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Abstract. Colossal ionic conductivity was recently discovered in YSZ/SrTiOs multilayers and was ex-
plained in terms of strain- and interface-enhanced disorder of the O sublattice. In the present paper we use
a combination of scanning transmission electron microscopy and electron energy loss spectroscopy (EELS)
and theoretical EELS simulations to confirm the presence of a disordered YSZ O sublattice in coherent
YSZ/SrTiO3 multilayers. O K-edge fine structure simulated for the strained disordered O sublattice phase
of YSZ possesses blurred-out features compared to that of ordered cubic bulk YSZ, and experimental EELS
fine structure taken from the strained YSZ of coherent YSZ/SrTiOs thin films is similarly blurred out.
Elemental mapping is shown to be capable of resolving ordered YSZ O sublattices. Elemental mapping of
O in the coherent YSZ/STO multilayers is presented in which the O sublattice is seen to be clearly resolved
in the STO but blurred out in the YSZ, indicating it to be disordered. In addition, we present imaging and
EELS results which show that strained regions exist at the incoherent interfaces of YSZ islands in STO with
blurred out fine structure, suggesting these incoherent regions may also support high ionic conductivities.
Recently, Cavallaro et al. reported electronic conductivities in samples of incoherent disconnected islands
embedded in STO that are similar to the islands described herein. The presence of a region of O depleted
STO at the interface with incoherent YSZ islands is revealed by EELS elemental mapping, implying the

n-type doping of STO/YSZ nanocomposites with disconnected incoherent YSZ islands.

1 Introduction

Tonic conductivity is essential to the operation of fuel cells
and sensors. In a H fuel cell, O and H are supplied sepa-
rately to an anode and cathode that are separated by an
electrically insulating electrolyte ionic conductor. Chemi-
cal reactions occur that release electrons at the anode and
consume electrons at the cathode, resulting in an electric
potential difference which can be tapped to provide power.
The role of the ionic conductor is to permit either H or O
ions, depending on the type of fuel cell, to travel between
anode and cathode so that they may react to form HsO.
As the rate at which fuel is delivered is limited by the
ionic conductivity of the electrolyte, so too is the current
output of the fuel cell. In solid oxide fuel cells (SOFCs),
O; is reduced to O ions at the cathode, which are trans-
ported though a solid oxide electrolyte to the anode, where
they react with H to form water and electrons. SOFCs are
among the most efficient types of fuel cells, but typically
require very high operating temperatures in order for their
electrolytes to achieve sufficient levels of ionic conductiv-
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ity. The most commonly used O conducting electrolyte
is yttria stabilized zirconia (Y2O03)4(ZrO2)1—s (YSZ). It
typically reaches usable levels of ionic conductivity only at
temperatures in excess of 700 °C [1-4]. Such high temper-
atures tend to reduce durability, increase costs, and gen-
erally limit their application. As a result, the search has
been on for alternative O electrolytes with higher ionic
conductivities at lower temperatures.

Although progress has been made towards the goal
of higher O ionic conductivities at lower temperatures
in bulk materials such as Ce;_,M,;O3_5 (M: Sm, Gd,
Ca, Mn), the greatest enhancements have been achieved
in heterogenous superlattices. Following work in CaFs-
BaFy multilayers [5,6], which showed an increase in the
F ionic conductivity as the layer thickness was decreased,
a variety of thin oxide heterostructures were fabricated.
Enhancements of one to two orders of magnitude were
achieved in (YSZ + 8.7 mol.% CaO)/Y203 [7] and
YSZ/Y203 [8] multilayers and over three orders of magni-
tude in highly textured YSZ thin films grown on an MgO
substrate [9]. In these multilayer materials, the conduc-
tivity increased as the film thicknesses were decreased or
when the number of interfaces was increased, indicative of
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an interfacial conduction pathway. It was proposed that in
addition to space charge effects, the disordered and par-
tially coherent interfaces of these multilayers enhanced the
ionic conductivities by opening up pathways of decreased
packing density [7,8]. On the other hand, segregation in
disordered areas such as grain boundaries oriented perpen-
dicular to the O ion current could also block O transport.
The lack of such blocking grain boundaries was attributed
to the extra order of magnitude enhancement of ionic con-
ductivity in YSZ grown on MgO [9,10].

Far greater enhancements in O ionic conductivity were
achieved by Garcia-Barriocanal et al. in YSZ/STO het-
erostructures [11]. The ionic conductivity of the 8 mol.%
yttria YSZ in these heterostructures was measured to be
up to eight orders of magnitude higher than bulk YSZ be-
tween room temperature and 600 K. The magnitude of the
enhancement led to the effect being dubbed colossal ionic
conductivity. The conductivity increased with the number
of interfaces, but only slowly with the YSZ layer thickness
up to 30 nm, suggesting that the majority of O conduction
was occurring in the interface region.

