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Positron lifetime measurements were performed on lanthanide- �Ln� ion-doped PbTiO3 and identified the
presence of both Pb vacancy, VPb, and Ti vacancy, VTi, related point defects. Increasing the concentration of Ln
ions La to Eu resulted in an increase in the dominant contribution to the positron lifetime spectrum from
VPb-related defects, consistent with donor ion substitution at the Pb site. By contrast, increasing the concen-
tration of Dy ions decreased the ratio of VPb- to VTi-related defects. The behavior is attributed to the incorpo-
ration of Dy3+ ions as acceptors at Ti sites. Density-functional theory calculations of positron lifetimes for
vacancy complexes, and relaxed structure monovacancy defects, in PbTiO3 are reported and support the
vacancy-defect assignments.
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I. INTRODUCTION

The ability to manipulate important material properties of
the ferroelectric perovskite oxide, ABO3, titanates, e.g., di-
electric constants and piezoelectric coefficients, by impurity
doping is well known.1,2 Substitutions normally occur at ei-
ther cation site; the octahedrally coordinated B site, or the
more open 12-coordinated A site. Impurity ions with a va-
lence state less than the substituted host ion are termed ac-
ceptors, those with larger valence are donor dopants. The
model ferroelectric PbTiO3 is commonly donor doped using
the lanthanide �Ln� ion La3+ which substitutes for Pb2+.3 Ac-
ceptor dopants typically incorporate at the Ti site, for ex-
ample, Al3+, Fe3+, and Cu2+, all have crystal radius compa-
rable to Ti4+.4 Pure PbTiO3 cannot be prepared as a high-
density bulk ceramic due to the onset of the large tetragonal
distortion on cooling into the ferroelectric phase. Doping re-
duces this distortion and allows ceramic processing. It has
been reported that lanthanide ion doping can improve the
electromechanical properties of PbTiO3 materials5 and can
increase the lifetime of BaTiO3 multilayer ceramic
capacitors.6 Recent interest has focused on the smaller 3
+Ln ions, which may be incorporated on either cation sub-
lattice so acting as amphoteric dopants.6,7 Accurate x-ray dif-
fraction measurements can provide information on the site of
dopant incorporation, and the principles of defect chemistry
provide a framework for predicting the consequences of im-
purity ion incorporation.3,6,7 It has been proposed that the
concentration of cation vacancies present during high-
temperature processing may contribute toward driving Ln
ion site selection.6 Significant residual concentrations may
persist to room temperature since they are assumed to act as
the primary charge compensating defects.3,7

Early studies provided evidence that donor doping
PbTiO3 with La3+ ions resulted in charge compensation
dominantly by A-site vacancy formation, however, it was
recognized that a contribution from B-site vacancies was also
possible.3,8 The balance between the two mechanisms could

be affected by both the lanthanum content and a quantity
termed the lead elimination parameter, the number of Pb at-
oms eliminated per atom of La incorporated.8 For La-doped
BaTiO3 the nature of the compensating cation vacancy has
provided controversy, evidence that B-site vacancies domi-
nant has been presented,9 but this interpretation has been
disputed.10 The presence of cation vacancies has been in-
ferred by fitting x-ray diffraction data using defect chemical
models.8,11 By contrast, positron annihilation spectroscopy
�PAS� methods have specific sensitivity to open volume de-
fects in materials, the positron localizes within the attractive
potential well resulting from the lack of a positively charged
atomic core at the vacancy defect site. PAS methods applied
to Pb-based perovskite oxide materials have detected cation
vacancy defects.12–15 In particular, positron lifetime annihila-
tion spectroscopy measurements are capable of resolving
several positron states and density-functional theory �DFT�
calculations of lifetime values can provide specific vacancy
defect identification.12,16 Here we present a positron lifetime
study of lanthanide-ion-doped PbTiO3 ceramics for the series
La to Dy, and detail DFT positron lifetimes calculations for a
range of vacancy defects in PbTiO3.

