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Defect properties of perovskite type materials, Ba;B’'Nb,Oq4 (where B’=Mg, Zn, or Co), with
near-stoichiometric compositions were studied by positron annihilation and Raman spectroscopies.
Theoretical simulations of stoichiometric perovskites revealed a dependence of the positron bulk
lifetime on the degree of ordering. In BazMgNb,O4 (BMN) the positron bulk lifetime for a
completely disordered structure is 195 ps versus 237 ps for a completely ordered one. The predicted

bulk lifetimes for Ba;ZnNb,04 (BZN) and BazCoNb,0O4 (BCN), with Pm3m symmetries are 193 ps
and 194 ps, respectively. It was found that deviation from stoichiometry results in the appearance of
secondary Ba- and Nb-rich phases, which according to theoretical simulations have bulk lifetimes
much longer than that of the host material. Positron lifetime spectroscopy was used to monitor
changes in the concentration of these second phases. The difference between predicted defect
lifetimes and the bulk values for the studied perovskites was less than 70 ps. This and the likely
small concentrations made it impossible to discern the presence of point defects in the samples.
Raman measurements demonstrated the presence of a particular mode that could be attributed to the
formation of a 1:1 phase, the size of which is limited by requirements for charge compensation. The
existence of an internal electric field between charged 1:1 nanoregions and the rest of material
creates conditions for preferential positron annihilation that influence the obtained positron lifetime
values. For BZN type materials it was found that the degree of 1:2 cation ordering decreases by
increasing the sintering temperature to above 1400 °C. © 2010 American Institute of Physics.

[doi:10.1063/1.3517098]

I. INTRODUCTION

Rapid growth of wireless technologies over the last de-
cade has significantly stimulated research on new materials
suitable for dielectric resonator applications. Perovskite ox-
ides based on the formula Ba(Bj,3B%;3)O3, where B’=Mg,
Zn, or Co and B”=Ta or Nb, are materials known to possess
high dielectric constants and low losses. Recent research on
perovskite type materials as dielectric resonators was con-
centrated mostly on Nb-based compounds since high sinter-
ing temperatures (1600-1650 °C) and long soaking times
(~50 h) made Ta-based perovskites commercially unattrac-
tive.

Ba(B;,5Nb,,3)03 (B’=Mg, Zn, or Co) perovskites repre-
sent order-disorder type materials. When disordered they
have cubic unit cells with ay=0.409 nm depending on the

ionic size of B’ cations and can be described in the Pm3m
space group. The 1:2 ordered compounds adopt a trigonal
symmetry having the P3m1 space group due to the distortion
along the (111) direction of the cubic cell. The value of unit
cell distortion, that is usually characterized by c/a> |3/2,
where ¢ and a are the sizes of, respectively, hexagonal or-
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dered and cubic disordered unit cells, depends on the size
and charge difference between two cations on the B-site. It is
well established that B-site cation ordering has significant
influence on dielectric losses at microwave frequencies.l'2
The ordering process involves cation “swapping” between
two identical crystallographic sites. The presence of point
defects can significantly enhance the ordering process. The
role of defects in the transition between two phases can be
either to provide vacant sites for the neighboring B-site cat-
ion to exchange its position or to distort the cation environ-
ment thereby changing the lattice repulsive potential.3 In ad-
dition to influencing cation ordering the introduction of point
defects in the crystal lattice can result in the formation of
additional crystal phases having structures different from the
main material.*

In the present study the effect on the 1:2 ordering of Ba
and B’-site  deficiency in  complex perovskites
Ba(B;,5Nb,3)0O3 (where B’=Mg, Zn, or Co) with near-
stoichiometric compositions was investigated by means of
positron annihilation and Raman spectroscopies.

Literature results for the application of Raman spectros-
copy to perovskite type materials are quite contradictory and
mode assignment is mostly based on the correlation between
changes in position and line shapes of the bands and ex-
pected changes in the ordering degree. Kim et al.® studied
Ba(Niy;3Nb,,3)O5 and Ba(Zny,5Nb,,3)O5 systems and found a

© 2010 American Institute of Physics
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connection between the appearance of certain Raman peaks
and x-ray diffraction (XRD) lines arising from the presence
of ordered domains. Siny et al.® considered the coexistence
of 1:1 and 1:2 B-site cation ordering in complex perovskites.