STEM images and X-ray experiments revealed the
YSZ/STO interfaces possessing colossal ionic conductiv-
ity to be coherent and atomically flat, with the YSZ ro-
tating 45° around the ¢ axis and expanding 7% in-plane
such that the two cation sublattices fit together perfectly.
Although small strains had been shown to enhance the
diffusion of O ions in molecular dynamics simulations of
YSZ [12], it was previously thought that disorder would
provide the greater enhancement [7,8]. Strains as large as
7% had not, however, been considered. Based on lattice
mismatch theory [13], one would not expect such large
strains to be stable, yet Santamaria’s group had produced
coherent YSZ/STO interfaces despite the 7% mismatch.
A coherent expansively strained material has the advan-
tage of possessing a decreased packing density without the
blocking effects of segregation or grain boundaries.

It is possible that a number of effects contribute to
generate the observed colossal conductivity [6]. Arguments
have been put forth interpreting the enhancement as an
electronic effect [14], but the evidence supporting ionic
enhancement is substantial [15]. An extensive theoreti-
cal analysis of ionic conduction and the possible origin of
colossal conductivity, based on density functional theory
(DFT) calculations, was recently reported by Pennycook
et al. [16]. It was found that straining bulk zirconia 7%
resulted in a completely different O sublattice, as illus-
trated in Figure 1. At temperatures between 1000 K and
2000 K the zirconia enters a phase in which the O sub-
lattice is extremely disordered, to the point of appearing
amorphous. At temperatures lower than 1000 K, the dis-
order quenches out, resulting in a phase in which the O
atoms are ordered into zig-zags. However, simulating the
full YSZ/STO multilayer with a 1 nm thick 8 mol.% yttria
YSZ layer, it was found that the disordered O sublattice
phase persisted in the YSZ to temperatures at least as
low as 360 K as shown in Figure 2. The cation lattices re-
mained coherent, but the STO and low temperature YSZ
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Fig. 1. (Color online) Zirconia structures resulting from quan-
tum mechanical simulated annealing at various temperatures.
O atoms are shown as small red spheres, and Zr atoms in green.
The structures labeled as strained have been expanded 7% in
the plane of the page. The zigzag ordering of the strained O
sublattice shown at 1000 K persists down to 0 K, but breaks
down at higher temperatures. At 2000 K and above the O posi-
tions appear random, in contrast to the unstrained material in
which most O atoms simply oscillate about the cubic-fluorite
positions. Reproduced from [16].

Fig. 2. (Color online) Structure of the 1 nm YSZ layer sand-
wiched between layers of STO at 360 K as determined by DFT
MD calculations viewed down the (100) STO axis. Sr atoms
are shown in yellow, Ti in blue, Zr in green, Y in gray, and O
in red. The YSZ O sublattice disorder is comparable to that
seen at 2000 K in the strained bulk. Reproduced from [16].

O sublattices are incommensurate, perturbing the weaker
YSZ O sublattice into its disordered phase.

By monitoring the mean square displacements (MSD)
of the O atoms as a function of time it was possible to
extract diffusivities in the strained bulk ZrOs at a set of
temperatures from 1000 K to 2500 K (see Fig. 3). An Ar-
rhenius plot of the diffusivities produced an energy barrier
of 0.4 + 0.1 eV, close to the experimental 0.6 eV bar-
rier reported for the colossal ionic conducting YSZ and
far lower than the 1.1 eV unstrained bulk YSZ energy
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Fig. 3. (Color online) MSD of O atoms in strained and un-
strained bulk ZrO, as a function of time during MD simulations
at various temperatures. No significant net MSD occurred in
the unstrained structure on this timescale for temperatures of
2000 K and below. Significant O MSD occurred in the un-
strained structure only when the temperature was increased
to 2500 K. The O in the strained structure is so much more
mobile in the strained structure that its MSD at 1500 K is
comparable to the unstrained 2500 K MSD after 6 ps. Inset:
Arrhenius plot of D from the strained MSDs (same units). The
linear fit shown in green yields an energy barrier of 0.4+0.1 eV.
Reproduced from [16].

barrier. The fact that the disordered O sublattice YSZ
phase persists down to low temperatures in the multilayer
allowed the results of the high temperature bulk diffusiv-
ity calculations to be applied to the YSZ of the multi-
layer at the low temperatures measured experimentally.
Using the Nernst-Einstein relation, it was possible to es-
timate the ionic conductivity of the multilayer YSZ to be
4 % 10% higher than that of unstrained bulk YSZ at 500 K,
comparable to the 8 orders of magnitude reported exper-
imentally. The origin of colossal ionic conductivity there-
fore appears to be a combination of large expansive strain
opening up the distance between cations, and the incom-
patibility of the YSZ and STO O sublattices perturbing
the YSZ into the disordered O phase at low temperature.