The positron annihilates in the material from a state i with
a lifetime �i and intensity Ii. This can be a delocalized state
in the bulk lattice or a localized state at a vacancy defect. If
vacancy defects are present the average lifetime, �̄=�iIi�i, is
greater than the bulk lattice lifetime, �B, a characteristic
quantity of the material under study. The rate of positron
trapping to a vacancy defect, �d, is proportional to the defect
concentration, �d�, and the constant of proportionality is the
defect-specific trapping coefficient, �d; �d=�d�d�. The one-
defect simple trapping model �STM� predicts two experi-
mental positron lifetime components, the second has a fixed
value characteristic of the positron trapping defect, �2=�d,
and the first has a value reduced below the bulk lifetime,
�1��B, by an amount that depends on the rate of trapping to
the defect, �d,17 which is given by the expression,
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The model is readily extended to more than one defect; this
results in the appropriate number of fixed lifetime compo-
nents, with values characteristic of the defects, and a reduced
bulk component with a lifetime and intensity that reduces
with increasing defect trapping.17 Saturation trapping onsets
when the concentration of vacancy defects increases to the
point where the large majority of positrons annihilate from
the defects; the reduced bulk lifetime intensity becomes neg-
ligible, and its lifetime value too short to detect. It is relevant
for this work to consider the consequences of saturation trap-
ping into two defects, in this limit the two defect STM pre-
dicts a lifetime spectrum with two components with lifetime
values, �1 and �2, characteristic of the two defect types. The
ratio of the two component intensities is given by the ratio of
the products of the specific trapping coefficient and the
defect concentration,
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and hence provide a measure of relative concentration.
Ion size is an important factor in determining the site of

occupation of an impurity ion used to dope a perovskite ox-
ide. Table I gives available Shannon crystal radii for relevant
ions,4 6 and 12 coordination correspond to the B and A site,
respectively, and are directly applicable, cubic coordination
is also included due to the limited number of 12 coordination
values. A study of the smaller Ln ions, Dy, Ho, and Er, in
Mn-codoped PbTiO3 inferred from trends in the tetragonal-
ity, and enthalpy change at the Curie temperature, that the
ions were incorporating mainly at the B site.18 Similar stud-
ies have been performed on Ln-doped Pb�ZrxTi1−x�O3 �PZT�
samples where measurements of weight loss were used to
infer the percentage occupancy on the two sites for the ions
La, Nd, Eu, Gd, and Er. The results suggested that A-site
occupancy falls from 100% for La to �20% for Er.19 A
comparison of La and Dy doping of thin film PZT showed a
variation in lattice parameter with composition suggesting
that Dy incorporated at the B site and Raman measurements
supported the assignment.20

II. POSITRON LIFETIME CALCULATIONS

Positron lifetime calculations were performed using DFT
method implemented in the MIKA/DOPPLER package,21 where
the electron density of the solid is approximated by the
nonself-consistent superposition of free atom electron densi-
ties in the absence of the positron �the so-called “conven-
tional scheme”�.22 This approximation to the complete two-
component DFT �TCDFT� has been found to give positron
lifetimes close to TCDFT as well as experimental values. In
our calculations of the positron lifetimes used the electron-
positron enhancement factor due to Barbiellini et al.,23,24 as a
parametrization of the data of Arponen and Pajanne,25 �re-
ferred to as AP�, described within the generalized gradient
approximation of the enhancement factor. The AP enhance-
ment has been found to give positron lifetime values in good

agreement with experiment for perovskite oxides.12,26 Re-
cently first-principles calculations have been reported for
atomic relaxations in the local structure of monovacancy de-
fects in PbTiO3;27,28 DFT calculations using ultrasoft
pseudopotentials report relaxations for the O, Ti, and Pb
monovacancies in the tetragonal phase,27 and hybrid DFT—
Hartree-Fock �HF� was used to calculate the relaxed struc-
ture of the oxygen vacancy in the cubic phase.28 Positron
lifetime calculations were performed for unrelaxed and re-
laxed structure monovacancy defects in PbTiO3, using 1080
atom 6�6�6 supercells. Both the room-temperature P4mm
structure,29,30 and the high-temperature Pm3m cubic phase,30

were used. In addition, a series of calculations were per-
formed for range of unrelaxed cation vacancy complex and
cluster defects in tetragonal PbTiO3,29 using similar super-
cells.

