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The main objective of the present paper is to communicate a study of defects behavior in zirconia-based
nanomaterials—pressure-compacted yttria-stabilized zirconia �YSZ� nanopowders with different contents of
Y2O3 and ceramics obtained by sintering the YZS nanopowders. In addition, YZS single crystals were also
investigated. Positron annihilation techniques including positron lifetime and coincidence Doppler broadening
with a conventional positron source and Doppler broadening experiments on a monoenergetic positron beam
were involved in this study as the principal tools. These techniques were supplemented with transmission
electron microscopy and x-ray diffraction observations. In order to get better support of the experimental data
interpretation, the state-of-art theoretical calculations of positron parameters were performed for the perfect
ZrO2 lattice and selected defect configurations in the YSZ. Theoretical calculations have indicated that neither
the oxygen vacancies nor their neutral complexes with substitutional yttrium atoms are capable of positron
trapping. On the other hand, the zirconium vacancies are deep positron traps and obviously are responsible for
the saturated positron trapping observed in the YSZ single crystals. In the compacted YSZ nanopowders, a
majority of positrons is trapped either in the vacancylike defects situated in the negative space-charge layers
along grain boundaries ��1�185 ps� or in vacancy clusters at intersections of grain boundaries ��2

�370 ps�. The intensity ratio I2 / I1 was found to be correlated with the mean grain size d as I2 / I1�d−2. A
small fraction of positrons ��10%� form positronium in large pores ��3�2 ns, �4�30 ns�. A significant
grain growth during sintering of the YSZ nanopowders above 1000 °C was observed.

DOI: 10.1103/PhysRevB.81.024116 PACS number�s�: 78.70.Bj, 61.46.Hk, 81.07.Wx

I. INTRODUCTION

Zirconia �zirconium dioxide, ZrO2� exhibits many excep-
tional features:1 a high melting point �2700 °C�, a low ther-
mal conductivity, a low electronic conductivity, a good
oxygen-ion conductivity at elevated temperatures, a high
strength, and an enhanced fracture toughness. Zirconia-based
materials thus are promising for the use in a large area of
industrial applications, for example, refractory materials,
functional ceramics, ceramic glazes, oxygen sensors, solid
oxide fuel cells, electroceramics, thermal barrier coatings,
insulators, machining tools, abrasives and grinding media,
etc. Indeed, zirconia belongs to the challenging topics of
current solid-state physics and materials research. The favor-
able properties of ZrO2-based materials become especially
pronounced if these materials were fabricated of powders of
nanoscopic size. Zirconia is a high-� dielectric material,
therefore, its application as an insulator in future nanoelec-
tronic devices seems to be promising, too.

The three zirconia polymorphs are known to exist in na-
ture or laboratory conditions.1 Such a polymorphism, how-
ever, considerably restricts exploitation of the pure zirconia.
This is because the pure ZrO2, which is monoclinic at room
temperature, transforms to the denser tetragonal phase at
�1200 °C temperature. Such a transformation is accompa-
nied with large volume changes and thus leads to a creation
of cracks within the ZrO2 structure. At temperatures higher
than �1380 °C, the pure zirconia becomes cubic.

Obviously, a stabilization of high-temperature ZrO2
phases is necessary to make a full use of advantageous zir-

conia features. It is well known1 that the phase stabilization
of zirconia can be achieved by an addition of a certain
amount of the trivalent yttrium oxide �Y2O3, yttria� to form a
solid solution in the ZrO2 lattice. Such a system is termed as
the yttria-stabilized zirconia �YSZ�. The cubic phase of YSZ
is stable at room temperature when more than �8 mol. %
��14 wt. %� of the Y2O3 stabilizer is added to zirconia. In
this case, the YSZ system is referred to as the fully stabilized
zirconia. An amount of �3 mol. % ��5.7 wt. %� of the
Y2O3 �i.e., an amount insufficient to stabilize the cubic
phase� brings the YSZ structure into the tetragonal phase
after heating above 1000 °C. This system is only partially
stabilized, since the tetragonal structure is metastable and it
may thus coexist with the monoclinic phase below 1000 °C.

An embedment of Y2O3 into the ZrO2 host lattice leads to
a violation of stoichiometry resulting in a huge amount of
native-oxygen vacancies and vacancy-solute atom complexes
in the lattice. In the nanostructured YSZ materials, moreover,
grain boundaries �GBs� occupy a significant fraction of ma-
terial volume. GB’s themselves and the defects associated to
them �vacancylike misfit defects, vacancy clusters at inter-
sections of GB’s� become thus important open-volume struc-
ture elements in YSZ’s, too. In addition, voids and pores may
occur in the nanopowder YSZ materials and evolve during
producing ceramics by sintering. Thus, various types of in-
herent open-volume structural elements, characterized with a
size on a 1–100 nm scale, are expected to coexist in the YSZ
nanomaterials. Generally, it is expected that such structures
underlie macroscopic properties of materials. A detailed
knowledge of the nature and behavior of open-volume de-
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fects as well as their correlation with materials composition
and preparation conditions is thus of a key importance for
prospecting YSZ materials of macroscopic properties desired
by industry.

The observation of positron annihilation by means of
spectroscopic techniques �PAS=positron annihilation spec-
troscopy� is an important tool of investigations on nanostruc-
tured YSZ materials, since positrons are highly sensitive
probes of nanometer-size open-volume defects acting as
trapping centers for positrons.2 Basic knowledge on defects
is obtained from the measurements of positron lifetime �LT�
spectra which reflect the local electron density at the positron
annihilation site. The lifetimes measured for positrons
trapped in a certain defect type are thus sensitive to the de-
fect size, while the respective intensities �positron fractions�
convey information about the defect concentration.

The measurements of Doppler broadening �DB� of anni-
hilation radiation provide primarily data about the momen-
tum distribution of electrons taking part in annihilation of a
positron-electron pair. The one-detector �-ray spectrometer
allows for a measurement of the Doppler-broadened profile
�DBP� of the annihilation peak around the 511 keV energy.
The profile is usually characterized using the shape param-
eters S �the sharpness parameter—the relative area of the
central part of the peak reflecting a contribution from the
low-momentum electrons� and W �the wing parameter—the
relative contribution from the high-momentum inner-shell
electrons�. For positrons trapped in open-volume defects, the
annihilations with the core electrons of neighboring atoms
are suppressed and, consequently, the S parameter is rela-
tively enhanced. In this way, an additional knowledge on a
role of positron trapping in the material studied is attained. In
the coincidence mode of DB �CDB� experiments, introduced
30 years ago,3 a two-dimensional energy spectrum in the
region of annihilation peak is collected. This two-
dimensional spectrum is subsequently reduced to the one-
dimensional DBP. The peak-to-background ratio is improved
by 3–4 orders of magnitude in CDB experiments with two
HPGe detectors compared to the traditional one-detector
arrangement,4 allowing thus to disclose details of the profile
in the high-momentum region. Usually, a lower limit of the
high-momentum region, i.e., an electron momentum value at
which annihilations with the inner-shell electrons start domi-
nate, can be set as �10�10−3m0c. Since the high-
momentum part of DBP arises from the inner-shell electrons
of atoms near to the positron annihilation site unique data on
the chemical surroundings of defects capable to trap posi-
trons can be acquired by means of CDB technique. In the
practice of CDB data analysis, the ratios of DBP with respect
to a chosen reference material are produced in order to ex-
press the observed effects in a common scale.

In many porous media, a portion of implanted positrons
may form positronium �Ps� in the singlet �para-Ps �p-Ps�� or
triplet �ortho-Ps �o-Ps�� state,5 ratio of the para-Ps to
ortho-Ps yield being 1:3. The ortho-Ps pick-off annihilation
is characterized with lifetimes of one to tens of ns and the
ortho-Ps lifetime is a well recognized measure of the pore
size. On the other hand, the self-annihilation of the short-
lived para-Ps �lifetime of 0.125 ps in vacuum� leads to a
remarkable narrowing of DBP.

An important complementary information on positron
trapping comes from positron-diffusion lengths investigated
via slow positron implantation spectroscopy �SPIS� experi-
ments involving variable-energy positron beams.4 Reliable
ab initio calculations of positron response which started their
development since the pioneer work6 often bring a substan-
tial assistance to the interpretation of observed PAS data.

Several PAS investigations of YSZ nanomaterials of dif-
ferent composition �including powders as well as sintered
ceramics� have already been performed, see e.g., Refs. 7–10.
Despite of these efforts, there still remains a lack of suffi-
ciently complete and precise data on the binary YSZ materi-
als which precludes unambiguous interpretation of PAS data.

To extend the current knowledge about zirconia-based na-
nomaterials, we have performed a PAS study focused on sev-
eral binary YSZ materials of different composition and
preparation conditions. As the main objective, the pressure-
compacted nanopowders and ceramic materials, obtained
from these nanopowders by sintering, were investigated. In
order to get deeper insight into the microstructure of so com-
plicated systems like these YSZ nanomaterials are, two kinds
of YSZ single crystals were also included in this work. The
high-resolution LT and CDB measurements with a conven-
tional 22Na positron source and the SPIS technique were uti-
lized in the present work. For reference purposes, PAS mea-
surements on relevant well-annealed metals �Zr, Y� were
carried out, too. PAS experiments were supplemented by
x-ray diffraction �XRD� and transmission electron micros-
copy �TEM� characterizations of YSZ’s studied. Extended
theoretical calculations of positron characteristics were also
done for the defect-free ZrO2 lattice, vacancy defects and
vacancy-solute atom complexes. Preliminary results of our
LT and CDB measurements as well as theoretical calcula-
tions have already been presented in recent conference
proceedings.11–15

The subsequent text of the present paper is structured in
the following way. In Sec. II, necessary experimental details
are given. Section III contains results of experiments and
calculations, obtained in the present work. Their discussion
and interpretation is included in the section as well. The
conclusions ensued from the present work are itemized in
Sec. IV.

