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Using scanning transmission electron microscopy, we report direct observation of
oxygen vacancy ordering induced atomic displacements of the cation sub-lattice
in yttria-stabilized zirconia (YSZ). We find that the cation lattice adopts a zigzag
configuration along the [100] direction with alternately narrow and wide lattice
spacings equivalent of 0.85 and 1.15 times of the (200) inter-planar distance of
the cubic YSZ. Using atomistic simulations, we show that the cation displace-
ments are induced by the alternate presence of oxygen vacancies at the (1/4,
1/4, 1/4) and (1/4, 3/4, 1/4) sites of the unit cells in the [001] direction. The
results demonstrate that significant enrichment of yttrium atoms can occur within
individual YSZ grains in addition to the typical surface or grain boundary segre-
gation of dopant atoms. © 2016 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/). [http://dx.doi.org/10.1063/1.4963202]

I. INTRODUCTION

Nonstoichiometry in oxide materials is a persistent phenomenon with large influence on their
physical and chemical properties. For example, extrinsic generation of oxygen vacancies in ZrO2

upon doping with other oxides such as Y2O3 can stabilize the metastable cubic fluorite structure
at room temperature (i.e., yittria-stabilized zirconia, YSZ) with improved mechanical, thermal, and
ionic conductivity properties.1,2 Detailed knowledge on the spatial distribution of oxygen vacancies is
critically important for predicting and designing oxide materials with tailored properties. However, a
quantitative determination of oxygen vacancies in low concentrations, especially with spatial resolu-
tion, has traditionally been difficult. Transmission electron microscopy (TEM) has been widely used
to characterize the atomic structure of materials. However, TEM imaging of an oxygen sub-lattice
is challenging due to its relative low scattering power and the complex convolution of TEM focus
condition and sample thickness. Scanning TEM (STEM) techniques have progressed dramatically in
recent years in imaging individual atoms and defects with the implementation of aberration correction
and new algorithms.3–6 Using aberration corrected STEM, the lattice distortions in materials can now
be measured on a unit-cell by a unit-cell basis and at the picometer level.7–9 The clear view of atom
positions enables direct comparison of experiment with theory modeling.7,8,10–12 In this work, we
employ the contrast based on the high-angle scattering of electrons (Z-contrast) in a STEM mode
to image the cation sub-lattice only, which allows for directly measuring vacancy-induced displace-
ments of cations in YSZ. In conjunction with density-functional theory (DFT) calculations, we show
that the location and concentration of oxygen vacancies in YSZ can be determined from the measured
atomic displacements of the cation sub-lattice.

aTo whom correspondence should be addressed: zhouyc@xtu.edu.cn (Y. Zhou); gzhou@binghamton.edu (G. Zhou)
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ZrO2 is chosen for the study because of its technological importance spanning from thermal
barrier coating, heterogeneous catalysis, to semiconductor devices. Properties of ZrO2 for these
applications rely critically on the equilibria and atomic structure of the oxide. Pure zirconia exists
in three polymorphs: monoclinic structure up to a temperature of ∼ 1446 K, where it changes to the
tetragonal modification, and finally the cubic fluorite structure at temperatures higher than 2643 K.
The high-temperature metastable phases are the most interesting from the point of view of their prop-
erties and technological importance. The addition of Y2O3 stabilizes the high-temperature forms at
low temperatures with the concomitant introduction of oxygen vacancies for charge compensation.
The idealized structure of cubic-YSZ has a fluorite-type structure in which Y and Zr atoms ran-
domly occupy face-centered cubic (FCC) sites while oxygen atoms reside at tetrahedral (1/4, 1/4,
1/4)-type interstitial sites.13 The presence of oxygen vacancies causes relaxation of ions away from
their regular fluorite lattice positions.14–16 The nature of the defect-induced atomic displacements
has been a controversial topic for some time. The directions of <110>17 or <111>18–20 were pro-
posed for the displacements of cations, and the direction of <100>,15,19–21 <111>,20,22–24 or both15,18

were suggested for the relaxations of anions. Such a controversy can be attributed to the difficulty in
characterizing experimentally the distribution of vacancies, cations and anions in YSZ at the atomic
scale as well as the coupling of the relaxation of both cations and anions. Using aberration-corrected
STEM to decouple the relaxation of cations and anions, we determine unambiguously the atomic dis-
placements associated with the cation sub-lattice only. The atomic-scale experimental observations
provide experimental input to DFT modeling, which allows for identifying the spatial distribution of
oxygen vacancies.