In the present paper we report scanning transmission
electron microscopy (STEM) and EELS results in combi-
nation with DFT and multislice EELS calculations which
confirm the presence of a disordered YSZ O sublattice in
coherent YSZ/STO colossal ionic conductor heterostruc-
tures. EELS spectra show the O K-edge fine structure
from inside the YSZ of coherent YSZ/STO multilayers
to be blurred out, in contrast to the sharp features seen
in bulk YSZ. DFT simulations of the O K-edge fine struc-
ture using the Z + 1 approximation [17,18] confirm that
the blurred out fine structure can be attributed to O sub-
lattice disorder. In addition, we report atomic-resolution
EELS elemental maps taken across the YSZ-STO inter-
face, in which the O columns of STO are seen to blur out
to the point of randomness in the strained YSZ. Multi-
slice calculations confirm that this blurring out is what is
expected in the disordered O sublattice phase of strained
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YSZ. These results support the interpretation of strain
and O sublattice disorder as the origin of colossal ionic
conductivity in coherent YSZ/STO multilayers.

In addition we report imaging and EELS from inco-
herent YSZ/STO heterostructures in which the YSZ has
formed islands rather than coherent thin films. We point
out that these incoherent interfaces also contain expan-
sively strained regions with disordered O atoms, and as
such are also likely to support high O conductivities. EELS
also provides evidence for the presence of a high concen-
tration of vacancies in the STO surrounding incoherent
YSZ islands, which would cause electronic conduction in
such incoherent samples.

2 Methods

STEM and EELS measurements were performed on a Nion
UltraSTEM operated at 100 kV using a cold field emis-
sion electron source, a corrector capable of neutralizing up
to fifth order aberrations [19] and an Enfina EEL spec-
trometer. Some images were also obtained on a VG Mi-
croscopes HB501UX with a third order Nion aberration
corrector (indicated in the figure caption). The YSZ/STO
heterostructures were grown in a high oxygen pressure
(3 mbar) pure O rf sputtering system and prepared in
cross section or plan view geometry by conventional thin-
ning, dimpling, and ion milling. The samples were tilted in
the microscope to either the (100) or (110) cubic zone axis
of STO. The principle component analysis (PCA) method
of [20] was used to eliminate noise in atomic-resolution
EELS elemental maps as described in [21].

EELS O K-edge fine structure simulations were per-
formed using the Z + 1 approximation [17,18]. The
calculations were carried out using DFT [22,23] in
the generalized-gradient approximation and using the
projector-augmented-wave method [24] with a plane-wave
basis as implemented in the Vienna ab initio simulation
package (VASP) code [25]. For faster convergence with
respect to the k-point sampling density and greater accu-
racy, the linear tetrahedron method with Bloechl correc-
tions was used for Brillouin zone integrations [26].

Image simulations were carried out using an absorptive
multislice STEM code [27] with absorption due to thermal
diffuse scattering included using an Einstein model [28].
The inelastic scattering coefficients for EELS were calcu-
lated using relativistically corrected Hartree Fock bound
states and Hartree Slater continuum states [29]. An aber-
ration free probe with a aperture semiangle of 30 mrad
was assumed. Simulations were for a specimen thickness
of approximately 110 A with an EELS detector semiangle
of 30 mrad. A Gaussian blur with a full width half max-
imum of 1 A was applied to account for the finite source
size.

3 Results and discussion

Due to the propensity of YSZ to facet, growing flat coher-
ent YSZ/STO thin film multilayers is quite challenging.
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Fig. 4. Low magnification ADF images of YSZ/STO thin film
multilayers acquired on a VG Microscopes HB501UX. (a) Sam-
ple showing flat coherent multilayers grown in 2007 (adapted
from [11]). (b) Sample grown under slightly different growth
conditions in 2009 showing incoherent layers.

Figure 4 shows low magnification annular dark field
(ADF) images of two YSZ/STO samples, one grown in
2007 [11] and the other in 2009. Although both were grown
using the same high pressure oxygen rf sputtering equip-
ment under similar growth conditions, the layers in the
2007 sample are coherent and flat while those in the 2009
sample are not. Slight differences in the growth environ-
ment caused the YSZ in the 2009 sample to clump, facet,
and bend. Dislocation cores formed at the interfaces, re-
lieving the strain on the YSZ layers.