II. EXPERIMENTAL

A. Samples

Pressure-compacted YSZ nanopowders. Monoclinic pure
ZrO2 �Z0Y�, tetragonal ZrO2+3 mol. % Y2O3 �Z3Y�, and
cubic ZrO2+8 mol. % Y2O3 �Z8Y� pressure-compacted na-
nopowders were investigated in the present work. The initial
nanosize powders of all these systems were prepared by the
coprecipitation technique starting from the water solutions of
the stoichiometric compositions of ZrO�NO3� and Y2�NO3�3
salts. The details of preparation procedure were described
elsewhere.16–18 Chemical purity of initial powders was ex-
amined by x-ray fluorescence analysis. The following impu-
rity elements could be detected �their amounts were evalu-
ated as oxide content in at. %, the standard deviations are
given in parentheses in the units of the last significant digit�:
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Al2O3—0.06�1�, SiO2—0.06�1�, CeO2—0.04�2�,
Sm2O3—0.06�3�, CuO, Co3O4, Lu2O3, Ta2O5—�0.01 each.
In the Z0Y powder, the Y2O3 impurity amounted
0.008�5� wt. %. The initial powders were calcinated under
temperatures of 600–700 °C for 2 h. Then, the powders
were uniaxially pressed into tablets of �10 mm diameter
and �5 mm thickness. To examine possible impact of com-
paction pressure on microstructure of compacted nanopow-
ders a series of specimens pressed by pressures 250, 500, and
1000 MPa was prepared for each composition studied in the
present work.

Sintered YSZ ceramics. The sintering process was inves-
tigated on the ZrO2+3 mol. % Y2O3 in this work. The Z3Y
tablets, compacted under 500 MPa, were prepared as de-
scribed above in this section and subjected to sintering at
three different temperatures TS=1000, 1200, and 1350 °C,
respectively, in air for 2 h. Before measurements, each speci-
men was dried at 105 °C in air for 1 h. PAS measurements
on the two YSZ single crystals were carried out in the
present work: the tetragonal ZrO2+3 mol. % Y2O3 and the
commercially available cubic ZrO2+9 mol. % Y2O3
�Crystec/Berlin�.

Reference pure metals. Well-annealed high-purity Zr and
Y metals were used as reference specimens for the determi-
nations of Doppler-broadened profile ratios from the CDB
measurements of the present work. These samples were ex-
amined by LT measurements and the results are summarized
in Table I. It is found by LT that all the specimens exhibit a
single LT component. To justify the nature of this compo-
nent, theoretical calculations of positron lifetimes in the per-
fect lattice have been performed using the atomic superposi-
tion �ATSUP� method6 and involving the electron-positron
correlation within the Boroński-Nieminen �BN� approach19

or gradient-correction �GC� scheme.20 The measured posi-
tron lifetimes are compared in the table with the calculated
ones. Since a reasonable agreement between the measured
and calculated values was obtained, the reference specimens
can be considered as virtually defect-free materials in which
practically all positrons annihilate from the free, delocalized
state.

B. PAS apparatus and data acquisition process

Positron lifetime measurements. The positron source of
about 1.3 MBq was made of carrier-free 22Na2 CO3 water
solution �iThemba Laboratories� dried and sealed between
�4 �m mylarC foils �DuPont�. The LT measurements were

carried out using a fast-fast BaF2 spectrometer similar to that
described in Ref. 21. The LT spectrometer exhibited a time
resolution of 160 ps �full width at half maximum �FWHM�
for 22Na�, �100 coincidence events per second �a peak-to-
background ratio �103� for the above positron source. At
least 107 events were accumulated in each LT spectrum. The
LT spectra were decomposed into individual discrete compo-
nents by means of a maximum-likelihood-based procedure.21

The contribution of positron annihilation in the source and
covering foils was measured for a well-annealed pure � iron
�the bulk lifetime of 107.0�0.3 ps� and recalculated for a
particular material under study according to a method sug-
gested in Ref. 22.

Coincidence Doppler broadening measurements. The
CDB measurements were carried out with a two-detector
�HPGe� apparatus.23 Using the above positron source, the
CDB spectrometer exhibited an energy resolution of 1.0 keV
�FWHM� at 511 keV energy and a coincidence count rate of
�500 s−1 �a peak-to-background ratio of �105�. Typically
�108 counts were collected in each two-dimensional CDB
spectrum. The spectrum was then reduced to the one-
dimensional DBP cuts. The relative changes in DBP’s were
described in terms of the ratios of the DBP cuts to that of the
pure Zr reference material. The DBP’s were also character-
ized with ordinary shape parameters, S and W, respectively,
which express the relative peak areas for the central �low-
momentum� and wing �high-momentum� parts of the peak.
The central region for the S parameter included electron mo-
menta p, for which �p��2.7�10−3m0c, while the region of
�p�	7.4�10−3m0c was used for the determination of the W
parameter.

Slow-positron implantation spectroscopy. The SPIS mea-
surements were performed using a magnetically guided mo-
noenergetic positron beam—the SPONSOR facility.24 Posi-
tron energies were selected so that they covered the region
from 30 to 35 keV. The diameter of the beam spot was
�4 mm for all positron energies. Energy spectra of annihi-
lation � rays were measured with a HPGe detector having an
efficiency of �30% and energy resolution �FWHM� of
�1.06�0.01� keV at 511 keV. The dependencies of S and W
parameters on the positron energy were measured and then
analyzed by means of the VEPFIT code.25

III. RESULTS AND DISCUSSION

A. Theoretical calculations

We first give a short overview of the current understand-
ing of vacancylike defects and their clusters in YSZ. Y ions

TABLE I. Comparison of the measured and calculated positron lifetimes, �, for reference specimens.
Standard deviations are given in parentheses in units of the last significant digit. The data acquisition and
evaluation procedure is described in Sec. II B.

Metal
Annealing

�°C /h�
Purity
�%�

Experiment,
� �ps�

Theory,
� �ps�

BN GC

Zr 1000/3 99.8 156.9�4� 160.3 162.1

Y 850/1 99.9 205.3�5� 217.8 215.4
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substitute Zr ones, which results in the formation of oxygen
vacancies that compensate electrostatically the YSZ lattice.
Specifically, Zr ions or Zr4+ denoted further as Zr•••• �the
so-called Kröger-Vink notation26 is used throughout this pa-
per� have a different charge than substituting Y3+ ions �YZr� �
having thus −1 charge relative to the lattice. As oxygen va-
cancies, VO

••, have a charge of +2, there are two YZr� ions per
one VO

•• to keep the YSZ lattice neutral. Extended x-ray ab-
sorption fine-structure studies27,28 have suggested that YZr�
preferentially occupies a site which is the next-nearest-
neighbor �NNN� to the oxygen vacancy instead of the
nearest-neighbor �NN� sites that were originally expected to
be places for YZr� because of attractive electrostatic attraction
of VO

•• and YZr� . This finding is in agreement with recent ab
initio calculations29 that have shown that a VO

••YZr� complex
has the lowest energy when yttrium is located in the NNN
site. It has also been shown that at low temperatures only a
relatively small fraction of oxygen vacancies is unassociated
with YZr� . At low yttrium concentrations the majority of oxy-
gen vacancies couples with a single substitutional yttrium
atom forming an VO

••YZr� complex,30,31 while at a higher yt-
trium content the complexes with two yttrium atoms
�YZr� VO

••YZr� � dominate.
Neutron-diffraction experiments32,33 further confirm the

conclusion regarding the atomistic structure of the YZr� VO
••YZr�

complex �see also Ref. 34 for electron-diffraction data�. Goff
et al.32 also showed that oxygen vacancies have a tendency
to be aligned in the �111	 directions creating thus oxygen
divacancies with one Zr ion separating them.

In order to have an idea whether the above VO
••-related

defects may trap positrons and what are their corresponding
positron characteristics, selected point defects, their com-
plexes, and further more complicated defect structures were
examined in the present work. In particular, the oxygen va-
cancy �VO

••� and two oxygen-vacancy complexes with substi-
tutional yttrium atoms, viz. YZr� VO

••YZr� and
2YZr� VO

••ZrZr
�VO

••2YZr� , were studied. In addition, we also con-
sider the zirconium vacancy �VZr�� that may be present in
YSZ materials for various reasons, like a slight Zr
nonstoichiometry35 or high-valence impurities,8,36 though the
VZr� formation energy is quite high �see Ref. 37 for the data
on the monoclinic phase�. As a reference we also studied the
defect-free ZrO2 lattice. The present positron calculations in-
cluded the positron lifetime �, the high-momentum part
�HMP� of the momentum distribution of annihilation pho-
tons, as well as the positron binding energy Eb to defects, the
last being defined as

Eb = Ef − Ed, �1�

where Ef is the ground-state energy of a free, delocalized
positron in the perfect ZrO2 lattice and Ed is the ground-state
energy of a positron trapped at a particular defect.

We further refer to the review by Puska and Nieminen38

regarding the theoretical background of positron calcula-
tions. Except for an early work39 we are not aware of any
computational positron study of ZrO2 and related materials.

1. Nonrelaxed defects

Calculations of � and Eb were at first performed for the
case of a rigid lattice, when atomic relaxations around de-
fects were neglected. The effective potential for positrons
was constructed using atomic densities of free atoms within
the ATSUP method6,40 already mentioned above. Electron-
positron correlations were taken into account in two ways: �i�
within the BN approach19 taking into account incomplete
positron screening41 considering a dielectric constant of 
�

=4.62 and �ii� within the GC scheme.20 The charge state of
defects is not considered in the present calculations, i.e.,
studied defects are taken to be neutral. Supercells considered
in positron calculations are mostly based on the 4�4�4
multiplication of the cubic fluorite cell of ZrO2 in three di-
mensions, i.e., totally 768 atoms �256 Zr and 512 O�. In
some cases smaller supercells were used, as indicated below.