The starting point was that the completely disordered Pm3m
phase is not Raman active. Partial 1:1 cation ordering is ex-
pected to produce four Raman modes, and according to
group theoretical analysis, long-range 1:2 ordering often ob-
served in Ba-based complex perovskites should give rise to
nine Raman active modes. Formation of 1:1 ordered domains
in perovskites containing 1:2 composition of B-type cations
will require charge compensation by the rest of the material.
The requirements to compensate for charge imbalance inside
of 1:1 ordered regions restrict their growth and make com-
monly used crystallographic techniques such as XRD insen-
sitive to their presence. Generally, Raman modes of
Ba(B;,5B%,3)03 (B'=Mg, Zn, or Co and B"=Ta or Nb) per-
ovskites all are similar in shape and close in band
position.2’7‘9

Positron annihilation spectroscopy proves to be highly
sensitive to the change in the electronic environment caused
by impurities having electronic densities different from those
of the host material and to the presence of different kinds of
defects. In solids positrons can annihilate after thermaliza-
tion either from the delocalized bulk state with the charac-
teristic bulk lifetime (7,) or be localized in and annihilate
from one of the defect states that are characterized by the
defect lifetime (7). The bulk lifetime is determined by the
average electron density of the material, that is, by the elec-
tronic configuration of constituent atoms and the lattice pa-
rameters of material. The presence of defects with reduced
electron density such as point defects, open volumes, and
grain boundaries can significantly increase the time that a
positron exists in solids. The rate of positron trapping in
vacancy defects ky depends on the defects’ concentration and
results in reduction in the experimentally observed bulk life-
time (the so-called reduced bulk lifetime 7;). In practice,
limited resolution of the equipment used for positron lifetime
measurements results in that only one or two defect lifetimes
can be observed. In the case of the presence of only one type
of defect and not all implanted positrons annihilating at de-
fect sites, the one defect trapping model is used to extract the
experimentally observed bulk lifetime™®

_ (I_l '_>
Th = + . (1)

e mn

Here 1, and 1, are the probabilities of a positron to be anni-
hilating from, respectively, the delocalized bulk or localized
defect states and =, and 7, are the reduced bulk and defect
lifetimes.

There are a limited number of publications involving
studies of positron annihilation in perovskite type materials.
In 2000, Ghosh and Nielsen theoretically predicted bulk and
defect lifetimes for several ABO; perovskite structures
(LaCo0Og, BaTiO3, and PbTiO;) having only one type of cat-
ion on the B-sublattice.™ In their simulations they, assuming
cubic symmetry of the considered structures, used the atomic
superposition method,***® which resulted in the following
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values: 7,=129 ps for LaCoO; and ~150 ps for BaTiO;
and PbTiO; materials. Introduction of defects on the
A-position produces defect lifetimes ranging from 275 to
293 ps. The presence of defects on the B-sublattice would
give much shorter lifetime values: from 173 ps for LaCoO4
to 204 ps for PbTiO; perovskites. Experimental lifetime
measurements demonstrated good correlation with calculated
bulk values: 138 ps for LaCoO; (Ref. 14) versus 160 ps for
BaTi03.15 Predicted lifetimes in case of oxygen defects were
close to the bulk values indicating an inability of positrons to
distinguish positively charged oxygen vacancies inside of the
studied materials. The biggest difference between 7, and the
positron lifetime in oxygen defects was predicted for the
LaCoO; system (7,=129 ps versus 7o=145 ps). This was
associated with the possible change in the charge state of
oxygen vacancies from positive to neutral. This was con-
firmed experimentally."* Several groups calculated bulk and
defect lifetimes in SrTiO; material having cubic
structure.’®” Mackie et al.}’ used atomic superposition and
linear muffin-tin orbital methods with Boronski-Nieminen
(BN) (Ref. 18) and Arponen—Pajanne (AP) (Ref. 19) en-
hancement factors. According to their simulations both meth-
ods used to approximate electron densities resulted in differ-
ences of bulk and defect lifetimes of less than 10%. The
biggest difference in calculated values was observed due to
different approximations used to describe the enhancement
factor. In particular, calculated bulk lifetime values change
from 119 to 151 ps, respectively, for BN and AP enhance-
ment factors. Keeble et al.?° considered PbTiO; and partially
substituted Pb(Zr,,Tiy)O5 perovskite type materials, both
having tetragonal symmetry. Theoretical calculations based
on the atomic superposition method with AP enhancement
factor lead to bulk lifetime values of 150 ps for PbTiO; and
160 ps for Pb(Zry 4Tip )04 systems. Formation of point de-
fects on cation or anion sites in PbTiO; perovskites is ex-
pected to produce defect lifetimes close to those reported by
Ghosh et al.™ in the same system while in Pb(Zry,Tig )O3
structures the predicted defect lifetime values are slightly
longer. Based on the theoretically predicted defect lifetime
values, Keeble et al.® observed formation of lead vacancies
in both PbTiO; and Pb(Zry4Tips)O5 oxides and B-site (B
=Zr and/or Ti) vacancies in Pb(Zry 4Tigg)O5 System.

