
Extended Positron-Trapping Defects in the Eu3þ-Doped
BaGa2O4 Ceramics Studied by Positron Annihilation
Lifetime Method

Halyna Klym,* Ivan Karbovnyk, Andriy Luchechko, Yuriy Kostiv, and Anatoli I. Popov

1. Introduction

The BaGa2O4 ceramics are considered as a promising material
for use as an insulator in optoelectronic devices,[1,2] as a second-
ary coating for plasma panels,[3–5] etc.[6] The doping of impurities
in the form of rare-earth ions leads to the expansion of the func-
tional properties of such ceramics.[7]

Recent studies of materials similar to BaGa2O4 ceramics in
both undoped and doped forms are mainly focused on the study
of their luminescent properties.[1,8–14] These ceramics are a dou-
ble oxide belonging to the quadrilateral frame topologies that
exist in multiple polymorphs, which is important for lumines-
cence studies because it exhibits luminescence without the
inclusion of rare-earth ions. However, the most interesting is
rare-earth-doped BaGa2O4 ceramics. Most investigations
of such material are limited to X-ray diffraction (XRD), optical
studies, etc.[15–24] Nevertheless, doping of such ceramics
not only leads to modification of their luminescent properties
and changes in phase composition, but also causes

structural transformation.[25–27] Such
significant transformation of the inner
structure in ceramics facilitates the
formation of additional defect-related free
volumes.[28–33]

Among the less conventional but prom-
ising methods to study the defect-related
free volumes in solids of different struc-
tural types is positron annihilation lifetime
(PAL) spectroscopy.[34,35] This technique
has long been serving as a tool for struc-
tural analysis of such functional materials
as ceramics,[36,37] glass,[38] polymers,[39]

nanocomposites,[40] etc. Researchers in the field have presented
a number of approaches to the analysis of PAL spectra of ceramic
materials and to the proper decomposition of such spectra into
different numbers of components.[41] We have also contributed
to the topic using the PAL method to study changes in free
volume in spinel ceramics,[42–44] chalcogenide glasses[45,46]

under the influence of technological modification, etc.
It was shown that functional ceramics are characterized by the
decomposition of the PAL spectrum into two, three, and four
components depending on the developed porous structure of
materials.

It was concluded that for functional ceramic materials a
pair of PAL channels is enabled: positron trapping (components
with shorter and medium lifetimes) and o-Ps decaying
(component with longer lifetime). Generally, these processes
are independent ones. However, if trapping sites emerge in
the vicinity of grain boundaries neighboring free-volume pores,
they can become mutually interconnected thus bringing a signif-
icant complication to the measured PAL spectra. According to
the two-state positron trapping model, in oxide ceramics, the first
component reflects mainly microstructural specifics of spinel
ceramics with characteristic octahedral and tetrahedral vacant
cation sites along with a contribution from the annihilation of
p-Ps atoms which is not considered in the further analysis.[42,47]

Medium lifetime is related to the size of free-volume defects near
grain boundaries and intensity reflects their amount. The third,
longer component originates from the annihilation of o-Ps atoms
in intrinsic nanopores of ceramics. However, the dedicated
investigation of BaGa2O4 ceramics by the PAL method has
not yet been conducted. Therefore, the goal of this work
was to study the transformations of inner free volumes (extended
defects at grain boundaries and nanopores) in BaGa2O4

ceramics doped with different amounts of Eu3þ ions using
PAL method.
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The BaGa2O4 ceramics doped with Eu3þ ions (1, 3 and 4mol%) are obtained by
solid-phase sintering. The evolution of defect-related extended free volumes in
the BaGa2O4 ceramics due to the increase of the content of Eu3þ ions has been
studied using the positron annihilation lifetime (PAL) spectroscopy technique. It
is established that the increase in the number of Eu3þ ions in the basic BaGa2O4

matrix leads to the agglomeration of free-volume defects with their subsequent
fragmentation. The presence of Eu3þ ions results in the expansion of nanosized
pores and an increase in their number with their future fragmentation.
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2. Results and Discussion

The best fit parameters of PAL spectra for the studied ceramics
calculated within the three-components procedure are listed in
Table 1 and graphically presented in Figure 1. It is established
that with the rising of Eu3þ content in the BaGa2O4 matrix, an
increase in the lifetime τ1 and intensity I1 of the first short-term
component is observed. It is very likely that the structure of the
principal ceramics phase is improved. However, when the Eu3þ

ions concentration increases to 4mol.%, the opposite trend starts
to prevail. The lifetime τ2 of the second component increases and

intensity I2 decreases with Eu3þ content (to 3mol.%), while a
further rise of Eu3þ ions (to 4mol.%) leads to a decrease τ2
and increase I2.