The positron lifetimes and binding energies calculated in
the present work for the cubic and tetragonal ZrO2 phases are
collected in Table II. It is seen from the table that differences
in positron parameters for both these phases are very small,
regardless of using either of approaches BN or GC. For ex-
ample, positron lifetimes differ by a few picosecond �
�3%�. Such a behavior is not surprising, because the volume
per formula unit in the tetragonal phase amounts to 33.07 Å3

while in the cubic phase it is 32.97 Å3 �Ref. 42�. The tetrag-
onal phase exhibits slightly prolonged positron lifetimes
compared to the cubic phase due to its more open structure.
Results in Table II show that VO

•• represents a too shallow
potential well for positrons and is thus incapable of positron
trapping. The same conclusion can be drawn for YZr� VO

••YZr�
complexes. We note that the YZr� VO

••YZr� complex with com-
pensated electric charge was suggested as a dominant posi-
tron trapping site in YSZ crystals in Refs. 9 and 43. On the

TABLE II. Calculated positron lifetimes � and positron binding
energies Eb for various positron states in cubic and tetragonal ZrO2

rigid lattices.

ATSUP-BN ATSUP-GC

�
�ps�

Eb

�eV�
�

�ps�
Eb

�eV�

Cubic phase

Perfect lattice 138 146

VO
•• 140 0.02 149 0.03

YZr� VO
••YZr� 138 �0.01 147 �0.01

2YZr� VO
••ZrZr

�VO
••2YZr� 144 0.02 153 0.06

VZr� 196 2.72 222 2.44

VO
•• superstructure 153 159

Tetragonal phase

Perfect lattice 141 150

VO
•• 142 0.02 152 0.03

YZr� VO
••YZr� 141 �0.01 150 �0.01

VZr� 198 2.56 224 2.28

VO
•• superstructure 156 163
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other hand, VZr� is a deep potential well capable to confine the
positron wave function.

The concentration of oxygen vacancies is rather high due
to a violation of stoichiometry caused by an addition of the
Y2O3 stabilizer and as we mentioned above there is an inter-
action between closely spaced oxygen vacancies, which re-
sults in an ordering of these defects. As a first guess, one
may consider a superstructure of ordered oxygen vacancies
rather than an isolated VO

••. Although an isolated oxygen va-
cancy is unable to confine a positron, an array of such va-
cancies increases open volume in the lattice and could thus
prolong the lifetime of free positrons. In our calculations,
therefore, a superstructure of oxygen vacancies was also

considered. It was modeled by removing one oxygen atom
from a twelve-atom cell of ZrO2 applying periodic boundary
conditions. Certainly, one can see in Table II that our calcu-
lations for such a VO

•• superstructure yielded a higher positron
lifetime compared to an isolated VO

•• and also to the perfect
ZrO2 lattice.

Furthermore, the 2YZr� VO
••ZrZr

�VO
••2YZr� complex is a sym-

metrical configuration of two YZr� VO
••YZr� complexes with their

VO
••’s aligned along a �111	 direction and separated by a Zr

atom �see Fig. 1�D�� as suggested from neutron-diffraction
experiments.32 The positron lifetime and binding energy re-
sults indicate, as for the YZr� VO

••YZr� case, that this defect/
complex does not constitute a positron trap.
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FIG. 1. �Color online� Relaxed defect geometries for various defects calculated using the GGA pseudopotential. The values given are
atom displacements in angstrom. A positive value of displacement means an inward relaxation, while a negative sign of displacement stands
for an outward relaxation. The letters denote atoms undergoing similar relaxation, cf. Table III.
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2. Relaxed defects

Lattice relaxations around defects in oxides �including
ZrO2� are known to be rather large.29,44 Hence, the consider-
ation of a rigid lattice in theoretical calculations may be an
oversimplification. To improve ab initio modeling of defects
in ZrO2 and to examine the role of atomic relaxations in it,
we employed the Vienna ab initio simulation package �the
VASP code45–48� to find out relaxed geometries of studied
defects. For this purpose, we have minimized the total en-
ergy of supercells containing studied defects with respect to
atomic/ionic positions. Because of above mentioned very
small differences in positron parameters for the tetragonal
and cubic rigid lattices, calculations involving ion relax-
ations were performed for the cubic lattice only. As the cubic
ZrO2 �fluorite� lattice with a small yttrium content is not, in
general, stable with respect to small deviations of oxygen
atoms from their ideal positions and tends to transform to the
tetragonal lattice,49 we have attempted to restrict the symme-
try considered in relaxations to the cubic one to avoid such a
transformation whenever it is possible to do so.

4s, 4p, 5s, and 4d Zr and Y electrons and 2s and 2p O
electrons were included in the ab initio VASP pseudopotential
calculations of electronic structure and ion relaxations. In the
course of calculations, projector augmented-wave pseudopo-
tentials �PPs� within the local-density and generalized gradi-
ent approximations �GGA� were employed.50 As the results
obtained with both PPs are very similar, only those calcu-
lated within GGA approach are shown and discussed in the
following text. We also mention that the GGA approach is
often preferred in first-principles studies of ZrO2 and YSZ.51

In the course of calculations, we used 96 atom supercells
�2�2�2 multiplication of the cubic fluorite cell� employing
2�2�2 k-mesh sampling.

We first treated intrinsic vacancies VO
•• and VZr� and two VO

••

complexes containing yttrium atoms, i.e., YZr� VO
••YZr� and

2YZr� VO
••ZrZr

�VO
••2YZr� . The calculated relaxations are shown

schematically in Figs. 1�A�–1�D� and the displacements of

NN and NNN ions are summarized in Table III. The super-
scripts used within the table refer to ions’ designations in
Figs. 1�A�–1�D�. Ions exhibiting similar relaxation are de-
noted by the same letter. Calculated displacements d of at-
oms in the NN and NNN sites around defects are listed in the
table together with the direction of the ion’s relaxation. In the
case that an ion relaxes in a direction, which differs from the
vector connecting the defect and the ion in question, the table
shows also the projection of the displacement, dp, onto the
connecting line between the defect and the ion in the rigid
lattice. The plus sign marks an inward relaxation, while the
minus sign denotes an outward relaxation.

In the case of VO
••, the largest relaxation can be seen for

oxygen NNN atoms which move toward the vacancy along
�100	 directions. Such a relaxation can be expected from the
attractive Coulomb interaction between the +2-charged oxy-
gen vacancy and oxygen anions. The NN zirconium atoms
exhibit a smaller relaxation along �111	 directions, which is
also inward, i.e., toward the vacancy. We note that in Ref. 29
apparently larger relaxations were obtained for the vacancies
NN’s and NNN’s using the same supercell �i.e., ZrO2
+3 mol. % Y2O3� compared to the present work. This is due
to forcing the VO

•• symmetry to be cubic in different ways �see
Ref. 29 for details�.

One can see in Figs. 1�A� and 1�D� that the displacement
pattern for 2YZr� VO

••ZrZr
�VO

••2YZr� looks very similar to that of
VO

••. Thus, the presence of two yttrium atoms in the NNN
sites modify only slightly the relaxed geometry of VO

••. The
main effect of yttrium dopants is an increased relaxation of
the adjacent oxygen atom along the �100	 direction due to a
superposition of VO

•• attraction and YZr� repulsion. A sym-
metrical configuration of two VO

••’s around the central Zr
atom causes that the forces acting on this central atom due to
these NN vacancies cancel each other and the central Zr
atom thus remains in its rigid lattice position.

Contrary to 2YZr� VO
••ZrZr

�VO
••2YZr� , the YZr� VO

••YZr� complex
was found to destabilize the cubic structure that was not
possible to keep, contrary to other investigated defects. In-

TABLE III. Calculated displacements, d, and projected displacements, dp, of atoms due to lattice relax-
ations around various defects �see the text for further explanations�. The superscripts used within the Table
refer to ion’s designation in Figs. 1�A�–1�D�.

Defect

NN NNN

Atom Direction
d

�Å� Atom Direction
d

�Å�
dp

�Å�

VO
•• Zr �111	 +0.03 O �100	 +0.08

YZr� VO
••YZr� Zr �111	 −0.18a O �31̄1̄	 0.14 +0.13c

�111	 −0.22b �1̄1̄1̄	 0.13 +0.08d

�01̄0	 0.25 −0.03c

�101	 0.36 −0.10f

�1̄31̄	 0.47 −0.10g

2YZr� VO
••ZrZr

�VO
••2YZr� Zr 0.0a O �100	 +0.20d

�111	 −0.19b �100	 +0.30e

�111	 −0.21c �100	 +0.37f

VZr� O �111	 −0.11 Zr �110	 +0.07
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deed, one can see in Fig. 1�C� that the relaxed geometry of
YZr� VO

••YZr� involves rather complicated relaxations of NN
oxygen atoms in directions, which do not coincide with the
radius vector from the vacancy toward the corresponding
atom. A closer inspection of these relaxations reveals that
NNN oxygen atoms tend to create a configuration typical for
the tetragonal phase. This is slightly modified by the two
substitutional Y atoms in adjacent sites which cause that the
relaxation of O atoms depends also on their distance from
the Y dopants. However, the general trend seen clearly in the
YZr� VO

••YZr� complex relaxed geometry is a disruption of the
cubic structure.

In the case of VZr�, the NN oxygen cations exhibit an out-
ward relaxation along �111	 directions, as expected due to
the −4 charge of a zirconium vacancy. On the other hand, the
NNN zirconium atoms move toward the vacancy along �110	
directions.

Two approaches were employed for the calculation of
positron parameters for the relaxed defects.

�i� Relaxed defect configurations were treated within the
conventional ATSUP scheme, i.e., the effective positron po-
tential was constructed from a superposition of electron den-
sities and Coulomb potentials of free atoms located at re-
laxed positions. Hence, the charge transfer among atoms and
consequently the ionic character of the studied material are
neglected in this approach.

�ii� The one-particle Schrödinger equation was solved for
a positron in an effective potential obtained from the self-
consistent electron density and Coulomb potential deter-
mined for the relaxed defect geometry by VASP. Thus, in this
approach the charge transfer is involved.