Although the perovskites considered in the present re-
search have the same structure as those previously
reported,™*" substitution of different A- and B-site cations in
ABO; perovskites with different ionic radii will result in
different unit cell sizes. Changes in unit cell parameters in-
fluence the electron density and hence the positron bulk life-
time. This made us to perform our own theoretical calcula-
tions of positron lifetimes in Ba(Bj,;Nb,3)O3 perovskites
(B’=Mg, Zn, or Co) by taking advantage of the MIKA pack-
age obtained from Helsinki University of Technology.21

II. EXPERIMENTAL PROCEDURE

Ceramic materials were produced by a two-step mixed-
oxide route. At first, columbite type materials A;.,Nb,Og
(A=Mg, Zn, or Co) were synthesized. Then an appropriate
ratio of BaCO5; was added to the respective columbites. Ma-
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TABLE I. Experimental unit cell parameters and theoretically calculated bulk and defect lifetimes

Material Ba;MgNb,0Oq Ba;MgNb,0q Ba;CoNb,0q Ba;ZnNb,0Oq
Space group Pm3m P3ml Pm3m Pm3m
Lattice parameters (A) a=4.0855 a=5.7871, c=7.0674 a=4.0886 a=4.0699
7 (pS) 195 237 194 193

Tga (PS) 321 322 321

73 (pS) 264 264 260

b (PS) 265 265 262

70 (pS) 197 195 194

terials were uniaxially pressed into cylindrical disks of 5-7
mm diameter and 2—-4 mm height. Sintering was performed
for 8 h in air at temperatures of 1350-1500 °C. Crystal
lattice parameters were analyzed by XRD on a DRON—3M
(Burevestnik, Russia) diffractometer with Cu K ,-radiation.

The defect structure of the studied perovskites was ex-
amined by positron lifetime spectroscopy. Each experimental
spectrum contained six million counts and at least three spec-
tra were recorded for each pair of samples. The source
strength was 20 uCi and the system resolution was 280 ps.
PATFIT88 Was used to analyze experimental spectra.? After
source correction (155 and 256 ps with intensities 28% and
72%, respectively, and total intensity of 9.6%) and back-
ground subtraction the spectra were decomposed into two
components. The fitting procedure was monitored by chi-
squared values. The average chi-squared value did not ex-
ceed 1.12. Any attempt to separate additional components in
the measured spectra close to theoretically predicted values
resulted in increases in x? or unphysical (e.g., negative) in-
tensity values. Based on the presence of only one defect
type, the one defect trapping model was used to calculate
experimental bulk lifetimes.

Raman spectra were taken at room temperature on a
Renishaw2000 spectrometer, with the 514 nm line of an Ar*
ion laser used as the excitation source. Prior to measure-
ments the surface of samples was polished with diamond
paste (9, 3, and 1 um).