II. EXPERIMENTAL AND COMPUTATION METHODS

Zirconia doped with 7 wt.% (3.7 mol.%) Y2O3 was grown on a polycrystalline alumina substrate
held at 1000 ◦C via electron-beam physical vapor deposition. The grown YSZ was annealed in a
muffle furnace at 1150 ◦C for 24 hours with the heating and cooling rates set at 10 ◦C/min. TEM
specimens were made by first cutting the annealed YSZ into small pieces and were mechanically
thinned to about 5-10 µm, followed by Argon ion milling (Gatan, Model 691). The TEM samples
were characterized using an aberration-corrected ARM-200 transmission electron microscope (TEM)
operated at an accelerating voltage of 200 kV. STEM imaging was performed with the camera length
set at 8 cm corresponding to an inner collection angle of 68 mrad. Simulations for the high angle
annular dark field (HAADF) images were conducted using the xHREM program package with the
inner and outer collection angles of 68 mrad and 150 mrad along with other simulation parameters
carefully matched to the experimental conditions. The electron diffraction patterns of the DFT relaxed
defected ZrO2 structure were simulated by performing dynamical electron diffraction calculation
using the multislice method, where atom positions and lattice parameters of the unit cell were based
on the DFT calculations. The DFT calculations were performed using the Vienna ab-initio simulation
package (VASP)25,26 with the local density approximation (LDA)27 exchange-correlation functional
and projector augmented wave (PAW) pseudopotentials,28 in conjunction with a planewave cutoff
energy of 400 eV. A 2×2×2 supercell was used in the calculations. The experimentally measured
lattice parameter of 5.20 Å is adopted for the unit cell. The Γ point was used to sample the Brillouin
zone, and all atoms were allowed to move during the relaxation. The Brillouin-zone sampling scheme,
cell size and cut-off energy adopted in our calculation are similar as the previous studies.29,30

III. RESULTS AND DISCUSSION

Fig. 1(a) is a typical bright field (BF) TEM image of the annealed YSZ sample, where the YSZ
grain is oriented along the [001] zone axis. The BF image shows a relatively uniform contrast across
the grain. However, two-dimensional (2D) lattice can be found in some small areas (∼ 5 nm in lateral
size). As indicated by the red circles in Fig. 1(a), the lattice spacing of the 2D lattice is ∼ 5 Å.
Fig. 1(b) is a representative [001] selected area electron diffraction (SAED) pattern obtained from
the majority area of the grain, which can be indexed well with the fluorite-like cubic YSZ. The lattice
constant derived from the SAED pattern is ∼ 0.52 nm, consistent with the reported value of the cubic
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FIG. 1. (a) Bright field TEM image showing the typical microstructure of the annealed YSZ grain, where the presence of
superlattice regions in the matrix of the cubic phase is indicated by red circles; (b) SAED pattern taken along the [001] zone
axis of the cubic YSZ showing the presence of the basic reflections only; (c) SAED pattern taken from the ordered region
showing the presence of superlattice.

phase of YSZ.31 Fig. 1(c) shows a typical [001] SAED pattern obtained from the 2D lattice regions
(e.g., the regions indicated with the red circles in Fig. 1(a)). In addition to the (200) and (220)-type
fundamental reflections associated with the fluorite structure of the cubic YSZ, Fig. 1(c) shows the
(100)- and (010)-type extra spots. In the cubic fluorite structure, Zr and Y atoms are randomly located
at the face-centered cubic (FCC) lattice sites. The presence of the {010}-type forbidden reflections
of the FCC lattice in the 2D lattice region suggests that the cubic fluorite structure undergoes locally
disorder→ order transition, for which Zr and Y atoms occupy the regular lattice sites of the unit cell
of the L10 ordered structure.16,32

In order to reveal the atomic structure of the regions having the superlattice reflections, HAADF
imaging was performed using aberration-corrected STEM. Fig. 2 is a typical HAADF-STEM image
obtained from the regions showing the superlattice reflections in the SAED pattern (e.g., the Fig. 1(c)
and the regions indicated with the red circles in Fig. 1(a)). The signal scattered by oxygen atoms is
at a lower angle compared to that by Zr and Y atoms and thus cannot be collected by the high-angle
annular detector. Consequently, the contrast in the HAADF-STEM image is produced by Zr and Y
atoms and the white image dots in Fig. 2(a) correspond to the positions of Zr and Y atomic columns
viewed along the [001] direction of the YSZ grain. It is worthy of noting that the presence of Y atoms
in the ZrO2 lattice does not give rise to noticeable variation in image contrast for their close atomic
number to that of Zr (Zr = 40 vs. Y = 39).