For the purpose of positron calculations, the relaxed VASP

supercells were extended to a total of 768 atoms by adding
atoms at sides of VASP supercells. Such added atoms are
arranged in the form of the regular ZrO2 lattice. The positron
lifetimes and positron binding energies to defects, calculated
within the approaches �i� and �ii�, respectively, are collected
in Tables IV and V. We shall first present the results of the �i�
approach.

Considering relaxations discussed above it can be de-
duced that the open volume of VO

•• was reduced in the relaxed

configuration because both NN �zirconium� and NNN �oxy-
gen� atoms relaxed toward the defect. Thus it can be con-
cluded that VO

••, which was found to be unable of positron
trapping in the rigid lattice geometry, is in its relaxed con-
figuration even less attractive for positrons. Indeed, one can
see in Table IV that the positron lifetime in a supercell con-
taining VO

•• is almost equal to the bulk lifetime and the posi-
tron binding energy to a relaxed oxygen vacancy is negli-
gible. On the other hand, the open volume of VZr� becomes
larger in the relaxed configuration due to a relatively large
outward relaxation of NN oxygen cations. Hence the relaxed
VZr� is a deeper positron trap and the lifetime of trapped pos-
itrons becomes larger than that for a VZr� in the rigid lattice.

When the charge transfer is taken into account �approach
�ii��, the ionicity of the ZnO crystal structure becomes appar-
ent and is manifested through the positron attraction to oxy-
gen anions, which leads to a higher annihilation rate with
oxygen electrons and, thereby, to an overall decrease in the
positron lifetime, which was indeed observed in the case of
the perfect lattice, VO

•• and complexes consisting of VO
••

coupled with Y. One can see in Table V that a positively
charged VO

•• repels a positron and forces it to lattice regions
with a higher electron density causing thus a shortening of
the positron lifetime as well as an increase in the positron
energy. A similar effect was found also in the case of the
YZr� VO

••YZr� and the 2YZr� VO
••ZrZr

�VO
••2YZr� complex. The open

volume of these complexes was extended due to outward
relaxations of NN Zr atoms �see Fig. 1�C��. This is reflected
by a raise of the positron lifetime and binding energy calcu-
lated for the relaxed YZr� VO

••YZr� and 2YZr� VO
••ZrZr

�VO
••2YZr� ge-

ometries in Table IV. However, Table V shows that if the
charge transfer is taken into account, then the complexes are
not capable of positron trapping anymore due to the Coulom-
bic repulsion of the positron and oxygen vacancy. Binding
energies of positrons to YZr� VO

••YZr� and 2YZr� VO
••ZrZr

�VO
••2YZr�

defects, as given in Table V, are very small and would vanish
with the increasing supercell size used for positron calcula-
tions.

Contrary to other defects, a slight increase in the positron
lifetime was observed for VZr� when the charge transfer was
taken into account. Also in this case positrons are attracted to

TABLE IV. Calculated positron lifetimes, �, and positron bind-
ing energies, Eb, for relaxed defect geometries. The effective posi-
tron potential was modeled by atomic superposition, i.e., neglecting
the charge-transfer effects. The BN and GC approaches for
electron-positron correlation were applied in the calculations �see
text�.

Positron state

BN GC

�
�ps�

Eb

�eV�
�

�ps�
Eb

�eV�

Perfect lattice 138 146

VO
•• 139 0.01 147 0.02

YZr� VO
••YZr� 164 0.30 173 0.38

2YZr� VO
••ZrZr

�VO
••2YZr� 156 0.20 165 0.26

VZr� 216 2.75 238 2.60

TABLE V. Calculated positron lifetimes, �, and positron binding
energies, Eb, for relaxed defect geometries. Positron parameters
were calculated using the self-consistent electron density obtained
by VASP, i.e., the charge-transfer effects were involved in this ap-
proach. The BN approximation for electron-positron correlations
was applied in the calculations.

Positron state

BN

�
�ps�

Eb

�eV�

Perfect lattice 133

VO
•• 132 −0.12

YZr� VO
••YZr� 139 0.04

2YZr� VO
••ZrZr

�VO
••2YZr� 134 0.01

VZr� 220 2.80
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negatively charged oxygen ions, but because of a more com-
plicated nature of charge redistribution due to self-
consistency leading to a lower electron density inside the
vacancy, the resulting positron lifetime is finally moderately
prolonged.

Positron densities ��+�2 calculated using the approach �ii�
for free positrons in the perfect ZrO2 lattice and for the de-
fect configurations considered in Table III are plotted in Figs.
2�A� and 2�B� in the �111	 direction. One can see in Fig.
2�A� that a positron is confined in VZr�. On the other hand, the
defects connected with an oxygen vacancy cause only a
slight local enhancement in the amplitude of the positron
density, but do not form a bound positron state. Contrary to
the case of VZr�, the positron density is diminished in a VO

••

center due to its positive charge. Local maxima of the posi-
tron density can be seen around an oxygen vacancy in the
“open volume” between vacancy and NN ions. As one can
see in Fig. 2�B�, the magnitude of the positron density in the
vicinity of VO

•• is similar to that in a perfect lattice. A higher
amplitude of the positron density around an oxygen vacancy
can be seen in VO

•• associated with yttrium atoms. This is a
consequence of an enlargement of the open volume caused
by ion displacements induced by yttrium atoms in the NNN
sites. However, the open volume around an oxygen vacancy
is still too small to form a localized positron state.

It should be mentioned that atomic relaxations in this
work were performed without a positron trapped inside the
defects examined. However, in a real defect, the trapped pos-
itron acts on the surrounding atoms by the so-called positron-
induced forces52 that can be evaluated using the Hellman-
Feynman theorem.53 Thus, the relaxed geometry of a defect
with a trapped positron may differ from that calculated with-
out a positron. Recent calculations54 for monovacancies in
Si, Al, and Cu showed that the effect of positron-induced
forces on atomic relaxations may be significant. Thus, it
would be useful to include positron-induced forces into the-
oretical positron calculations for various defects in YSZ.

Such a refined approach could somewhat modify the picture
given here, especially regarding the question of positron
trapping in YZr� VO

••YZr� complexes. However, it cannot be ex-
pected that VO

•• will be able to trap positrons even if positron-
induced forces are taken into account �see also Ref. 44�.
Regarding VZr�, the trapped positron is expected to attract NN
oxygen ions. An inward relaxation of these ions would
shorten the lifetime of trapped positrons. However, details
remain to be determined finally in a future work.

In the VASP calculations oxygen vacancy was created by
removing a neutral O atom, hence, it has +2 charge relative
to the lattice. Other charge states of oxygen vacancy can be
stabilized, depending on the stoichiometry of YSZ and the
Fermi level position in the band gap. In analogy with other
oxides, VO

•• may capture electron and form F+ center.55,56 It
was found29 that single occupied F+ centers are only margin-
ally stable and decay into neutral, doubly occupied F centers,
and VO

••. However, ATSUP calculations for rigid lattice per-
formed in Sec. III A 1 demonstrated that simply due to geo-
metrical reasons oxygen vacancy likely does not constitute
positron trap even as single occupied F+ center or doubly
occupied neutral F center. However, refined calculations of
oxygen vacancies in various charge states are desirable to
obtain defined conclusion about this problem.

To summarize, from theoretical calculations just discussed
it can be concluded that VO

•• and most probably also
YZr� VO

••YZr� and 2YZr� VO
••ZrZr

�VO
••2YZr� complexes should be ex-

cluded from a set of possible positron trapping sites in YSZ.
On the other hand, VZr� is undoubtedly a deep positron trap.
Positron lifetime may be prolonged by the existence of cor-
related clusters or chains of VO

••, as proposed, e.g., in Refs. 34
and 57.

3. High-momentum parts of momentum distribution

The HMP calculations were performed using ATSUP-
based approach described in Refs. 58 and 59. This approach
enables to calculate contribution of core electrons, which are
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FIG. 2. �a� Positron density ��+�2 along the �111	 direction calculated for a perfect ZrO2 crystal �solid line� and a crystal containing
various defects: VO

•• �dashed line�, YZr� VO
••YZr� �dotted line�, 2YZr� VO

••ZrZr
�VO

••2YZr� �dash-dotted line�, and VZr� �thick solid line�. �b� A zoom of the
positron density around defects which are not capable of positron trapping. Positron densities were calculated with charge transfer taken in
the approach �ii� in the text. The oxygen �or zirconium� vacancy was always situated in the 1 1 1 position. Positron density is expressed in
atomic units and the distance scale is in the units of ZrO2 lattice constant a.
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almost unaffected by crystal bonding and can be well de-
scribed by atomic orbitals, to the momentum distribution of
annihilation radiation. On the other hand, ATSUP-based ap-
proach cannot describe accurately contribution of valence
electrons. For this reason only core electrons were included
in the calculations of momentum distributions and compari-
son of calculated HMP curves with experiment is, therefore,
meaningful only in the high-momentum region, where anni-
hilations with core electrons dominate. Core electron con-
figurations employed in HMP calculations were as follows.
In the case of Zr �Y�, electrons with a configuration of a Kr
atom plus two �one� 4d ones were considered to act as core
electrons. It has to be noted that 4d electrons have actually a
“semicore” character, therefore, their attribution to core elec-
trons is not obvious. To select “best” core electron configu-
rations we performed HMP calculations for pure Zr or Y and
compared the calculated momentum distributions with ex-
perimental CDB profiles measured on pure Zr or Y reference
samples. It was found that configurations with 4d orbitals
treated as core electrons exhibit better agreement with ex-
periment and describe well the experimental CDB curves in
the high-momentum range �p	10�10−3m0c�. For O, the
1s2, 2s2, and 2p2 orbitals were considered as core electrons.