IIl. METHOD OF CALCULATIONS

Based on the results of XRD, the structures of materials
considered in the present research were solved in terms of

mixtures of a disordered phase having_Pm?m space group

and an ordered hexagonal phase with P3ml space group. In
addition, some nonstoichiometric materials contained Ba-
and Nb-rich phases. Experimentally obtained lattice param-
eters of the main phases (see Table I) were used to construct
4 X 44 supercells containing more than 300 atoms each.
The positron lifetime, defined as

ri= wrocf g(0,n,,n_)n_(r)n.(r)dr, 2)

where ry and c are the classical electron radius and the speed
of light, n_and n, are electron and positron densities and g is
the enhancement factor, respectively, were calculated for the
bulk and for various point defects by using the atomic super-
position method implemented in the MIKA package.21 A gen-

eralized gradient approximation taking into account inhomo-
geneous electron distribution with  parameterisation
suggested by Arponen and Pajanne19 was used to describe
the enhancement of the electron density near the positron
site.

IV. RESULTS AND DISCUSSION
A. BazMgNb,Og4 (BMN) perovskites

The transition of Ba(B;,3Nb,3)O3 (B’=Mg, Zn, or Co)
perovskites from a disordered to a 1:2 ordered state is ac-
companied by a distortion of the cubic unit cell along the
(111) direction. A change in lattice parameters caused by
mutual repulsion of two small highly charged transition
metal cations (Nb°*) is expected to change the unit cell vol-
ume while maintaining the same number of atoms, that is,
the disorder—1:2 order phase transition leads to changes in
the average electron density and hence, positron bulk life-
time. Among the studied perovskites it is easier to achieve a
higher degree of ordering in the Ba;MgNb,0O4 (BMN) com-
position because of the large ionic radius difference between
magnesium and niobium. The tendency of cobalt and zinc
materials for ordering is lower. So, reliable identification of
1:2 ordered structures was performed only in BMN samples.
Lattice parameters of Ba(B;,;Nb,;3)O3 (B’=Mg, Zn, or Co)
perovskites as well as calculated bulk and defect lifetimes
are presented in Table I. Vacancy lifetimes are indicated by
the missing atom, i.e., 7o is the lifetime of positrons annihi-
lating in an oxygen vacancy.

Stoichiometric BMN samples were sintered at 1400 °C
for 8 h. Figure 1 shows the measured XRD pattern. The

FIG. 1. X-ray spectrum of BazMgNb,O4 perovskite.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



114109-4 Grebennikov et al.

TABLE II. Experimentally observed positron lifetimes and intensities for
stoichiometric Ba(B;,;Nb,3)O5 perovskites.

BazMgNb,0q Ba;CoNb,0q Baz;ZnNb,0q
7 (ps) 178+1 164+1 204+2
7, (ps) 336+5 294+5 355+7
I (%) 75+2 71+2 74+2
I, (%) 25*1 29*+1 262

formation of the 1:2 ordered phase is characterized by an
appearance of weak superlattice peaks at small diffraction
angles, the strongest of which is at 20=17.7°. Subsequent
analysis demonstrates the presence of 8% of the ordered
phase, with the rest of the material in the disordered state.
Those results are in agreement with findings of Janaswamy23
who studied the change in the ordering of Ba(Mg,,3B%,5)03
(B"=Nb or Ta) perovskites at different sintering tempera-
tures.

According to our simulations the introduction of Ba-
vacancies in the disordered phase will give a defect lifetime
of 320 ps. The presence of Mg and Nb vacancies will result
in a 264 ps lifetime component. From the experiment we
observe the so-called “reduced” bulk lifetime component and
a component arising from the annihilation in defects. Typical
values of the reduced and defect lifetimes as well as their
relative intensities for stoichiometric compositions of
Ba(B;,3Nb,,3)O5 oxides (B’=Mg, Zn, or Co) are presented
in Table Il. The studied materials consist of grains having
intergranular spaces. Grain boundaries represent regions in
samples with reduced electron density. We attribute the latter
component, with intensities of 24%-40% for different stoi-
chiometric and nonstoichiometric Ba(B;,3Nb,3)O3 perovs-
kites (B’ =Mg, Zn, or Co) and lifetime values around 300 ps,
to positrons annihilating inside of intergranular spaces.
Variations in the values of the defect lifetimes and their prob-
abilities can be related to the difference in the ceramics’
microstructure. We were unable to separate any additional
components in the experimental lifetime spectra, which
probably indicates that either the concentration of the point
defects is so small that it is beyond the sensitivity of the
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setup used in the present studies or the resolution of the
experimental setup is not sufficient to separate closely
spaced components. This fact validates the application of the
one defect trapping model.