In an effort to recreate the coherent YSZ/STO mul-
tilayers grown in 2007, samples were grown with thin-
ner nominal YSZ layer thicknesses. These samples often
showed islanding, as shown in the high resolution ADF
image shown in Figure 5, in which clumps of YSZ have
formed surrounded on all sides by STO. They also pos-
sess coherent areas in which the YSZ is strained to match
the STO, such as the area pointed to by the arrow in
Figure 5a below the more obvious incoherent facet of the
YSZ island. A similar island is shown in the high reso-
lution ADF image shown in Figure 5b and in an ADF
image (Fig. 5¢) recorded simultaneously with a spectrum
image of the area used to create the elemental map shown
in Figure 5d. The elemental map shows the integrated in-
tensities of the O K, Zr My 3 and My 5, and Ti Ly 3 edges
as the red, green and blue channels of the image. Integra-
tion windows of approximately 50, 180, and 25 eV were
used for the O, Zr, and Ti signals respectively. The only
other features that should affect the signal in the large
integration window used for Zr are the Y My 5 and My 3
edges, but this is fine as we are interested in distinguishing
YSZ from STO. Red and blue make purple while red and
green make yellow, so STO will appear purple and YSZ
yellow. The island is clearly zirconia.

Figure 6 shows coherent interfaces looking down the
(100) and (110) axes of the STO. As the YSZ must rotate
45° to fit the STO cation lattice, these correspond to the
(110) and (100) axes of the YSZ respectively. Intensity in
ADF imaging varies roughly as the square of the atomic
number of elements being imaged. With atomic numbers
38, 39 and 40, respectively, Sr, Y and Zr are neighbors

Fig. 5. (Color online) High resolution ADF images of islands
of YSZ in STO are shown in (a) and (b). The arrow in (a)
points to a section of coherent YSZ/STO. An elemental map
created from a spectrum image of the the area imaged in (b)
is shown alongside a simultaneously acquired ADF image (c)
in (d). Red, green and blue channels of (d) are composed of
the integrated intensities of the O K, Zr Mj 3 and My 5, and
Ti La,3 edges respectively, causing STO to appear purple and
YSZ yellow. (b), (¢) and (d) reproduced from [30].

on the periodic table and will therefore appear similarly
bright compared to Ti with atomic number 22. Against
the background of these heavier atoms, the O columns
are not readily discernible. STO therefore appears with
equal numbers of bright and dark columns, while the YSZ
columns all appear bright. Linetraces taken in the (110)
directions of the images in Figure 6 show a series of bright
columns surrounded by the alternating bright and dark
columns, identifying the YSZ and STO. The areas of the
images used in the linescans are delineated in the fig-
ure with red rectangles. Arrows mark the transitions be-
tween the alternating bright and dark columns of STO
and the more consistently bright columns of the YSZ in
the linescans and the corresponding points in the images.
The width of the transition from YSZ to STO contrast is
roughly one unit cell, consistent with the expected beam
broadening for this sample thickness.

Figure 7a shows another section of coherent YSZ/STO
layers. A spectrum image (SI) was acquired, consisting of
EEL spectra taken in a 4 x 24 pixel grid within the area
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Fig. 6. (Color online) High resolution ADF images of sections of coherent regions of YSZ/STO multilayers looking down the
STO (100) and YSZ (110) directions in (a) and the STO (110) and YSZ (100) directions in (b). ADF intensity is plotted as a
function of position along the long direction of the red boxes for both images in the insets. The intensity is integrated along
the direction of the short side of the red boxes. Blue arrows indicate the transition from consistently high intensity peaks to
alternating bright dark peaks in the linetraces, corresponding to the transition from YSZ to STO. The corresponding positions
on the images are also marked with arrows. (a) is adapted from [30].
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Fig. 7. (Color online) (a) High resolution ADF image of a
(100) YSZ layer sandwiched between (110) STO layers. A SI
was acquired from the area indicated by the yellow rectangle
superimposed on (a). An ADF image recorded simultaneously
with the ST is shown in (b) at the same scale as the Ti elemental
map shown in (c). A drop in the Ti intensity correlates with
the more consistently bright columns of the YSZ layer.

shown in the yellow rectangle. An exposure time of 2 s was
used for each pixel. During the acquisition of each pixel of
the SI, the beam was scanned in a 16 x 16 pixel subgrid,
allowing an ADF image (Fig. 7b) to be recorded at higher
spatial resolution simultaneously with the EELS SI. As
sample drift almost always occurs during the long peri-
ods of time needed to record Sls, the higher resolution si-
multaneously recorded ADF image is useful in identifying
exactly where the spectra were recorded. From Figure 7b

it is clear that there was some sample drift down and to
the left, but the STO is clearly discerned from the YSZ
by its alternating bright and dark columns. A map of
the Ti concentration created from the integrated back-
ground subtracted Ti L-edge is shown in Figure 7c at the
same scale as the simultaneously recorded ADF. In the
STO, bright rows are seen in the Ti map where darker Ti
columns are seen in the ADF image. Near the interface,
the Ti intensity begins to drop. Moving into the layer of
more consistently bright atoms, the T1i intensity continues

to decrease, supporting the identification of the layer as
YSZ.