As noted in ref. [42,43,47], the lifetime τ2 of the second com-
ponent should be associated with the capture of positrons by
defect-related free volumes. According to XRD data,[48] undoped
BaGa2O4 ceramics contain a large number of additional phases.
As shown by the SEM method,[48] these phases are unevenly dis-
tributed in the volume of the ceramic and mainly localized near
the grain boundaries. The extracted phases play the role of
special centers of positron capture in the volume of ceramics.

Table 1. Lifetimes and intensities for undoped and Eu3þ-doped BaGa2O3 ceramics obtained at a three-components fitting procedure.

Sample τ1 [ns] I1 [%] τ2 [ns] I2 [%] τ3 [ns] I3 [%]

BaGa2O4 0.200� 0.002 83.3� 0.1 0.424� 0.001 14.9� 0.1 2.196� 0.001 1.8� 0.1

BaGa2O4þ 1mol% Eu3þ 0.206� 0.002 85.0� 0.1 0.450� 0.001 13.2� 0.1 2.289� 0.001 1.8� 0.1

BaGa2O4þ 3mol% Eu3þ 0.212� 0.002 89.9� 0.1 0.550� 0.001 7.9� 0.1 2.390� 0.001 2.2� 0.1

BaGa2O4þ 4mol% Eu3þ 0.201� 0.002 83.3� 0.1 0.411� 0.001 14.4� 0.1 2.157� 0.001 2.4� 0.1
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Figure 1. Dependences of lifetimes and intensities of positron annihilation lifetime (PAL) components on Eu3þ amount for undoped and Eu3þ-doped
BaGa2O4 ceramics.
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Since undoped BaGa2O4 ceramics contain two additional phases,
positrons in such samples have statistically a better chance of
being captured.

The lifetime τ2 correlates with the size of free-volume defects,
where positrons are captured and the intensity relates to their
number. Thus, when the Eu3þ content increases to 3mol%,
agglomeration of free-volume defects occurs, while the supersat-
uration of the BaGa2O4 matrix with Eu3þ (up to 4mol.%) leads to
their fragmentation. The identified trends (Table 2) correlate
with the positron trapping parameters τav., τb, κd calculated within
the two-state positron trapping model.[47] The changes are best
reflected in the positron trapping rate in defects κd (see

Figure 2). This value decreases with increasing Eu3þ content
in ceramics and increases with its supersaturation of Eu3þ (up
to 4mol.%). The obtained values of τ2/τb and (τ2–τb) parameters
speak in favor of the similar nature of trapping sites. The char-
acteristic size of these extended positron traps is close to that of
single-double atomic vacancies.

Representatively, the evolution of defect-related free volumes
near grain boundaries with increasing of Eu3þ ions in the
BaGa2O4 ceramics is shown in Figure 3.

The third long-term component of the PAL spectrum (the sec-
ond channel of positron annihilation with lifetime τ3 and inten-
sity I3) is associated with the o-Ps decaying in nanopores.[42] As
can be seen from Table 1, lifetime τ3 and intensity I3 increase
with Eu3þ content in the BaGa2O4 ceramics (to 3mol%).
However, when the amount of Eu3þ ions further rises to
4mol%, the lifetime τ3 decreases and the intensity I3 continues
to go up. It is obvious that the presence of Eu3þ ions in the
ceramic matrix leads to the expansion of nanosized pores and
an increase in their number. However, supersaturation of
ceramics with doped ions (to 4mol.%) results in fragmentation
of nanopores. The obtained trends are reflected in the radius of
nanopores R3 calculated by the Tao-Eldrup model (Figure 4).

Figure 5 explains this process in a schematic fashion, outlin-
ing the main stages of the evolution.

Table 2. Positron trapping parameters and nanopore radius for undoped
and Eu3þ-doped BaGa2O4 ceramics.