The discussion above shows that changes in the symme-
try significantly affect the positron results. A mixture of
roughly 8% of ordered phase with the rest disordered should
give an “average” value of 200 ps. This value is very close to
the experimentally observed lifetime of 202 ps. Kolodiazh-
nyi et al.** reported 7,=205 ps for the BMN system which
is close to the value obtained in the present studies and can
actually represent a mixture of two lifetimes with different
values. In the absence of any additional phase it is possible
to use the bulk lifetime to estimate the ordering degree in the
studied perovskites.

B. Bas,3,CoNb,Oq4 perovskites

Stoichiometric and nonstoichiometric barium cobalt nio-
bate samples (with varying Ba concentration x=-0.02,
-0.01,-0.005,0,0.005) were sintered at 1450 °C for 8 h.
The results of XRD and positron lifetime measurements are
presented in Figs. 2(a) and 2(b), respectively.

According to the measured XRD patterns, the stoichio-
metric composition represents single-phase material. Intro-
duction of Ba deficiencies in Bag,3CoNb,O4 perovskites
(negative x) results at first in the appearance of 1:2 order that
disappears with further reduction in barium concentration
and formation of an additional crystal phase [Fig. 2(a)] that
corresponds to BagCoNbgOg,. The concentration of this
phase increases with decrease in barium content.

Figure 2(b) shows that the bulk lifetime smoothly de-
creases from 204 for x=-0.02 to 190 ps for x=0.005. The
change in the bulk lifetime of barium deficient cobalt
samples can be the result of the formation of the Nb-rich
BagCoNbgO3, phase. In order to check the validity of our
assumptions we performed calculations of the bulk lifetime
in the BagCoNbgO5, structure. Lattice cell parameters and
symmetry of the considered oxide used to construct the pe-
riodical potential were adapted from the work of Lehmann
and Mueller-Buschbaum.”® Our simulations resulted in a

FIG. 2. (a) X-ray and (b) positron data for Bas,3CoNb,Oq perovskites (B—BagCoNbyOs).
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FIG. 3. (a) Typical Raman spectrum of Bas,3,CoNb,Oq perovskites and (b) formation of 1:1 ordered phase.

bulk lifetime of 353 ps for BagCoNbyO5, material. So, the
bulk lifetime in Bag,3CoNb,Og materials is influenced by
the presence of the BagCoNbyO5, crystal phase with much
longer lifetime value (353 versus 194 for the host material,
see Table 1) and 1:2 ordered domains with a bulk lifetime
close to that of BMN system (237 ps). By moving toward
positive x values the amount of the Ba-rich phase as well as
the degree of 1:2 ordering decreases [Fig. 2(a)], which is
accompanied by a reduction in 7, [Fig. 2(b)]. For x=0 and
0.005, 7, is slightly shorter than the theoretically predicted
bulk lifetime for the completely disordered BagCoNbgOs5,
(BCN) perovskite indicating disappearance of additional
phases. 7, for the Ba-rich phase is much longer than that for
the 1:2 ordered BCN perovskite. So, the reduction in the
bulk lifetime arises mostly from changes in the concentration
of BagCoNbgOs5.

The sensitivity of the x-ray technique to the presence of
1:2 order depends on the difference in the atomic scattering
factors of B-site cations. In BazB'Nb,O4 (B'=Zn or Co)
systems having generally low tendency for ordering because
of the small size and charge differences between B-site cat-
ions, the difference in the atomic scattering factors is small.
So, subtle changes in the ordering degree could well be
missed by the XRD technique. A number of publications
demonstrated an application of Raman spectroscopy to detect
variations in 1:2 ordering. For example, Lee et al.*® studied
evolution of Raman spectra in the BazZnNb,Og (BZN) sys-
tem under different preparation conditions. Dai et al.?” per-
forming theoretical calculations assigned commonly ob-
served Raman modes in barium perovskites with 1:2 B-site
cation ratio to the appearance of 1:2 ordering.