EELS fine structure reflects the local bonding environ-
ment. Changes in either bond-lengths or coordination shift
or change the intensities of the fine structure features. In
a disordered material, with many slightly different local
bonding environments, the EELS spectrum is the sum of
many slightly different fine structure features. One, there-
fore, expects the fine structure features of a disordered
material to be blurred out in comparison to an ordered
material. We illustrate this effect with DFT Z +1 O K-
edge fine structure simulations for ordered cubic ZrOs and
disordered O sublattice strained ZrOs. For the ordered
structure it is only necessary to calculate the Z + 1 pro-
jected density of states for a single O site, as all the O
sites are equivalent. To simulate the fine structure of the
disordered material we summed the Z + 1 projected den-
sity of states calculated for 6 different O atoms in the high
temperature disordered O sublattice strained bulk struc-
ture produced by the MD calculations of reference [16].
Monkhorst-Pack k-point meshes of up to 18 x 18 x 18 were
used for the small ordered supercell and up to 4 x 4 x 4
for the much larger disordered O sublattice structure. The
resulting spectra were convolved with a 0.5 eV full width
half maximum Gaussian to facilitate comparison to ex-
periment. The results are shown in Figure 8 normalized
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Fig. 8. (Color online) EELS O K-edge fine structure simulated
using DFT and the Z+ 1 approximation for bulk ordered cubic
ZrO2 (shown in red) and the 2000 K strained bulk structure
with the extremely disordered O sublattice (shown in green).
The energy loss is taken to be zero at the Fermi energy. Both
spectra were normalized to the intensities integrated over the
first 50 eV and broadened with a 0.5 eV Gaussian. It is seen
that the disorder causes the fine structure to blur out.

to the integrated intensity of the first 50 eV of the edges.
The simulated fine structure features of the ordered struc-
ture correspond well to those seen in normal bulk YSZ.
Shifts in the features of the projected density of states for
each of the different Z + 1 sites used in the simulation
for the disordered structure sum up to create a fine struc-
ture which appears much like a blurred version of the fine
structure of the ordered structure. Where there are two
peaks close together in the fine structure of the ordered
material, there is a single broad peak for the disordered
material.

In Figure 9a the YSZ O K-edge fine structure obtained
from the spectrum image of the coherent region of the
STO/YSZ multilayer shown in Figure 7 is compared to
that obtained from bulk YSZ. From the simultaneously
acquired ADF image it is easy to pick out which SI pixels
are inside the YSZ layer. The spectrum shown in green in
Figure 9a was created by summing over the 20 SI pixels
corresponding to the area within the green box superim-
posed on the simultaneously acquired ADF image shown
in Figure 9b. With a per pixel exposure time of 2 s, this
corresponds to a 40 s exposure, plenty of time for fine
structure to dominate the noise, yet only broad peaks are
seen. Compared to the spectrum from bulk YSZ, the mul-
tilayer spectrum appears blurred out just as predicted by
theory for a structure with O disorder. It is likely there is
some contribution to the multilayer spectrum from STO —
the integrated TiLs 3 signal does not go to zero in the YSZ
layer — but the spectrum does not appear to be a simple
linear combination of YSZ and STO bulk fine structure.
STO has a prominent prepeak at very nearly the same
energy as bulk YSZ, yet the multilayer YSZ spectrum has

A
L
=

o
S

O K-Edge Intensity (Arbitrary Units)

530 540 550
Energy Loss (eV)

560

Fig. 9. (Color online) (a) O K-edge fine structure from the
thin YSZ layer shown in Figure 7 plotted in green and from
bulk cubic YSZ in red. The multilayer spectrum was created
from the same spectrum image used to produce the Ti map in
Figure 7. Pixels were summed up in the area corresponding to
the green box superimposed on the simultaneous ADF image
shown in (b).

only a weak strength in this region, supporting the view
that the fine structure is blurred out due to O disorder in
the YSZ.

Another way EELS can be used to search for disorder
is through atomic-resolution elemental mapping. Images
created from the integrated edge intensities of each pixel
of spectrum images are capable of independently resolving
the structure of each element’s sublattice, provided they
all have well defined edges which do not overlap. In order
to reduce the effects of sample drift and achieve the high-
est spatial resolution, spectrum images used for atomic-
resolution elemental mapping tend to have larger number
of pixels and shorter per pixel exposure times than spec-
trum images used to study fine structure.

