 1 supercell of stoichiometric
YBCO; with one apical vacancy. We show the largest distor-
tions caused by the apical Vg, both in experiments and DFT
calculations, in Fig. 3(a). Due to the apical Vp, the spacing
along the c axis between Y and Ba is reduced by 1.5% relative
to the regions without apical V. The planar Cu atom, adjacent
to the vacancies, shifts closer to Y, whereas O(2) and O(3)
atoms shift in the opposite direction, changing the planar
O—Cu-0 angle from 165 &£ 2° to 176 % 2°. This motion also
reduces the interplane Cu—Cu distance by 5.3%, and increases
the distance between planar Cu and the remaining apical O(4)
in the atomic column by 8 £ 3%. We find excellent agreement
between these observed distortions and the calculated distor-
tions, as shown in Fig. 3(b). The calculated apical V causes
the copper atoms above and below to move away by 0.18 and
0.23 A, respectively, flattening the in-plane O—Cu—O bond
angle from 163° to 175° and buckling the usually straight
(180°) chain O—Cu-O angle to 154°. In addition, the adjacent
chain oxygen moves towards the vacancy by 0.23 A.

The presence of apical Vp and the associated distortions
affect the local electronic structure of YBCO, as observed
from simultaneously acquired EEL spectra. Figure 4(a) com-
pares the fine structure of the O K edge in CuO; planes and
CuO chains that were acquired from a region of the thin film
away from apparent apical V. Our results match well with
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FIG. 3. (a) The change in the interlayer separations for the ex-
perimental STEM images and the DFT-calculated YBCO structure
with apical vacancies. Each separation is labeled in the schematic.
(b) Structural relaxation around an apical V as calculated using
DFT. The left panel shows the location of the vacancy in the pristine
YBCOy, while the right panel is a wireframe of the relaxed structure
with vectors showing the atomic displacements. The vectors follow
the same color scheme as the atoms; red vectors show O movement,
blue Cu, magenta Ba, and yellow Y. The vector length is magnified
fivefold for clarity.

those obtained by Gauquelin ef al. [20] from a YBCO single
crystal that we take as a reference to validate the quality of
our EELS measurements. The prepeak of the O K edge is
sensitive to the filling of the unoccupied, hybridized O-2p and
Cu-3d states, and is observed to shift to higher energies with
oxygen vacancies, due to the electron doping [20]. In addition,
our observation of the prepeak onset at 527 eV for the CuO
chains and 528.5 eV for the CuO, planes is consistent with
previous results for YBCOg g7 single crystals [20], indicating
that our thin films have the optimal oxygen concentration. The
EELS edge of Cu from chains and planes is provided in the
Supplemental Material.

We now show the difference in Cu L and O K edges in the
EEL spectra of two superconducting CuQO, planes with and
without adjacent apical Vg in Figs. 4(b) and 4(c), respectively.
For the planar O K edge, the most notable difference is the
decrease in the intensity of the prepeak in the planes adjacent
to the apical V. We attribute this to electron doping by the
adjacent apical Vg of the previously unoccupied O 2p states
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FIG. 4. (a) EELS O K-edge spectra obtained from the chain O(1)
(blue) and plane O(2), O(3) (red) of optimally doped YBCO thin
films. The prepeak is marked with an arrow. (b) Comparison of Cu
L-edge spectra from CuO, planes closer to the film surface (black)
with more apical Vp and farther from it with fewer apical V; (green).
(c) Comparison of O K-edge spectra from the same CuO, planes
as in (b). (d) The orbital-projected DOS of the superconducting
CuO; plane atoms directly adjacent to an apical vacancy. The planar
Op,, Cu 3d> and Cu 3d,>_,» states are in magenta, gold, and
blue, respectively. The states near 3 eV, highlighted by an arrow
correspond to the axial orbital as proposed by Pavarini et al. [21]. The
black line in the DOS plots corresponds to pristine YBCO, shown for
comparison. (e) Schematic of the plane-chain system before and after
the apical oxygen is removed.