Spectra obtained in the present work are similar to those
published for example for BMN and Ba;MgTa,Oq (BMT)
(Ref. 28) and BZN (Ref. 29) perovskites. The main features
of the obtained spectra are formation of seven sharp modes
that according to Dai et al.”’ are Ay (Ba)+Ey(Ba) at
105 cm™, E4(O) at 174 cm™, A;q(Nb) at 262 cm™,
Eq(Nb) at 295 cm™, E,(O) at 385 cm™, Ay (O) at
435 cm™, and A;4(O) at 785 cm™. The last mode is due to
the collective motion of oxygen atoms forming octahedra
around B-type cations. In the case of BCN perovskites where

according to x-ray measurements the degree of 1:2 ordering
is smaller, Raman modes become less sharp and have a ten-
dency to smear out, confirming the validity of the mode as-
signment [Fig. 3(a)]. An interesting feature of the measured
Raman spectra of BCN perovskites with Ba nonstoichiom-
etry is the appearance of additional modes at 670 cm™, the
intensity of which depends on the amount of nonstoichiom-
etry: by decreasing the Ba content, the intensity of the
670 cm™* mode decreases [Fig. 3(b)]. In Ref. 30, we attrib-
uted this mode to collective movement of oxygen octahedra
in the 1:1 B-site ordered phase. The 1:1 ordered structure
represents ordered cation arrangement in 1:1 sequence along
the (111) direction of the perovskite cubic cell and is com-
monly found in A(B;,3B3,3)O5 perovskites containing 1:2 ra-
tio of the B-site cations with lead on the A-site.®**2
Formation of 1:1 order in materials having 1:2 B-site
cation ratio can be explained based on either the so-called
“random-site” or “space-charge” models.*? The random-site
model considers that one of two B-sites is occupied exclu-
sively by B” cations, with the second B-site occupied by a
random mixture of B’ and the remaining B” cations. In this
model the ordered 1:1 structure can be represented as
A[(B,3BY/3)05B;5]03. In this case the average composition
of the ordered regions is the same as that in the bulk and
charge compensation is achieved within several unit cells.
According to the space-charge model, a 1:1 mixture of
B’ and B” type cations occupies the B-site while the rest of
the B” ions form regions rich in B”-cations, in order to pre-
serve A(Bj,3B%/5)O3 stoichiometry. This model is character-
ized by formation of ordered domains with deficiency of
B”-type cations and nearby regions that have an excess of
B”-type cations with respect to the average A(B;;B53)03
composition. Cation imbalance creates net negative charge
within ordered domains and net positive charge in B”-rich
regions. A shift in the 670 cm™ mode to lower values (in
comparison to its counterpart in 1:2 ordered materials) is due
to the weakening of oxygen octahedra caused by an uncom-
pensated charge inside of 1:1 ordered domains. In addition to
changes in B-O bond strength, formation of excess negative
charge inside of 1:1 nanoregions would create strong electric
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FIG. 4. (a) Bulk positron lifetime and (b) x-ray data for BazCo,,,Nb,Oq4 perovskites (A—BasNb,O;s).

fields between ordered domains and the rest of the material.
Wang et al.* observed changes in the positron migration
characteristics in AIGaN/GaN heterostructures caused by the
presence of a strong intrinsic electric field in the AlGaN layer
that tends to move positrons from the heterointerface toward
the surface of AlGaN. Internal fields between the 1:1 ordered
domains and regions rich in the B”-cations can create condi-
tions for the preferential annihilation of positrons in parts of
the sample containing the 1:1 ordered domains. The presence
of an excess of small B”-cations with high electron density
increases the average electron density, in comparison to the
main composition, at the interface between the 1:1 ordered
domains and B”-rich regions decreasing positron bulk life-
time.

By looking again at Fig. 2(b) (x=0 and 0.005), where
according to Raman results (Fig. 3) small traces of 1:2 or-
dering are present and the amount of 1:1 ordered phase is a
maximum, the positron bulk lifetime drops below the value
expected for the completely disordered phase (7,=194 ps).
This could be an indication of preferential annihilation of
positrons at the interface between the 1:1 ordered domains
and B”-rich regions.