The calculated HMP ratio curves for VO
••, YZr� VO

••YZr� , and
VZr� related to defect-free Zr are plotted in Fig. 3. All HMP
ratios exhibit a pronounced peak at p�15�10−3m0c, which
comes from positrons annihilated by 2p oxygen electrons.
The amplitude of this peak can serve for prediction of a
fraction of positrons annihilated by oxygen electrons. In the
calculations it was found that �70% of positrons trapped in
VZr� annihilate with oxygen electrons. Delocalized positrons
in perfect ZrO2 are annihilated by oxygen electrons approxi-
mately in 50% cases, see the corresponding curve in Fig. 3.
In the case of ZrO2 containing VO

••, the fraction of positrons
annihilated by oxygen electrons is further reduced slightly

below 50%. The HMP curve for YZr� VO
••YZr� with an oxygen

vacancy associated with yttrium atoms is shifted below the
curve for VO

•• due to positron trapping occurring for this de-
fect when the scheme �i� is used for positron calculations
�HMP calculations within scheme �ii� are not available�. A
closer inspection shows that a contribution of positron anni-
hilations with yttrium electrons is very small and can hardly
be detected in experiment.

B. ZrO2+9 mol. % Y2O3 single crystal

The LT, SPIS, and CDB measurements were performed
on the ZrO2+9 mol. % Y2O3 single crystal in the present
work. The measured LT spectrum exhibited a single compo-
nent with a lifetime of �175�1� ps. This lifetime is substan-
tially longer than the lifetime of �133 ps calculated for de-
localized positrons, see Sec. III A, which strongly suggests
that positron trapping plays a dominant role. On the other
hand, the measured lifetime is considerably shorter than the
theoretical lifetime of positrons trapped in VZr�, which was
shown in Sec. III A to be the only defect capable of positron
trapping. Thus, the interpretation of the lifetime component
observed in the ZrO2+9 mol. % Y2O3 single crystal is not
straightforward.

To gain further information about the positron behavior in
the ZrO2+9 mol. % Y2O3 single crystal, we have studied
the positron diffusion back to the surface using the SPIS
technique. In Fig. 4, the measured dependence of the S pa-
rameter on the positron energy is shown together with a
curve fitted by the VEPFIT software25 assuming a simple
single-layer model. A very short positron diffusion length,
L+= �8.6�0.4� nm, was obtained from fitting. This result,
similar to that obtained for a ZrO2 cubic single crystal by
Grynszpan et al.,60 gives a clear evidence that virtually all
positrons in the ZrO2+9 mol. % Y2O3 single crystal annihi-
late from a trapped state at defects. Consequently, the ob-
served LT component with the lifetime of 175 ps must be
attributed to a single type of defects �saturated defect trap-
ping�. An order of magnitude of the defect concentration, C,
can be estimated using the relation
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FIG. 3. �Color online� Calculated HMP ratios �related to the
defect-free Zr� for various positron states in ZrO2: perfect ZrO2

�thin solid line�, VO
•• �dashed line�, VZr� �thick solid line�, and

YZr� VO
••YZr� �dash-dotted line�. For comparison, HMP ratio for pure Y

was also calculated �dotted line�. The curves were calculated for
relaxed defect configurations �GGA pseudopotential� and using the
GC approach for the positron-electron correlation.
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C =
1

�B

LB,+

2

L+
2 − 1� , �2�

where the free-positron lifetime in the perfect ZrO2 lattice
was taken as �B�133 ps on the basis of the theoretical cal-
culations of Sec. III A, L+ and LB,+ denote the mean positron
diffusion lengths measured on the single crystal and a perfect
ZrO2 lattice, respectively. The latter quantity for ZrO2 is not
known and was assumed to equal �150 nm, which is a typi-
cal mean positron diffusion length in similar materials.61 The
symbol  denotes the specific positron trapping rate. Here we
used �1014 at. s−1, which is a typical value for monova-
cancies in most solids.38 The defect concentration estimated
from Eq. �2� is then C�2 at. %. Despite of uncertainties of
input quantities, Eq. �2� implies a very high defect concen-
tration comparable in order of magnitude with the concentra-
tion of yttrium atoms in the crystal �5.5 at. %�. This testifies
that the defects responsible for positron trapping in the
ZrO2+9 mol. % Y2O3 single crystal must be of a structural
origin. Hence, LT studies strongly indicate that positrons in
ZrO2+9 mol. % Y2O3 single crystal are trapped at defects
which contain VZr�. However, the lifetime measured in ex-
periment is shorter that the lifetime calculated for positrons
trapped in VZr�, see Table V. This shortening of positron life-
time may be caused by two factors: �i� inward relaxation of
O anions due to attractive Coulomb interaction with positron
trapped in vacancy �see Sec. III A� or �ii� formation of com-
plexes of VZr� with certain impurities �e.g., hydrogen�.
Clearly, more investigations are needed to clarify this prob-
lem.

The DBP ratio curve measured on the ZrO2+9 mol. %
Y2O3 single crystal is plotted in Fig. 5 �open circles�. The
curve exhibits a distinct peak around a momentum of p
�15�10−3m0c, which is known to be characteristic of pos-
itron annihilations with oxygen in the lattice62 and represents
a contribution of positrons annihilating with 2p oxygen elec-
trons. A rather high contribution of positrons annihilated by
oxygen electrons is visible in the figure. It favors positron
trapping in a defect the surrounding of which is similar to
that of VZr�, since Zr vacancies have eight NN oxygen atoms
and a contribution coming from annihilations with oxygen
electrons is, therefore, expected to dominate. It should be
mentioned that a very similar ratio curve �including even the
magnitude of the peak at p�15�10−3m0c� was recently
measured9 in CDB experiments on a ZrO2+9.5 mol. %
Y2O3 single crystal of a different producer �Alfa Aesar,
USA�.

As discussed above in this section, all positrons in the
ZrO2+9 mol. % Y2O3 single crystal annihilate from a single
state, i.e., trapped in a single type of defect. Hence, the DBP
is a superposition of partial profiles, nZr, nO, and nY arising
from the annihilation of trapped positrons with zirconium,
oxygen, and yttrium electrons, respectively,

n = xZrnZr + xOnO + xYnY. �3�

Here xZr, xO, and xY denote the fractions of positrons anni-
hilated by zirconium, oxygen, and yttrium electrons, respec-
tively, in the given type of defects.

Let us first consider the contribution of Y electrons. The
DBP ratio curve measured on the well-annealed pure yttrium,
see triangles in Fig. 5, exhibits a broad minimum at p�13
�10−3m0c and becomes rather flat at p	18�10−3m0c due
to a similar electronic structure of yttrium and zirconium. It
is known that yttrium is coupled with VO

•• �Ref. 9�, but theo-
retical calculations in Sec. III A showed that neither the
YZr� VO

••YZr� nor the 2YZr� VO
••ZrZr

�VO
••2YZr� complexes may be

considered as effective positrons traps. The only defect iden-
tified in Sec. III A as a potential trapping center for positrons
is VZr�. As there is no indication of yttrium coupling with VZr�,
the fraction of positrons annihilated by Y electrons in the
ZrO2+9 mol. % Y2O3 should be very small and can be ne-
glected to a first approximation.

This argumentation is further supported by the present
CDB observations, see Fig. 5, which are showing no traces
of yttrium contribution to the total DBP ratio for the ZrO2
+9 mol. % Y2O3 single crystal. To be certain about this con-
clusion, we measured also a DBP for the ZrO2+3 mol. %
Y2O3 single crystal �empty circles shown on Fig. 5�. Despite
of three times lower concentration of Y2O3, the DBP ratio
observed for the ZrO2+3 mol. % Y2O3 single crystal is al-
most identical with that for ZrO2+9 mol. % Y2O3. Hence, a
reasonable approximation of the DBP ratio curve for these
YSZ single crystals is

� =
n

nZr
� 1 − xO + xO�O, �4�

where �O�nO /nZr is the ratio curve for positrons annihilated
by oxygen electrons, i.e., for a hypothetical situation where
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FIG. 5. �Color online� The measured DBP ratio curves for YSZ
single crystals and pressure-compacted binary YSZ nanopowders
�P=500 MPa�. The DBP ratio curve for a well-annealed pure Y
sample is plotted in the figure as well. The DBP ratio curves deter-
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positrons annihilate with oxygen electrons only, and for the perfect
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lines, respectively. The thick solid lines show approximations of
DBP ratios for the pure ZrO2 and an YSZ compacted nanopowders
given by Eq. �14� of Sec. III C. Thin solid lines are polynomial
smoothing curves plotted just to guide an eye.
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all positrons annihilate exclusively with oxygen electrons. In
theoretical calculations �Sec. III A� it was found that the
fraction of positrons annihilated by oxygen is xO�0.7 for
positrons trapped at VZr�. Thus, assuming that positrons in a
ZrO2+9 mol. % Y2O3 single crystal are trapped at defects
similar to VZr�, we can calculate the DBP ratio �O from Eq.
�4�. This curve representing the “pure” contribution arising
from annihilations of positrons with oxygen electrons is plot-
ted in Fig. 5 by a short-dashed line.

On the other hand, for a free positron delocalized in a
perfect ZrO2 lattice the expected probabilities of annihilation
with oxygen or zirconium electrons are almost the same, i.e.,
xO�0.5, see Sec. III A. The DBP ratio curve expected for a
delocalized positron in a perfect ZrO2 lattice can be, there-
fore, easily calculated from �O and is also plotted in Fig. 5 by
a long-dashed line. It has to be mentioned that the nO curve
for a positron in a perfect ZrO2 may differ slightly from that
for a positron trapped in VZr�-like defects. However, these
curves differ mainly in the low-momentum range where the
contribution from valence electrons dominates. Localized
core electron orbitals, however, are not involved in crystal
bonds and remain, therefore, basically unaffected by the
atomic environment. As far as the high-momentum part is
considered, the shape of both curves is similar.

C. Nanocrystalline powders

YSZ nanopowders

XRD and TEM characterizations. The structure of YSZ
nanopowders was directly observed by TEM and XRD. In
Fig. 6, TEM images of the calcinated ZrO2+3 mol. % Y2O3
nanopowders �prior to compaction� are shown as an ex-
ample. The mean particle size of the YSZ nanopowders is
determined from broadening of XRD lines by using the

Scherer formula and fell within �23�2�, �18�1�, and
�16�1� nm for ZrO2 with 0, 3, and 8 mol. % of Y2O3 sta-
bilizer content, respectively. These values agree well with the
particle sizes estimated from TEM observations.