Maximizing sample stability is vital to successful high
spatial resolution elemental mapping. Modern instruments
such as the UltraSTEM take stability to a new level, and
elemental maps taken on it achieve resolutions sufficient
to resolve even fine features such as Jahn-Teller distor-
tions. When viewed down the (110) direction, the pure
O columns of STO are separated by 2.76 A in plane and
are routinely resolved using elemental mapping. If YSZ is
coherently strained to match the STO and the O atoms
were ordered as in bulk YSZ, they would also have a sep-
aration of 2.76 A as illustrated in Figure 10a. As viewed
in the model, the material is oriented such that the STO
is viewed down the (110) and the YSZ down the (100)
axis. The structure is the result of DFT calculations which
optimized the size of the supercell in the direction per-
pendicular to the interface. The O spacing in this direc-
tion is a slightly shorter 2.39 A. Both of these lengths are
greater than the resolution typically achieved in EELS
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Fig. 10. (Color online) (a) Model of YSZ/STO multilayer with
ordered strained YSZ O sublattice viewed such that the STO
is seen down the (110) axis. In this orientation the pure O
columns of STO can be resolved using high spatial resolution
elemental mapping. The O columns of the strained ordered
YSZ have the same 2.76 A in plane separation as the pure O
columns in STO in the vertical direction of the figure and a
slightly shorter 2.39 A in the horizontal direction. As such, the
YSZ O columns should be resolved in an elemental map, if the
O atoms are ordered. If they are instead disordered as in (b),
then one would expect to see a highly blurred out structure or
just a blur. The blurring out is illustrated in (¢) with a multi-
slice simulation of the O K-edge elemental map of the structure
shown in (b), viewed in the same orientation. The integrated
intensity of each column of pixels in the simulated elemental
map is shown in (d). The intensity is shown in arbitrary units.

maps acquired on the UltraSTEM. Therefore, if the O
lattice is ordered it should be resolved.

Figure 10b is the result of performing simulated an-
nealing with DFT on the structure shown in Figure 10a.
The O sublattice disorders to the point of randomness,
as in the high temperature MD of bulk strained YSZ.
A multislice simulation of the O K-edge elemental map
that would result from viewing a sample consisting of the
11 A thick structure shown in Figure 10b repeated to a
thickness of approximately 110 A is shown in Figure 10c.
The O columns are clearly resolved in the STO but appear
quite blurred out in the interfacial planes of TiOs and in
the YSZ. The repetition of the relatively thin supercell
used in the DFT calculation to make a thicker sample im-

Fig. 11. (Color online) (a) High resolution ADF image of bulk
YSZ viewed down the (100) axis. A SI was acquired from the
area indicated with the yellow box simultaneously with the
ADF image shown in (b). The Zr My 5 and O K-edge integrated
intensities of the PCA processed SI are shown as a function of
position in (¢) and (d) respectively. A composite of the two in
which the red and green channels are composed of the O map
(making O intensity appear yellow) and the blue channel of
the Zr map is shown in (e).

poses order that is not likely to exist in a real sample. In
a real sample, O atoms will be distributed over far more
probe positions, causing even greater spatial blurring than
in the simulation. If the YSZ O sublattice is disordered,
an O elemental map should resolve columns in the STO
but only a blur in the YSZ.

To demonstrate that ordered O atoms in YSZ are re-
solved when viewed down the (100) axis, we have per-
formed atomic-resolution elemental mapping in bulk YSZ.
A high resolution ADF image of bulk YSZ is shown in Fig-
ure 11a. A yellow box delineates the region nominally used
for the spectrum image. An ADF image recorded simulta-
neously with the spectrum image is shown in Figure 11b,
from which it is clear what the true positions of the heavy
columns were during EELS acquisition. The SI data were
denoised using PCA, and the integrated intensities of the
Zr M and O K-edges shown in Figures 11c and 11d respec-
tively. A composite of the two maps is shown in Figure 11e
in which the blue channel is composed of the Zr map and
the red and green channels composed of the O map. As
such, Zr columns appear blue and O columns appear yel-
low. Areas with high intensity in the simultaneous ADF
image correspond to Zr sites, and also appear bright in
the Zr elemental map. The O map also shows a lattice
of bright spots. They are between the Zr columns seen in
the ADF as is the correct position of the O atoms in the
ordered material.