The HAADF image shown in Fig. 2(a) can be divided into disordered and ordered regions and
their approximate boundary is marked by the dashed lines. On the left side is the perfect cubic fluorite
structure, and on the right side corresponds to the region that shows the superlattice reflections in the
electron diffraction pattern. The image dots of the cubic YSZ along the [100] and [010] directions
form a square configuration with the four-fold rotation symmetry. Fig. 2(b) shows the intensity profile
of the image dots of the cubic region marked by the yellow rectangle in Fig. 2(a), from which the
distance between the neighboring image dots is measured to be 0.26 nm (the error bar is 0.005 nm)
along the [100] direction. The intensity profile of the image dots along the [010] direction of the
perfect cubic region gives the similar distance (0.26 nm) between neighboring image dots. Therefore,
the lattice constant of the cubic phase in the cubic region is 0.52 nm, which is consistent with the
value derived from the SAED pattern shown in Fig. 1(b).

Shift of the image dots from the cubic lattice sites can be discerned in the region that has
superlattice reflections. Careful examination of the HAADF image of Fig. 2(a) shows that the image
dots shift along both the [100] and [010] directions in the region on the right side of the marked
dashed line. As indicated in Fig. 2(a), the shift of the image dots along the [100] direction makes the

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  149.125.125.147 On: Fri, 16 Sep

2016 13:46:09



095113-4 Wang et al. AIP Advances 6, 095113 (2016)

FIG. 2. (a) HAADF-STEM image shows the arrangement variation of the image dots at superlattice area (ordered YSZ) with
respect to the cubic structure (disordered YSZ), where the dashed lines show the boundary between the ordered and disordered
regions.(b) Profiles of image dots in the cubic region; (c) Profiles of image dots in the superlattice region. (d) Zoom-in view
of the superlattice region showing the zigzag configuration of cations along the [100] direction.

(200) planar spacings changing alternately between the values of 2.2 Å and 3.0 Å, which are equal to
0.85 and 1.15 times of the (200) inter-planar distance of the cubic phase and equivalent to an increase
and decrease of 0.08 times of the lattice constant a of the perfect cubic ZrO2 unit cell for the wide and
narrow (200) planes (i.e., ± 0.08a). Fig. 2(c) is the intensity profile of the shifted image dots along the
[010] direction as marked by the yellow rectangle in the middle region on the right side of the marked
dashed line in Fig. 2(a), which shows that the distance between the nearest neighboring image dots
is no longer equal. Instead, the distances between the neighboring dots become alternately closer
and wider along the [010] direction. The narrow and wide spacings between the adjacent shifted
dots are 2.2 Å and 3.0 Å, which are equal to 0.85 and 1.15 times of the (020) inter-planar distance
of the cubic phase, respectively. Different from the [100] direction, the adjacent image dots along
the [010] direction shift alternately in the opposite direction by the amount of ± 0.08a of the cubic
ZrO2 unit cell. This results in a zigzag arrangement of the image dots along the [100] direction in the
ordered region, as shown in the zoom-in view (Fig. 2(d)). Despite the shifts of the cations along the
[100] and [010] directions, the (100) and (010) lattice spacings remain the same as the cubic phase
(i.e., 0.52 nm), suggesting that the cubic lattice is still retained in the region that shows superlattice
reflections.

To augment the experimental measurements, we employ DFT to elucidate the origin of the atomic
displacements. When Y2O3 is doped into ZrO2, for every two Y3+ ions replacing two Zr4+ ions, one
oxygen vacancy is generated to maintain charge neutrality, for which the oxide stoichiometry formula
can be written as Zr2Y2O7. The supercell in our DFT calculations is made of eight unit cells of the L10
ordered structure with one oxygen vacancy in each unit cell. Fig. 3 shows the atomic configuration
of the structure, in which the two types of octants are arranged such that they alternate in the [001]
direction of the unit cell. The type-I octant has the oxygen vacancy located at the (1/4, 1/4, 1/4) site
while the type-II octant has the oxygen vacancy at the (1/4, 3/4, 1/4) site. Such an ordered arrangement
of the oxygen vacancies provides the best match with the experimental results as detailed below.