The XRD spectrum of ZrO2+3 mol. % Y2O3 compacted
nanopowder �compaction pressure P=500 MPa� is pre-
sented in Fig. 7. The specimen exhibits a tetragonal phase
pattern with lattice parameters a=5.121�2� Å and c
=5.131�2� Å. The c /a ratio for the compacted nanopowder
is smaller than that reported for a tetragonal phase
polycrystal,63 but is comparable to that measured on YSZ
nanopowders produced by a sol-gel method.64 It should be
mentioned, however, that tetragonal and cubic phases have
very similar lattice parameters which makes it difficult to
distinguish between them. The tetragonal structure can be
identified only from a characteristic splitting of the Bragg
profiles from the “c” index planes. However, due to a very
small particle size, these split peaks of the tetragonal phase
overlap with each other. Therefore, one cannot exclude to
have a mixture of tetragonal and cubic phase in the com-
pacted nanopowders.

One can see in Fig. 7 too that not only the position but
also the intensity of the reflections measured on the com-
pacted nanopowder agree well with the calculated pattern for
the tetragonal ZrO2 phase.63 This testifies that grains in the
compacted nanopowder are randomly oriented. The grain
size �i.e., the size of coherently scattering domains� deter-
mined from integral breath of diffraction profiles using the
Scherer formula is �17.0�0.9� nm and corresponds well
with the mean particle size determined prior to compaction.
This demonstrates that the size of crystallites was not
changed during compaction of nanopowders.

LT spectra. LT spectra of compacted nanocrystalline YSZ
powders were decomposed into four exponential components
�except for the para-Ps and the source contributions�. Life-
times, �i, and relative intensities, Ii, of these components for
YSZ specimens with various Y2O3 content and compaction
pressure, P, are collected in Table VI. It is clear from the
lifetimes of the table and from the preceding discussion of
results on single crystals in Sec. III B that all positrons in the
compacted nanopowders annihilate either from trapped states
at defects �saturated trapping� or form Ps. One can see from
the table that the compacted nanopowders exhibit similar LT
results independently of applied pressure. Obviously, the LT
parameters for compacted binary YSZ nanopowders investi-
gated in the present work do not vary significantly with the
applied pressure in the 250–1000 MPa interval.

A B

FIG. 6. TEM images �two different magnifications� of calci-
nated nanopowders of ZrO2+3 mol. % Y2O3 prior to compaction.
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FIG. 7. �Color online� XRD spectrum of Z3Y compacted nanopowder �P=500 MPa�. The calculated reflections for the tetragonal phase
�Ref. 63� are plotted as vertical lines.
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There are, however, remarkable differences between
specimens with various Y2O3 content. On the one hand, the
observed positron lifetimes are almost independent of the
Y2O3 concentration testifying that the open volume related to
defects and hence the nature of defects remain unchanged.
The lifetime �1�185 ps can be attributed to vacancylike
defects. The second component with lifetime �2�375 ps
comes from larger defects with open volume comparable to a
few monovacancies. On the other hand, the intensity ratios of
the two shorter components, I2 / I1, vary remarkably with the
content of Y2O3 stabilizer. A more detailed treatment of this
behavior will be given in the next paragraph.

In the lifetime region above 1 ns, the two components
arising from annihilation of o-Ps could be resolved. In all
cases, the total contribution of Ps annihilation to LT spectra
remains below 10%. The principal o-Ps component ��4
�30 ns, I4�6%� corresponds to mesopores of �3 nm di-
ameter estimated on the basis of the semiempirical correla-
tion between the o-Ps pick-off lifetime and the cavity size.65

Compacted nanopowders usually contain some residual
porosity.66–68 Hence, the principal o-Ps component can be
attributed to o-Ps localized in big cavities between crystal-
lites. It was shown that cavities of such a size may appear
between primary particles of �20 nm diameter.7 The shorter
and weaker o-Ps component with lifetime �3�2 ns can be
attributed to smaller voids with diameter �0.6 nm estimated
using the Tao-Eldrup model.66,69 These sub-nanometer voids
may be situated at intersections of crystallite interfaces.
However, one cannot exclude another possibility that size
distribution of cavities between grains is rather broad and the
shorter o-Ps component is an artifact of the mesopore-size
distribution tail extended to smaller pore sizes.

Relation of I2 / I1 to grain size. The nanocrystalline struc-
ture leads to a significant volume fraction occupied by GB’s.
Due to a very small grain size �much smaller than typical
mean positron diffusion lengths in a variety of defect-free
materials61�, positrons thermalized inside grains are expected
to reach easily GB’s during their lifetime. It is known that
GB’s in compacted nanocrystalline powders have a strongly
disordered structure with a high density of open-volume

defects.70 Hence, one can expect that positrons become
trapped and annihilate in these open-volume defects at GB’s.
It is also known that GB’s in an ionic crystal may carry an
electric potential resulting from the presence of the excess
ions of one sign.71 This potential is compensated by a space-
charge layer of the opposite sign adjacent to GB’s.

The electrical potential of GB’s in YSZ’s was intensively
studied by Guo in Refs. 72 and 73. It was found that GB
interfaces in YSZ are positively charged due to segregation
of yttrium, which was clearly observed in experiment.74–76

The positively charged GB interfaces in YSZ are, therefore,
very likely surrounded by the negatively charged compensat-
ing layers characterized by depletion of VO

•• �Ref. 73�. It is
believed72 that these space-charge layers with VO

•• depletion
along GB’s are responsible for a high electrical resistivity of
GB’s.

Thus, taking into account the above considerations and
despite of yet unclear points, the most probable interpretation
of the positron behavior in compacted YSZ nanopowders is
that positrons which did not form Ps annihilate almost exclu-
sively at GB’s or inside the negatively charged layers asso-
ciated to GB’s from a trapped state at two kinds of defects:
�i� vacancylike defects, which are the open-volume misfit
defects present due to the disordered structure of GB’s and
�ii� larger point defects �vacancy clusters� with an open vol-
ume comparable to a few monovacancies situated in inter-
sections of two or more GB’s. In this respect, it should be
mentioned that an amorphous phase was found by high-
resolution TEM in intersection of GB’s in YSZ sintered
ceramics.74 It should also be mentioned that, in general, posi-
tively charged regions, such as GB’s in YSZ, repulse posi-
trons, but as shown in Refs. 72 and 77, the size of the po-
tential barrier is just a few tenths of eV, which does not
prevent positrons from getting trapped in much deeper posi-
tron potential wells at the GB core.

The GB interface itself as well as the space-charge layer
along a GB is an areal defect with two macroscopic dimen-
sions. The volume density, CL, of these structures is, there-
fore, proportional to the inverse of the grain size d. Assum-
ing that vacancylike defects are uniformly distributed within

TABLE VI. LT results for the pressure-compacted binary YSZ nanopowders with various content of Y2O3 �lifetimes �i, relative
intensities Ii, i=1, . . . ,4�. Standard deviations are given in parentheses in units of the last significant digit. In addition to the components
shown in the table, a p-Ps contribution with the fixed lifetime at 0.125 ns and relative intensity of �I3+ I4� /3 was assumed in all decompo-
sitions. Intensities are normalized so that I1+ I2+4�I3+ I4� /3=100.

Material
P

�MPa�
�1

�ns�
I1

�%�
�2

�ns�
I2

�%�
�3

�ns�
I3

�%�
�4

�ns�
I4

�%�

ZrO2 250 0.185�2� 43�2� 0.370�4� 46�2� 1.9�1� 1.8�1� 31�2� 6.3�3�
500 0.187�3� 42�2� 0.377�4� 48�2� 1.8�1� 1.5�1� 31�2� 5.7�3�

1000 0.193�2� 44�2� 0.374�4� 44�2� 2.0�1� 2.3�1� 31�2� 6.0�3�
Z3Y 250 0.181�2� 33�2� 0.381�3� 58�2� 2.0�2� 1.2�1� 31�2� 5.4�3�

500 0.174�3� 27�2� 0.373�3� 63�2� 1.6�1� 1.4�1� 30�2� 5.9�3�
1000 0.180�4� 25�2� 0.369�3� 63�2� 1.7�1� 2.0�1� 28�2� 7.1�3�

Z8Y 250 0.187�3� 30�2� 0.375�4� 60�3� 2.0�2� 1.2�1� 30�2� 5.5�3�
500 0.185�3� 30�2� 0.365�4� 60�2� 2.2�1� 2.1�1� 26�2� 5.0�3�

1000 0.197�3� 31�2� 0.378�3� 58�2� 2.2�2� 1.6�1� 31�2� 5.9�3�
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these layers with the areal density �V, the volume concentra-
tion of the vacancylike defects, CV, is

CV = �VCL �
1

d
. �5�

On the other hand, vacancy clusters at intersections of GB’s
are point defects. In the case of uniform grain size, there is a
constant number of these vacancy clusters per grain. Thus,
the volume concentration of vacancy clusters at intersections
of GB’s, Ct, is proportional to the number of grains in a unit
volume, viz.,

Ct �
1

d3 . �6�

Due to saturated trapping at defects occurring in the studied
compacted nanopowders, the ratio of relative intensities I2
and I1 equals to the ratio of positron trapping rates to corre-
sponding defects,

I2

I1
=

�t

�V
=

tCt

VCV
, �7�

where �t and �V are positron trapping rates to vacancy clus-
ters at intersections of GB’s and vacancylike defects, respec-
tively, and t and V are the corresponding positron-specific
trapping rates. A combination of Eqs. �5�–�7� gives a simple
relation between the ratio of relative intensities and the grain
size

I2

I1
�

1

d2 �8�

or

d = kI1

I2
. �9�

The ratio I2 / I1 is plotted in Fig. 8 for all the binary YSZ
nanopowders studied versus d−2 determined by XRD. Be-
cause PAS results for YSZ specimens with the same Y2O3
content but compacted using various pressures are virtually
the same, see Table VI, we plot in the figure the arithmetical

average of I2 / I1 ratios for these specimens to decrease the
statistical scattering. In order to increase the range of grain
sizes used to examine the correlation of I2 / I1 ratio with grain
size, two additional specimens are included in Fig. 8,
namely, monoclinic ZrO2 nanopowder with mean grain size
of �50�5� nm and cubic ZrO2+3 mol. % Y2O3 with
0.3 mol. % of Cr2O3 stabilizer added in order to prevent
particle clustering during calcination. For the latter sample
the mean grain size determined by XRD is �12�1� nm only.
One can see in the figure that a dependence of I2 / I1 on d−2

can indeed be considered as a linear relation testifying that
our interpretation of the positron behavior in the compacted
nanopowders is correct. From a linear fit of the Eq. �9� to the
data in Fig. 8 one can derive the value of the proportionality
constant k= �24�4� nm.