Having established that an ordered YSZ O sublattice
should be resolved, we now turn to elemental maps of the
YSZ/STO multilayers. PCA processed Ti and O elemental
maps taken from the boxed area in Figure 12a are shown
in Figures 12¢ and 12d and as a composite in which O is
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Fig. 12. (Color online) (a) High resolution ADF image of a section of coherent YSZ/STO multilayers viewed down the (110)
STO axis. An ADF image recorded simultaneously with a SI taken in the area indicated by the yellow box is shown in (b).
Integrated Ti L and O K-edge intensity elemental maps extracted from the PCA processed SI are shown in (c¢) and (d) and as a
composite map in (e) in which O intensity is shown in yellow and Ti intensity is shown in blue. An O elemental map extracted
from the SI without PCA processing is shown in (f), and the integrated intensity of each row of pixels in the raw O map is
shown in (g). The intensity is given in arbitrary units, with the background subtracted to improve the contrast.

shown in yellow and T1i in blue in Figure 12e. In addition
an O map produced from the SI without PCA processing
is shown in Figure 12f and the integrated intensity of each
row of pixels in the raw O map is plotted at the same scale
beside it in Figure 12g. From the simultaneous ADF im-
age, in Figure 12D, it is clear that there was some sample
drift over the course of the 6 min and 27 s it took to ac-
quire the 19 x 98 pixel SI. The drift is seen to be relatively
uniform and without any large jumps. More importantly
the Ti and pure O columns are clearly resolved in the STO
in the elemental maps and in the correct positions based
on the positions of the Sr and Ti columns in the simulta-
neous ADF image. In the YSZ region of the O maps, the
O lattice blurs out and all but disappears, consistent with
the presence of a disordered YSZ O sublattice.

The ADF images show small variations of intensity
between the rows of atoms inside the YSZ region con-
sistent with the patterning of the surrounding STO, but
with much lower contrast, suggesting there is some STO
above or below the YSZ. The Ti map shows only very
weak intensity columns in the YSZ region. Their presence
is significant, however, as the only O columns that appear
in the YSZ region in the O elemental maps are similarly
weak, and positioned vertically aligned and horizontally
interspersed with the dim Ti columns. As can be seen
from the model in Figure 10a, the spacing between rows

of pure O columns in STO is twice that of ordered YSZ. If
the YSZ O atoms were ordered as in the model, we would
therefore expect to see strong peaks at twice the frequency
as in STO, not just weak spots in TiO rows against a rel-
atively uniform background. The lack of such peaks thus
strongly suggests that we are indeed seeing O disorder in
the YSZ.

Further support for the presence of a disordered YSZ
O sublattice is seen by comparing the linetraces of the
experimental and theoretical O elemental maps. The av-
erage intensity of each row of pixels in the raw O map
shows clear contrast in the STO with peaks correspond-
ing to the TiOs planes, but very little contrast in the YSZ
region. This lack of contrast is similar to that seen in Fig-
ure 10d for the O elemental map simulated for the multi-
layer structure with extreme O disorder produced by DFT
calculations. We note that the blurring out of the heavy
ions in the YSZ region seen in the ADF images is consis-
tent with the deviations seen in the Zr positions seen in
the simulated multilayer shown in Figure 10b. Although
the Zr atoms are not disordered to the extreme degree of
the O atoms, they do not form perfect columns, which
would cause some blurring out of the Zr columns in the
ADF images.

In addition to the coherent STO/YSZ interfaces we
also see evidence for a combination of strain and O
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Fig. 13. (Color online) (a) High resolution ADF image of an
incoherent YSZ island surrounded by STO. (b) A magnified
view of the interface on the left side of the island shown in
(a). The green lines are drawn through the centers of the Zr
columns, illustrating the expansive strain that occurs in these
regions near the interface. Adapted from [30].

disorder at the interfaces of incoherent YSZ islands and
the surrounding STO. Figure 13 shows a high resolution
ADF image of a YSZ island. Strain and disorder are as-
sociated with dislocation cores such as those seen in the
magnified view of Figure 13. Areas of YSZ expansion and
contraction appear along the interface. The green lines
follow the YSZ unit cells from the middle of the island to
the interface where the unit cells are expanded. The lat-
tice spacing around the dislocation cores is up to 104+ 2%
larger than in the center of the island. This strain is even
greater than the 7% of YSZ coherently layered with STO,
suggesting the region may also support a high O conduc-
tivity.

A similar island is shown in the ADF image in Fig-
ure 14a for which a 9 x 55 pixel spectrum image was
recorded in the area indicated by the yellow rectangle with
a 0.3 s per pixel exposure time. The O K-edge extracted
from spectra integrated over equal numbers of pixels in
the STO, the middle of the YSZ island and from the in-
terface region are shown background subtracted in Fig-
ure 14e. The regions used for the integration are indicated
by boxes superimposed on the simultaneous ADF image.
The O-edge from the center of the YSZ island, which is not
strained, looks very much like that of normal bulk YSZ.
The fine structure of the edge from the interface regions
shows only broad features, however, other than features
on the scale of noise. Integrating over the interfacial re-
gion, one would expect to see a combination of STO and
YSZ fine structure features, yet in these interfacial regions
the fine structure does not appear to be a simple linear
combination of the two. The blurred out appearance of
the fine structure at the interface is again suggestive of O
disorder. As the combination of expansive strain and O
sublattice disorder enhances the O ionic conductivity, it is
likely that these strained interfacial regions can also sup-
port enhanced ionic conductivities. Blocking effects may