We have performed DFT calculations of the Zr2Y2O7 structure with the ordered distribution
of oxygen vacancies in the way shown in Fig. 3 for quantitatively comparing with the atomic dis-
placements measured from the experimental results. Fig. 4(a) is a [001] projection view of the
minimum-energy structure obtained in the DFT calculations, where oxygen atoms are hidden for
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FIG. 3. (a) Supercell consisting of eight unit cells of the fluorite cubic structure, in which the two types of octants are arranged
alternately in the [001] direction of the unit cell. (b) The type I octant has an oxygen vacancy at the (1/4, 1/4, 1/4) site. (c) The
type II octant has an oxygen vacancy at the (1/4, 3/4, 1/4) site. Zr atoms are depicted by grey balls, Y by blue balls, and O by
red balls.

better comparison with experiments because oxygen atoms do not show up in the HAADF images.
It can be seen that the spacings between neighboring [010] rows of cations (which correspond to the
(200) interplanar spacings) vary alternately in the values of 2.82 Å and 2.38 Å with a periodicity
of 5.2 Å. These values are close to the experimentally measured (200) spacings of 3.0 Å and 2.2 Å
shown in Fig. 2(a). The DFT calculations also show that neighboring cations in the [010] direction
displace in opposite directions, which results in the zigzag configuration of the cations along the
[100] direction. The distances between neighboring cations are alternately 2.83 Å and 2.37 Å with
a periodicity of 5.2 Å. The DFT-obtained minimum structure is used to simulate STEM images for
direct comparison to the experiment. The atomic displacements and the zigzag configurations in the
simulated HAADF image (Fig. 4(b)) match well with the experimental HAADF image as shown in
Fig. 4(c). Further supporting evidence for the proposed structure model shown in Fig. 3 is contained
in the electron diffraction patterns. We have simulated the dynamical electron diffraction pattern
using the DFT-relaxed minimum-energy structure. Fig. 4(d) shows the calculated electron diffraction
pattern along the [001] zone axis, in which weak diffraction maxima corresponding to the positions
of {100} planes are visible in addition to the fundamental diffraction {200} spots associated with
the fluorite cubic structure, consistent with the experimentally observed electron diffraction pattern
shown in Fig. 1(c).

Defect structure, in particular the distribution of vacancies in YSZ, has been a topic of long-
standing controversy. It was suggested that oxygen vacancies have a strong tendency to form pairs
in cubic YSZ with a variety of pairing directions such as <1 0 0>,33 <1 1 1>,34–36 <1 1 2>,37 and
<1 1

2 0>.38 Our DFT calculations indicate that none of these vacancy configurations reproduces
the experimentally observed distortion of the cation sub-lattice shown in Fig. 2. Instead, we find
that the alternate presence of oxygen vacancies at the (1/4, 1/4, 1/4) and (1/4, 3/4, 1/4) sites along
the [001] direction (as shown in Fig. 3) induces the atomic displacements of the cation sub-lattice
that matches well with the experimental results as shown in Figs. 4(a, b). The cation displacements
from the ideal FCC sites are related to the relaxation of the neighboring cations away from the
vacancies. When an oxygen vacancy is created, the neighboring cations will repel each other because
of Coulombic interactions, thereby resulting in larger distance between cations. The structure model
shown in Fig. 3 has the stoichiometric ratio of Zr2Y2O7 and contains 16 Zr atoms, 16 Y atoms, and
28 O atoms along with 8 oxygen vacancies. The oxygen atoms and the oxygen vacancies reside at
the tetrahedral sites formed by the Zr and Y atoms. Fig. 5(a) shows the locations of the 8 oxygen-
vacancy containing tetrahedrons, which are at the alternative interstitial sites of (1/4, 1/4, 1/4) and
(1/4, 3/4, 1/4) of each cube quadrant of the supercell. Figs. 5(b, c) show the equilibrium structures
for the perfect and oxygen-vacancy containing tetrahedrons obtained from our DFT calculations,
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FIG. 4. (a) [001] projection view of the configuration of cations in the minimum-energy structure shown in Fig. 3, where
oxygen atoms are hidden. (b) HAADF-STEM simulation image using the DFT-relaxed structure shown in (a). (c) experimental
HAADF-STEM image showing the cation sub-lattice. (d) Simulated [001] zone electron diffraction pattern using the minimum-
energy structure of the defected ZrO2 shown in (a).