The constant k in Eq. �9� depends on the areal density �V
of vacancylike defects in the grain surface layer and the ratio
of the specific trapping rates for vacancylike defects and de-
fects at intersections of GB’s. Provided that this constant has
been determined for a given class of materials, Eq. �9� can be
used to estimate the mean grain size from LT results, which
is certainly useful in many cases. Even if the constant k is not
known, Eq. �9� can be still used to monitor relative changes
in the grain size.

CDB results. The DBP ratios measured for the pure ZrO2
nanopowder and two binary YSZ nanopowders with varying
content of the Y2O3 stabilizer are plotted in Fig. 5 �P
=500 MPa�. Similarly to the single-crystal specimen, cf.
Sec. III B, a distinct peak centered at p�15�10−3m0c,
which originates from positrons annihilated by oxygen elec-
trons, appears in all these nanopowders. Compared to the
single crystal, however, the magnitude of this peak is re-
markably lowered. Another difference between the CDB re-
sults on compacted nanopowders and the single-crystalline
specimen is an enhancement at very low momenta, which is
clearly visible in Fig. 5 for the compacted nanopowders. This
enhancement results from the p-Ps self-annihilation.

Contrary to Sec. III B, the total DBP, n, is to be expressed
here as a superposition of contributions of several positron
states existing in the specimen. On the basis of the present
LT data, the following four positron states should be consid-
ered in compacted nanopowders: positrons trapped in �i� va-
cancylike defects and �ii� in vacancy clusters at the intersec-
tions of GB’s, positrons that formed �iii� para- and �iv� ortho-
Ps. Denoting corresponding partial DBP’s as nV, nt, np-Ps,
and no-Ps, respectively, we can write

n = �1 − f t − fPs�nV + f tnt +
1

4
fPsnp-Ps +

3

4
fPsno-Ps. �10�

In this equation, f t and fPs, respectively, are fractions of pos-
itrons annihilated as trapped in vacancy clusters at intersec-
tions of GB’s and having formed Ps. The fraction of posi-
trons annihilating from trapped state in vacancylike defects
�presumably VZr�-like defects, see Sec. III A� is then fV=1
− f t− fPs. Fractions fV, f t, and fPs are given simply by corre-
sponding relative intensities observed in the LT measure-
ments �see Table VI�,

d-2 (nm-2)
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FIG. 8. Ratio I2 / I1 against the inverse square of the particle size
d for the compacted binary YSZ nanopowders with various Y2O3

content.
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100fV = I1, 100f t = I2, and 100fPs =
4

3
�I3 + I4� .

�11�

First, let’s consider the pure ZrO2 compacted nanopowder. In
this case, positrons are annihilated by zirconium or oxygen
electrons. In what follows, we will be interested in the high-
momentum parts of DBP’s, i.e., annihilations with high-
momentum core electrons, which, contrary to the valence
electrons, are only very slightly affected by crystal bonding
and thus retain similar configuration as in the free atom or-
bitals. Therefore, one can assume that the shape of contribu-
tions nZr and nO remains practically independent of the type
of defect and partial DBP’s can be in the high-momentum
region expressed as

n� = xZr
� nZr + xO

�nO, �12�

where superscript �=V, t, and o-Ps denotes a vacancylike
defect, vacancy cluster at the intersection of GB’s, or o-Ps,
respectively. The symbols xZr

� and xO
� , respectively, denote the

relative fraction of positrons annihilated by zirconium and
oxygen electrons, i.e., relative weight of these two elements
and depends, therefore, on the local chemical environment of
positron annihilation site. Because of p-Ps self-annihilation,
np-Ps can be fully neglected in the high-momentum region.
Hence, the DBP for the pure ZrO2 compacted nanopowder
can be in the high-momentum region �p	10�10−3m0c� ap-
proximated as

n � �1 − f t − fPs��xZr
V nZr + xO

VnO�

+ f t�xZr
t nZr + xO

t nO� +
3

4
fPs�xZr

o-PsnZr + xO
o-PsnO� . �13�

The DBP ratio related to the pure Zr, �=n /nZr, is then given
by expression

� � �1 − f t − fPs��xZr
V + xO

V�O� + f t�xZr
t + xO

t �O�

+
3

4
fPs�xZr

o-Ps + xO
o-Ps�O� . �14�

Here �O is the DBP ratio derived from the YSZ single-crystal
data using Eq. �4� of Sec. III B �see also Fig. 5� for an ide-
alized case when all positrons are annihilated by oxygen
electrons.

The relative weights xZr
� and xO

� can be estimated by the-
oretical calculations performed in Sec. III A. Hence, it is
possible to model the DBP ratio curve by Eq. �14� using the
fractions f t and fPs obtained in LT measurement and relative
weights xZr

� and xO
� calculated for each considered defect. The

ratio curve constructed using Eq. �14� can be then directly
compared with experimental CDB ratio curve measured on
pure ZrO2 compacted nanopowder in order to test the valid-
ity of the interpretation of experimental LT spectrum, i.e., the
assignment of resolved components to defects.

The following assumptions were used in modeling of the
DBP curve: �i� the contribution of o-Ps pick-off annihilation
to the total DBP is expected to resemble that of bulk ZrO2
with approximately 1:1 ratio of positrons annihilated by oxy-
gen and zirconium electrons, see Sec. III A, i.e., xO

o-Ps

�xZr
o-Ps�0.5. �ii� Chemical surrounding of the vacancylike

defects responsible for the LT component with lifetime �1 in
Table VI was assumed to be closely similar to that of VZr�.
Theoretical calculations �Sec. III A� revealed that �70% of
positrons trapped in zirconium vacancies is annihilated by
oxygen electrons belonging mainly to the NN oxygen atoms.
Hence we put xO

V=0.7 and xZr
V =0.3. �iii� Theoretical calcula-

tions of positron parameters �within the ATSUP approach�
were performed for a vacancy agglomerate consisting of four
missing ZrO2 units �4VZr�’s and 8VO

••’s� in order to model a
vacancy cluster at the intersection of GB’s and to estimate
the xO

t and xZr
t coefficients. These calculations revealed that

positrons trapped at such vacancy agglomerates exhibit life-
time of �369 ps, which is comparable with the experimen-
tal lifetime �2 �see Table VI� and �30% of positrons trapped
at vacancy aggregates are annihilated by oxygen electrons.
Thus, for positrons trapped at vacancy clusters at the inter-
sections of GB’s we guess xO

t =0.3 and xZr
t =0.7.

The ratio curve � for the pure ZrO2 compacted nanopow-
der constructed using Eq. �14� is plotted in Fig. 5 by a thick
solid line. Obviously, for high momenta p	8�10−3m0c, the
curve determined by Eq. �14� is in very reasonable agree-
ment with experimental data. We emphasize that no adjust-
able parameter was used in the modeling and the DBP curve
� given by Eq. �14� is completely determined by the fractions
f t and fPs obtained independently from LT measurement and
the assumptions �i�–�iii� made above in the preceding para-
graph. As an alternative example, an assumption that the
chemical surroundings of the vacancy clusters at the inter-
sections of GB’s is enriched with oxygen, i.e., it is similar to
the environment of VZr�, was examined. Such an assumption,
however, lead to a � curve which is in a striking disagree-
ment with experimental data.

In the case of compacted ZrO2 nanopowder with the Y2O3
stabilizer, we do not expect that the yttrium contribution
would be detectable in CDB experiments according to the
discussion in Sec. III A 3. One can see in Fig. 5 that the DBP
ratios for Z3Y and Z8Y compacted nanopowders are posi-
tioned below the curve for the pure ZrO2 nanopowder. This
shift occurs due to increased fraction of positrons trapped in
vacancy clusters at intersections of GB’s. This may be de-
duced from Table VI where I2 intensities for stabilized pow-
ders are apparently larger �by about 15% on the expense of
I1� than that for the nonstabilized one. The DBP ratios for the
YSZ compacted nanopowders were shown to be well ap-
proximated using the same assumptions as in the case of the
pure ZrO2 compacted nanopowder, assuming an enhanced
fraction f t reflecting enhanced intensity I2 of positrons
trapped in vacancy clusters at intersections of GB’s �see the
thick solid curve in Fig. 5�.

The success of the DBP curves calculated using Eq. �14�
to describe experimental points indicates that the assignment
of LT components to defects given in this section is consis-
tent with CDB results. From analysis of CDB curves we can
draw the following conclusions. �i� The local chemical envi-
ronment of vacancylike defects responsible for the shorter
component with lifetime �1 in LT spectra, see Table VI, is
very similar to that of Zr vacancy, i.e., positrons trapped at
these defects are annihilated mainly by oxygen electrons. �ii�
On the other hand, positrons trapped in the vacancy clusters
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at intersections of GB’s are annihilated predominantly by
zirconium electrons. �iii� The decrease in magnitude of the
“oxygen peak “located at p�15�10−3m0c in YSZ com-
pacted nanopowders is caused by increased fraction f t of
positrons trapped in vacancy clusters at intersections of GB’s
due to decreasing grain size.