Pennycook et al.: Oxygen disorder in YSZ/SrTiO3 heterostructures

prevent them from achieving such high ionic conductivi-
ties as reported for the coherent YSZ/STO multilayers. In
addition, incoherent islands of YSZ in STO are unlikely to
be well connected, meaning that although AC conductiv-
ity measurements could show high conductivities due to
ionic conductivity in isolated expansively strained regions,
O transport over long distances may not be possible.

The integrated Ti and O-edge intensities are shown in
parts (¢) and (d) of Figure 14 alongside the simultane-
ously acquired ADF image shown at the same scale. The
Ti signal intensity drops off quickly at the interface with
the YSZ island where it is dark. The O signal is bright
in both the STO and the YSZ but is significantly reduced
around the interface region. The reduced O signal sug-
gests the presence of an enhanced vacancy concentration
at the interface. The O deficient region extends into the
STO. O deficiency at dislocation cores in STO and related
structures and its effect on current transport has been re-
ported previously [31,32]. Vacancies cause STO to become
metallic.

Experiments on samples of STO containing YSZ is-
lands have been reported by Cavallaro et al. [33], which
they believe show the majority of the conduction occur-
ring in samples they have grown by pulsed laser deposi-
tion to be electronic in nature. They report a one order of
magnitude decrease in the conductance of their material
as they decrease the O partial pressure from 1 bar pure
oxygen to 3 x 10* bar. The decrease in partial pressure
should increase the number of O vacancies in the material.
The decrease in conductance with partial O pressure they
measure could therefore be explained, as they suggest, by
the n-type doping of vacancies compensating an intrinsic
p-type doping of the material. p-type doping could, for
instance, be caused by diffusion of Y into the STO.

Clearly the nature of the conductivity of STO/YSZ
nanocomposites depends on the balance of doping by in-
terdiffusion of ions and the concentration of vacancies in
the STO. We note that DFT calculations suggest that it
is energetically unfavorable for O vacancies to leak out of
YSZ into the STO when they are grown in coherent multi-
layers [16]. Additionally, the conductivity of the coherent
STO/YSZ multilayers grown by Garcia-Barriocanal et al.
showed negligible dependence on the partial oxygen pres-
sure [11]. These facts support ionic conductivity as the
dominate form of the conductivity observed in the co-
herent YSZ/STO produced by Garcia-Barriocanal et al.
If electronic conduction was dominant, the change in the
STO vacancy concentration introduced by changing the
O partial pressure should have significantly altered the
conductivity.

4 Conclusions

Evidence has been presented supporting the presence of
O disorder in the YSZ of coherent YSZ/STO heterostruc-
tures in line with the predictions of DFT simulations that
attributed the origin of colossal ionic conductivity to the
presence of a disordered O sublattice phase of YSZ. DFT
Z + 1 approximation simulations of the O K-edge fine
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Fig. 14. (Color online) (a) High resolution ADF image of an incoherent island of YSZ surrounded by STO. (b) ADF image
recorded simultaneously with a SI recorded in the area indicated by the yellow box in (a). Ti and O elemental maps extracted
from the SI are shown in (c¢) and (d) at the same scale as (b). The O K-edge extracted from the regions indicated by the
corresponding colors in (b) are shown in (e). The green spectrum shows a significant reduction in the continuum region of the

spectrum, indicating the presence of O vacancies.

structure features of the disordered O sublattice phase of
strained YSZ appear to be blurred out versions of the
fine structure observed in ordered bulk YSZ. EELS exper-
iments confirm that the O K-edge fine structure of coher-
ent YSZ/STO interfaces is in fact blurred out compared
to that of bulk YSZ. EELS elemental mapping was shown
to be capable of seeing individual O columns in bulk cubic
YSZ. The fact that EELS elemental mapping of coherent
regions of YSZ/STO multilayers show clear O columns in
the STO, but essentially only a blur in the YSZ, is strong
evidence for the presence of O disorder in the strained
multilayer YSZ. In addition, we have shown that strained
regions exist around dislocation cores at the interface of
YSZ islands surrounded by STO, and that the O K-edge
from these regions is also blurred out as if the O sublattice
is disordered, suggesting that these regions may also be ca-
pable of high ionic conductivity. The incoherent STO/YSZ
interfaces show high concentrations of O vacancies,
which are likely to cause electronic conductivity in such
samples.
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