Sample τav. [ns] τb [ns] κd [ns�1] τ2–b [ns] τ2/τb R3 [nm]

BaGa2O4 0.234 0.218 0.40 0.21 1.95 0.306

BaGa2O4þ 1mol% Eu3þ 0.239 0.222 0.35 0.23 2.02 0.314

BaGa2O4þ 3mol% Eu3þ 0.240 0.223 0.23 0.33 2.46 0.322

BaGa2O4þ 4mol% Eu3þ 0.232 0.218 0.37 0.19 1.89 0.302

Figure 3. Diagram explaining the evolution of defect-related voids in BaGa2O4 ceramics caused by Eu3þ doping.

Figure 2. Dependences of positron trapping rate in defects κd on Eu3þ

amount for undoped and Eu3þ-doped BaGa2O4 ceramics.
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Figure 4. Dependencies of lifetime τ3 and nanopores radius R3 calculated
according to the Tao–Eldrup model for undoped and Eu3þ-doped
BaGa2O4 ceramics.
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Summarizing, the PAL method can also be used to assess the
size of nanopores in the undoped and doped ceramic materials.

3. Conclusion

The structural features and evolution of free-volume defects
in the BaGa2O4 ceramics obtained by solid-phase synthesis from
the initial BaCO3 and Ga2O3 components with the addition of
different amounts of Eu2O3 content (1, 3, and 4mol%) were
investigated.

Additional phases in ceramics are mainly localized near the
grain boundaries and create defective centers for positron cap-
ture, as studied by PAL spectroscopy. Through the analysis of
the second component of PAL spectra for the undoped and
Eu3þ-doped BaGa2O4 ceramics, it was shown that the increase
of Eu3þ content from 1 to 3mol% leads to agglomeration of
free-volume defects near grain boundaries of ceramics. At the
same time, nanopores in ceramics expand, and their number
increases. Further increase in the content of Eu3þ ions is accom-
panied with fragmentation of both free-volume defects and
nanopores.

4. Experimental Section
Samples of the pure BaGa2O4 ceramics with Eu3þ impurities were pre-

pared by high-temperature solid-phase synthesis similar to spinel-type
MgGa2O4 ceramics.[49] Powders of BaCO3 and Ga2O3 oxides with a purity
of 99.99% were taken as starting components for synthesis. Isopropyl
CH3-CH(OH)-CH3 alcohol was also used at the sintering of BaGa2O4-
based ceramics.[48] The oxide mixtures were taken in a stoichiometric ratio
of 1:1 mol. per 2 g of raw material. The content of Eu3þ ions (Eu2O3 with a
purity of 99.99%) was determined to replace the equivalent molar content
of Ga and Ba, respectively. The amount of Eu3þ ions was 0, 1, 3, and 4mol%).
The oxide mixture was thoroughly stirred in the agate solution for 6 h with
the addition of isopropyl alcohol. The obtained raw material was dried in
air for 1 h at a temperature of 80 °C. After that, the raw material was
pressed under a pressure of 150 kg cm�2, obtaining workpieces with a
diameter of 6 mm and a thickness of 1.5 mm. The blanks were placed
on a platinum substrate and annealed in a furnace at 1200 °C for 12 h
in air. In the next stat, annealing was performed at 1300 °C for 5 h. The
final ceramic samples were obtained in the form of tablets with a diameter
of 4 mm and a thickness of 1mm.[48]

The ORTEC system with 22Na isotope as positron source was used for
PAL measurements. Investigation was performed at 22 °C and relative
humidity of 35% for two identical ceramic samples placed in a sandwich
configuration as described in detail in ref. [42].

The measured PAL spectra were calculated using LT software[50]

involving a three-component fitting procedure (lifetimes τ1, τ2, τ3 and
intensities I1, I2, I3), which is considered a fair approach for spinel
ceramics with branched porous structure.[47,51] The resulting inaccuracy
in the positron lifetime of the first component τ1 was �0.002 ns and
errors for positron lifetimes of the second and third components
(τ2 and τ3) were �0.001 ns. The error bar for intensities of all component
is �0.1%.

Parameters such as the average lifetime of positrons τav, the lifetime of
positrons in defect-free bulk τb and the rate of positron trapping in defects
κd were obtained using a two-stage positron trapping model.[47] The τ2–τb
difference (which describes the size of the free-volume defects where posi-
trons are trapped) and the τ2/τb ratio (correlates with the nature of defects)
were also determined. Using the lifetime of the third component, the radii
of the nanopores (R3) were determined according to the Tao–Eldrup
model.[52]
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Figure 5. Diagram explaining the evolution of nanopores in BaGa2O4 ceramics caused by Eu3þ doping.
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