From the measured DBP’s, the ordinary shape parameters,
S and W, were calculated and arranged into the S-W plot in
Fig. 9. All the S and W parameters were normalized to the
values of SZr=0.501390�9� and WZr=0.10673�1�, respec-
tively, obtained for the well-annealed pure zirconium speci-
men. The S-W plot in Fig. 9 shows also the points for pure
zirconium, pure oxygen �this point was obtained from nO
=�OnZr�, and pure yttrium. The points for compacted YSZ
nanopowders are located aside the straight line connecting
pure oxygen and pure zirconium points. This is due to the
p-Ps contribution which significantly increases the S param-
eter.

D. Sintered ceramics

LT results. ZrO2+3 mol. % Y2O3 ceramics sintered at
three different temperatures, TS=1000, 1200, and 1350 °C,
respectively, were investigated in the present work. Figure 10
shows the mean positron lifetime

�̄ = �
i

�iIi �15�

as a function of sintering temperature TS. A substantial de-
crease in �̄ with sintering temperature gives evidence for a
recovery of open-volume defects during sintering.

It has to be mentioned that no Ps formation was observed
in specimens subjected to sintering. Thus, the residual poros-
ity �mesopores or voids� has been completely removed by
sintering already at 1000 °C. This is in concordance with
previous PAS investigations of sintered commercial ZrO2
+2 mol. % Y2O3 nanopowders10 which revealed that a dis-
appearance of pores occurs in the range 800–1200 °C.

Two components with lifetimes �2�0.185 and �3
�0.380 could be resolved in the samples sintered at TS
=1000 and 1200 °C. Development of lifetimes and relative
intensities of the individual LT components with sintering
temperature TS is shown in Figs. 11�A� and 11�B�, respec-
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FIG. 9. �Color online� S-W plot constructed from CDB results.
The S and W parameters are normalized to those for a well-annealed
zirconium reference specimen. Open circles denote reference pure
materials �the point for pure oxygen was calculated from the CDB
profile nO determined using Eq. �4� of Sec. III B. Full circles stand
for YSZ single crystals, open triangles for binary YSZ compacted
nanopowders �P=500 MPa�, and open diamonds for ZrO2

+3 mol. % Y2O3 sintered ceramics.
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FIG. 10. ZrO2+3 mol. % Y2O3 ceramics dependence of the
mean positron lifetime on the sintering temperature TS.
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FIG. 11. �Color online� Individual LT components observed for ZrO2+3 mol. % Y2O3 ceramics sintered at various temperatures: �a�
positron lifetimes and �b� relative intensities.
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tively. Obviously the lifetimes �2 and �3 of positrons trapped
at defects do not change with sintering temperature. By anal-
ogy with compacted nanopowders, we attribute �2 and �3
components to positron trapping in vacancylike defects along
GB’s and in vacancy clusters at intersections of GB’s, re-
spectively. On the other hand, the intensity of positrons
trapped in vacancy clusters at intersections of GB’s, I3,
strongly decreases with increasing TS due to grain growth in
the specimens. The contribution of positrons trapped in va-
cancy clusters at intersections of GB’s almost vanishes at
TS=1200 °C. A further increase in TS to 1350 °C leads to
the appearance of short-lived free-positron component with
lifetime �1.

The ratio of intensities I3 / I2 is plotted in Fig. 12�A� as a
function of sintering temperature. A strong decrease in I3 / I2
testifies that a significant grain growth takes place in the
sintered ceramics. The mean grain size calculated from Eq.
�9� is plotted in Fig. 12�B�. The ceramic sintered at 1000 °C
exhibits still a nanocrystalline grain size of d�50 nm.
But at higher sintering temperatures a pronounced grain
growth occurs. A similar result was obtained in recent CDB
investigations of ceramics sintered from a commercial
nanopowder.9

The mean grain size determined in sintered ceramics by
XRD and TEM is shown in Fig. 12�B� as well. One can see
that there is fairly good agreement between the values deter-
mined from LT data and those obtained from XRD and TEM.

In the case of nanocrystalline specimens, the component
with lifetime �2�185 ps comes exclusively from vacancy-
like defects situated at space-charge layers along GB’s. How-
ever, when the grain size approaches the mean positron dif-
fusion length, a contribution of positrons annihilated inside
grain becomes important. In analogy with the YSZ single
crystal, we expect that sintered ceramic contains a relatively
high density of defects. If we assume that these defects are of
the same kind as those in an YSZ single crystal, then they
should contribute to LT spectrum by a component with life-
time of �175 ps, see Sec. III B. Because of closely spaced
lifetimes, this component can hardly be distinguished from
the components coming from the vacancylike defects in
space-charge layers along GB’s. Thus, the second component

with lifetime �2 measured at the ceramic sintered at 1200 °C
contains also an appreciable contribution from positrons
trapped at vacancies inside grains. This causes a slight un-
derestimation of grain size determined for this sintering tem-
perature. At TS=1350 °C positrons annihilate predominantly
in the grain interiors and determination of grain size from LT
results is not possible anymore.

Note that in the frame of the two-state simple trapping
model78 the quantity

� f = 
 I1

�1
+

I2

�2
�−1

�16�

equals to the bulk positron lifetime in a defect-free material.
For the ceramics sintered at TS=1350 °C the Eq. �16� gives
� f = �141�5� ps, which is in a reasonable agreement with
the calculated bulk lifetime in cubic ZrO2, see Tables II and
V.

CDB results. Figure 13 shows the DBP ratios for the
ZrO2+3 mol. % Y2O3 ceramics sintered at various tempera-
tures. It is clear from the figure that the shape of these ratio
curves for sintered ceramics differs remarkably from those
measured on compacted nanopowders. With increasing sin-
tering temperature the DBP ratios of sintered ceramic ap-
proach those for YSZ single crystals. This is clearly due to
an increasing grain size and, thereby, diminishing of positron
annihilation in the space-charge layers along GB’s. A de-
crease in the curve at low momenta reflects a decreasing
concentration of free volume defects �especially vacancy
clusters at intersections of GB’s� and also the fact that Ps is
not formed in the sintered ceramics. The magnitude of the
peak located at p�15�10−3m0c �annihilation with oxygen
electrons� is raised with increasing TS. This reflects the in-
creasing fraction of positrons trapped in vacancylike defects
inside grains on the detriment of positron trapping in va-
cancy clusters at intersections of GB’s.

The DBP profile for YSZ ceramics sintered at TS
�1350 °C, i.e., at temperatures when no free positron com-
ponent was detected in LT spectra can be expressed as
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FIG. 12. �Color online� ZrO2+3 mol. % Y2O3 ceramics sintered at various temperatures: �a� ratio I3 / I2 and �b� mean grain size d
calculated from PAS results using Eq. �9� as a function of the sintering temperature. Mean grain size estimated at selected sintering
temperatures by XRD and TEM is also plotted in the figure for comparison.
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n = �1 − fV − f t�nS + fVnV + f tnt , �17�

where nS represents DBP of positrons trapped at defects in
the grain interiors. The contributions nV and nt are assumed
to be the same as in YSZ compacted nanopowders, see Eq.
�12�. The DBP profile nS can be expressed as

nS = xZr
S nZr + xO

S nO + xY
S nY. �18�

The contribution nS arises from positron traps located in
grain interiors, i.e., not in the yttrium enriched space-charge
layer along GB’s. Hence, xY

S is assumed to be very small
�xY

S �0�. In order to obtain a good agreement with the ex-
perimental DBP ratio, it is necessary to assume that positrons
trapped inside grains are annihilated predominantly by oxy-
gen electrons �xO

S �0.70�. This gives a hint that positrons
inside grains are trapped in VZr�.

One can see in the S-W plot �Fig. 9� that the data on
sintered ceramics lie also on the line connecting the points
for pure zirconium and oxygen. With increasing sintering
temperature, the points move toward the single crystals, i.e.,
the fraction of positrons annihilated by oxygen electrons in-

creases. This is due to grain growth, which reduces the con-
tribution of positrons trapped in vacancy clusters at intersec-
tions of GB’s.

IV. CONCLUSIONS

Various yttria-stabilized zirconia samples with different
content of Y2O3 were investigated in the present work, i.e.,
single crystals, pressure-compacted nanopowders, and ce-
ramics obtained by sintering the nanopowders. LT and CDB
measurements with a conventional 22Na positron source
were carried out. In selected cases, they were supplemented
with the SPIS technique. Comprehensive ab initio calcula-
tions of positron parameters were performed in order to as-
sist the interpretation of experimental data. The obtained re-
sults are itemized below.

�1� Theoretical ab-initio calculations showed that neither
positively charged VO

•• nor its neutral complexes with yttrium
are capable of positron trapping at room temperature. On the
other hand, VZr� is a deep positron trap.

�2� A ZrO2+9 mol. % Y2O3 single crystal exhibits a high
density of defects. Positrons trapped at these defects are pre-
dominantly annihilated by oxygen electrons. Taking into ac-
count positron lifetime and chemical surrounding, the most
likely candidates for these defects are zirconium vacancies.

�3� Positrons in binary YSZ compacted nanopowders are
trapped by vacancylike defects situated mainly in negative
space-charge layers along grain boundaries or in vacancy
clusters at intersections of GB’s. Moreover, �10% of posi-
trons form Ps in large voids or pores.

�4� It was found that the ratio of relative intensities of
positrons trapped in vacancy clusters at intersections of GB’s
and vacancylike defects is proportional to the inverse of
square of grain size, I2 / I1�d−2. This relation can be used for
the determination of grain size from LT data. The mean grain
size d determined by the LT method is in a good agreement
with the ones obtained either by XRD or by TEM.

�5� Residual porosity in binary YSZ compacted nanopo-
wders was removed by sintering at 1000 °C. Significant
grain growth takes place during sintering at temperatures
above 1000 °C.
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