from which the six edges (i.e., the cation-cation bond lengths) of the tetrahedrons can be measured.
As shown in Fig. 5(b), the oxygen-containing tetrahedron (corresponding to the fluorite structure
of the cubic YSZ) has a cation-cation bond length of 3.68 Å. In contrast, the bond lengths for the

FIG. 5. (a) Oxygen-vacancy containing tetrahedrons in the equilibrium structure of Zr2Y2O7 shown in Fig. 3 (Zr: grey balls,
Y: blue balls), the presence of oxygen vacancies in the tetrahedrons causes the cations to repel each other by Coulombic
interactions. Equilibrium cation-cation bond lengths for the oxygen-containing tetrahedron of the fluorite structure of the
cubic YSZ (b) and for the oxygen-vacancy containing tetrahedron of the Zr2Y2O7 structure (c).
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defective tetrahedron (i.e., with an oxygen vacancy at the tetrahedral site for the Zr2Y2O7 structure)
are measured to be 3.94 Å, 3.94 Å, 3.93 Å, 3.87 Å, 3.87 Å, and 3.70 Å, respectively, all of which
become increased compared with the oxygen-containing tetrahedron. The increased bond lengths can
be attributed to the repulsive Coulombic interactions of neighboring cations owing to the missing of
the tetrahedral oxygen atom.

Zirconia is one of the best corrosion-resistant and refractory materials and the properties of
YSZ rely critically on the level of heterovalent dopants. While the influence of the formation of this
yttria-rich phase on the properties of the parent zirconia is not clear, the significant enrichment of
Y atoms in these local regions may induce instability of the high-temperature phases of YSZ. The
crystal structure of zirconia undergoes phase transition from monoclinic to tetragonal and then to
cubic at 1446 K and 2643 K, respectively. Small additions of Y2O3 are used to stabilize the high-
temperature forms (either tetragonal or cubic) at low temperatures. When the dopant concentration
is less than that required for the stabilized zirconia, then a mixture of monoclinic, tetragonal and
cubic phases occurs.39 The generation of monoclinic ZrO2 within the parent high-temperature phase
is harmful because the phase transition involves a volume change of 3-5%, leading to the coating
failure for thermal barrier coating applications.40 Yttria segregation to both external surfaces and grain
boundaries has been observed for YSZ containing an Y2O3 level varying from 2 to 19 mol %.41–45 As
revealed from our STEM observation shown above, significant local enrichment of Y atoms can also
occur within YSZ grains, where the concentration of Y in the L10 cation ordered regions (Zr2Y2O7)
increases to 50 mole % from the initial doping level of 3.7 mol % Y2O3. The nucleation and growth
of Y-enriched regions in the grain can deplete Y in the surrounding area. Since the monoclinic phase
is the thermodynamic phase for pure ZrO2 at relatively low temperatures (< 1446 K), the Y-depleted
region may tend to undergo the cubic → monoclinic phase transition. This will have detrimental
consequences for the structure stability of the cubic phase of YSZ.

IV. CONCLUSION

In conclusion, we present combined atomic STEM imaging and DFT analysis of the local cation
sub-lattice distortion in YSZ. We show that the cation sublattice adopts a zigzag configuration and
alternately wide and narrow lattice spacings in the [100] direction. Using DFT calculations, we
identify that these atomic displacements result from distortion of the cation tetrahedrons induced by
the ordered distribution of oxygen vacancies alternate at the (1/4, 1/4, 1/4) and (1/4, 3/4, 1/4) of the
unit cell. The formation of these oxygen vacancies is induced by the significant enrichment of Y
atoms within the YSZ grain. The concentration and distribution of oxygen vacancies in the bulk play
an important role in determining the ion conductivity which underlies many of the practical uses of
YSZ. The insights gained here may be of importance for understanding the ionic transport properties
of solid state conducting materials.
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