C. BazCo4.4Nb,Oq4 perovskites

Positron lifetimes [Fig. 4(a)] for BazCo;.,Nb,Og sin-
tered at 1450-1500 °C for 8 h are again, influenced by
changes in 1:2 ordering and concentration of additional crys-
tal phases.

According to XRD measurements, deviation from sto-
ichiometry on the cobalt sublattice at first promotes 1:2 or-
dering (for small values of x) but further decrease in cobalt
content reduces the amount of 1:2 ordering and produces an
additional phase. The XRD peaks of this phase could be
attributed to BasNb,O,5 that has the structure of A,B,-103,
slab perovskite.34 Structural data for the theoretical simula-
tions of the positron bulk lifetime in the BasNb,O45 system
were taken from the work of Pagola et al.*® The predicted
bulk lifetime is 426 ps. In the case of cobalt nonstoichiom-
etries the positron behavior becomes more complex. At al-
most all cobalt concentrations the experimental positron bulk
lifetimes are below the values predicted for the disordered
system (7,=194 ps, Table I). For the samples with barium
nonstoichiometries it was found that the decrease in 7, below
the lowest theoretically predicted value is due to the presence

FIG. 5. (a) Magnified part of A;;(O) Raman mode of Ba;Co,.,Nb,O4 perovskites and (b) Integrated intensity of 670 cm™ mode vs x value.
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FIG. 6. (a) X-ray and (b) positron results for Bas,3,ZnNb,Oq perovskites.

of 1:1 ordered nanoregions. Figure 5(a) shows a magnified
part of the A;4(O) Raman mode of Ba;Co,,,Nb,Oq perovs-
kites. For cobalt nonstoichiometries the intensity of the
670 cm™t band is larger indicating a larger degree of 1:1
ordering. A partially ordered phase, according to Raman re-
sults, forms at all values of x. Figure 5(b) shows the inte-
grated intensity of the partially ordered 1:1 phase that has a
maximum value in samples with excess of cobalt and de-
creases with the reduction in cobalt concentration. The 1:1
ordered phase demonstrates a behavior opposite to the 1:2
ordered phase: increase in the amount of one of them reduces
the amount of other. Barber et al.*® observed changes in the
concentration of both types of ordering in Ba;ZnNb,Oq4 and
BMT) perovskites and noticed similar trends. The difference
in the concentration of 1:1 ordered domains in the cobalt
system with barium and cobalt nonstoichiometries could be
explained by different lattice distortions caused by A- and
B-site cation vacancies and slightly different preparation
conditions used.

D. Bajs,3,ZnNb,Og4 versus BaszZn,,,Nb,O4 perovskites

Nonstoichiometric BZN samples with variations in Ba
concentration were sintered at two different temperatures:
1350 and 1425 °C for 8 h. XRD [Fig. 6(a)] showed the
presence of several crystal phases that were identified as ana-
logs of BagCoNbgO4, (found in BCN samples) and Ba-rich
phases (BagZnNbgO,, and BasNb,O;5) for the BZN samples
sintered at lower and higher temperatures, respectively. By
increasing the sintering temperature the x-ray peak indicating
the presence of 1:2 ordering decreases. This is in agreement
with the results of Kim et al.’> who reported a structural
phase transition from the ordered to the disordered phase
around 1400 °C.

Theoretical simulations of bulk lifetimes in completely
disordered barium zinc niobate perovskite yielded 193 ps
(Table I). In the case of a 1:2 ordered system the expected 7,
should be around 240 ps as was predicted for BMN perov-
skite. Figure 6(b) shows positron results for the studied BZN

system. Within all studied x-values the bulk lifetime is above
the value for the disordered BZN perovskite and for the stoi-
chiometric materials, approaching values of 200 ps. The
crystal structure of the BagCoNbgO,, phase, an analog to the
zinc system, was reported by Mallinson et al¥ as consisting
of the corner sharing BOg octahedrons with the ordered ar-
rangement of Co, Nb, and cation vacancies. The bulk life-
time for BagZnNbgO,, found in high temperature-sintered
ceramics is expected to be much longer than that of the main
material due to the presence of the layer containing the
B-site cation vacancies that reduce the average electron den-
sity.