hybridized with Cu 3d in the superconducting planes. The
Cu L-edge also changes when comparing the two supercon-
ducting CuO, planes. Notice that the intensity of the Cu Ls-
edge (centered at 931.5 eV) increases with apical vacancies,
which constitutes a second experimental evidence of an elec-
tronic reconstruction. The DFT-calculated electronic density
of states (DOS) for the planar Cu and planar O adjacent
to an apical Vy are shown in Fig. 4(d), compared with the
same atoms in pristine YBCO. The formation of an apical Vg
eliminates the overlap between the apical oxygen’s 2p, states

and the neighboring planar copper’s 3d,. states, reducing the
bandwidth by ~2 eV. This interaction is antibonding near the
Fermi energy, so the resulting nonbonding Cu 3d,> state drops
below the Fermi energy. The remaining planar Cu DOS at the
Fermi energy comes from the 3d,>_,. states, which retain their
bandwidth after the apical vacancy formation.

The apical oxygen has been shown to affect the supercon-
ducting properties of YBCO. For instance, a recent investiga-
tion [22] of the magnetic excitations in cuprates with zero,
one, or two apical oxygen per CuO, plane concluded that
the structure without apical oxygen had the most long-range
electron hopping. Likewise, any strain or distortion of the
CuO; planes is likely to alter the pair condensation energy and
its Jc [3]. Hence, we consider the implications of apical Vo.

Pavarini ef al., [21] have ascribed an important role to the
“axial” molecular orbital, composed of planar Cu 4s and 3d,
states antibonding to apical O 2p, states. The axial orbital is
above the Fermi energy, and its calculated energy is correlated
with T;; as the axial orbital approaches the Fermi energy,
T. goes up. Increasing the planar Cu—O(4) bond length is
predicted to raise T; by reducing the antibonding contribution
to the axial orbital. Removing the apical oxygen is equivalent
to a large bond length increase, along with the addition of
electrons. It results in the axial orbital, located ~3 eV above
Fermi energy as shown in Fig. 4(d), being entirely composed
of Cu 4s and 3d,. states. The change may favor in-plane
superconductivity, as it has been shown that the single-layer
cuprate superconductor having the highest 7;, HgBa;,CuOsy,
has the most Cu 4s character in its axial orbital [21]. However,
later studies of the role of apical bonding have not all found
the same conclusion. One recent study found no correlation
between apical bond length and 7. across many different
cuprates, and instead found 7; was correlated with the strength
of the bond between the O(4) and the chain Cu [23].

A second well-known model focuses on out-of-plane trans-
port, treating the CuO, planes as perfect superconductors and
modeling conductivity out of plane as tunneling through a
Josephson junction [24]. According to this model, the tunnel-
ing barrier between CuO; planes is the limiting factor, and
anything that shortens the planar Cu—O(4) bond might raise
T.. For example, vacancy-ordered YBCOQOg s showed coher-
ent transport near room temperature on optically exciting a
phonon mode specific to the Cu—O(4) bond [25,26]. Time-
resolved diffraction and theoretical calculations indicated that
the excited mode increased planar buckling [26], which ought
to reduce in-plane transport but improve out-of-plane trans-
port. According to this model, apical Vg is likely to weaken
the out-of-plane superconductivity.

III. CONCLUSION

In summary, we have reported direct observation of apical
Vo in optimally doped YBCO. We find that for low vacancy
concentrations, isolated apical and chain Vg has similar for-
mation energy. Apical Vo significantly distort the surrounding
lattice and the electronic structure of YBCO and are likely
to influence its superconductive properties, although the un-
derlying mechanisms of cuprate superconductivity are not
yet understood well enough to predict the exact effect. A
strategy to understand the role of the apical vacancies could
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be to apply a stimulus, such as strain, to stabilize apical Vg
over chain Vp and monitor the changes in superconducting
transport. Likewise, the association between apical vacancies
and stacking faults also need to be investigated. It is clear that
future efforts to understand the high-7; superconductivity of
YBCO, need to take into account the role of apical Vp on an
equal footing as the doping by chain Vp.
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