Again, the main factor influencing the behavior of 7, in
Bas.3,ZnNb,Oy is the change in the concentration of second
phases with lifetimes much longer than that of the disordered
phase forming the main part of the studied materials. Vola-
tility of ZnO during the preparation process is likely to pro-
duce Zn-deficient BagZnNbgO,, and BazNb,O,5 phases even
in the samples with nominal composition. Unfortunately, the
presence of several structures including 1:2 ordered domains
with long lifetime values did not allow us to discern the
influence of each of them on the measured 7,.

Results of positron lifetime measurements for BZN per-
ovskites sintered at 1450-1500 °C for 8 h with deviation
from stoichiometry on the B’ subblattice are shown in Fig. 7.
X-ray data revealed formation of one additional phase:
BagZnNbgO,,. No evidence of superstructure peaks was
found.

By varying Zn stoichiometry 7, smoothly decreases
from 213 ps for x=-0.07 to almost 200 ps for stoichiometric
composition. This again traces the change in the concentra-
tion of the additional phase. Contrary to the cobalt system,
the bulk lifetime of zinc containing BZN perovskites does
not drop below the value for the disordered phase (193 ps).
Examination of Raman spectra of BZN samples did not show
any evidence of 670 cm™* mode formation. This is possibly
due to ZnO evaporation during sintering that produced zinc
deficient phases.
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FIG. 7. Dependence of 7, on x in BazZn,,,Nb,0Og perovskites.

Finally, we compare results of theoretical simulations of
the positron bulk lifetime in Ba(B;,3Nb,3)O3 (B’=Mg, Zn,
or Co) oxides with those previously reported.**%? The con-
sidered materials have the general formula ABO;. The crys-
tal structure of this class of oxides is formed through corner
sharing arrangement of BOg octahedra. The stability of the
cubic ABO; structure is defined by geometrical compatibility
of A-O and B-O bond lengths. Substitution of different
types of cations with different electronic configurations and
ionic radii results in structural distortion and lowering in
symmetry from cubic to orthorhombic, rhombohedral, tetrag-
onal, monoclinic, and triclinic.*® Change in lattice param-
eters due to either lowering in symmetry or presence of cat-
ions with different ionic radii changes the unit cell volume
and hence, the positron annihilation rate.

In Fig. 8, we show bulk lifetimes of previously reported
perovskite oxides™®?® as well as those obtained in the
present research versus unit cell volumes used by corre-
sponding authors for lifetime calculations. As one can see
from the graph, increases in the unit cell size defined by the
ionic radius of the A-site cation lead to increases in the bulk
lifetime values indicating changes in the average electron
density.

FIG. 8. Dependence of =7, on unit cell volume for different ABOj;
perovskites.

J. Appl. Phys. 108, 114109 (2010)

V. CONCLUSIONS

Several stoichiometric and nonstoichiometric perovskite
type materials were studied by positron annihilation and Ra-
man spectroscopies. In spite of its sensitivity to the presence
of defects in different kinds of materials, positron lifetime
measurements turned out to be sensitive mainly to intercrys-
tallite boundaries and did not find formation of any point
defects. The theoretically predicted bulk lifetime for the
completely disordered Ba(B;,3Nb,,3)03 (B’=Mg, Zn, or Co)
system was found to be around 190 ps. 1:2 ordering results
in an increase in 7, to around 237 ps. Deviation from sto-
ichiometry in the studied perovskites led to the formation of
Ba, Nb-rich crystal phases with bulk lifetimes much longer
than corresponding values of the matrix (353 and 423 ps,
respectively for BagCoNbyO5, and BasNb,O;5 materials).
The value of the bulk lifetime was sensitive to changes in the
concentration of additional phases with variation in stoichi-
ometry on Ba and B’-sublattices and can be used to trace
variations in the ordering degree in samples without “extra”
crystal phases.

Formation of partially ordered 1:1 nanoregions in cobalt
systems modified positron lifetime spectra producing bulk
lifetimes below theoretically predicted values. Loss of zinc
oxide during the preparation process produced zinc deficient
structures that possibly prevented formation of 1:1 ordered
domains. All observed bulk lifetime values for BZN perovs-
kites are above expected values indicating formation of ad-
ditional phases that were not detected by XRD.
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