III. EXPERIMENT

The lanthanide-ion-doped PbTiO3 ceramics were prepared
by a conventional solid-state process from oxide precursors
and characterized by powder x-ray diffraction,31 2.0 and
8.0 at. % La-, Nd-, Sm-, Eu-, Gd-, and Dy-doped samples
were studied. The sample densities were greater than 88%,
the average was 94%. The positron lifetime experiments
were performed using a conventional fast-fast spectrometer
in colinear geometry with a time resolution function of 210
ps. All spectra contained at least 5�106 counts. Positron
sources were made from aqueous NaCl containing 22Na and
were deposited on thin support and protective foils, both
1 �m Ni and 8 �m Kapton, with strengths in the range
�200–500 kBq. Two near identical samples sandwiched the
positron source between them. The lifetime spectrum ana-
lyzed as a sum of exponential decay components, n�t�
=�iIi exp�−t /�i�, convoluted with three Gaussians describing
the timing resolution function of the spectrometer. Decay
components due to annihilations in the positron source were
subtracted in the procedure, one component with a lifetime
of �430 ps described annihilations in the 22NaCl crystal-

TABLE I. Shannon crystal radius values �pm� for relevant ions
in 6, 8, and 12 coordination �Ref. 4�.

6 8 12

Pb2+ 133 143 163

Nd2+ 143

Sm2+ 141

Eu2+ 131 139

Dy2+ 121 133

La3+ 117.2 130 150

Nd3+ 112.3 124.9 141

Sm3+ 109.8 121.9 138

Eu3+ 108.7 120.6

Gd3+ 107.8 119.3

Dy3+ 105.2 116.7

Ti4+ 74.5 88
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lites, and had an intensity that depended on source strength,
the foil component had a lifetime of �380 ps for Kapton
��10%� or 140 ps for Ni ��10%�. Care is required to cor-
rectly account for source annihilations, measurements were
made with both Kapton and Ni foil sources to establish
source independent fittings.32 The fit chi-squared values for
the positron lifetime results shown were all less than 1.05.

IV. RESULTS AND DISCUSSION

A. Positron lifetimes in PbTiO3

The DFT calculated positron lifetimes for unrelaxed and
relaxed monovacancy defects in PbTiO3, obtained using
MIKA/DOPPLER with AP enhancement, are shown in Table II.
The bulk lifetime and the unrelaxed monovacancy lifetime
values are in satisfactory agreement with those reported
previously,12,16 though are slightly larger. Applying the first-
principles calculated local relaxation to the Ti vacancy re-
sulted in a significant reduction in the lifetime from 203 to
185 ps.27 A similar reduction, from 195 to 184 ps, was ob-
tained previously for the relaxation of the Ti vacancy in
SrTiO3, and found to be consistent with the lifetime value of
�181 ps inferred from experiment.26

Previous positron lifetime measurements on dense ce-
ramic PZT samples with x=0.42, both undoped �UD� and Fe
ion doped, exhibited saturation trapping with a first lifetime
component value, for UD and low Fe-doped samples, of
182�4� ps attributed to B-site vacancies.12 It should also be
noted that earlier calculations of the unrelaxed VB lifetime
showed an increase from 191 ps at x=0 to 204 ps for x
=0.4, however, the agreement between the experimental
B-site vacancy lifetime and the DFT value for the relaxed
structure remains satisfactory.

The calculated positron lifetime for the Pb vacancy re-
duces very slightly, from 292 to 290 ps, on applying the
first-principles calculated local relaxation,27 again this is in
agreement with results obtained for the relaxation of the
A-site vacancy in SrTiO3.26 Positron lifetime measurements
on crystal PbTiO3 reported a defect lifetime component at
�280 ps, attributed to Pb vacancies.12

The unrelaxed oxygen vacancy positron lifetime in
PbTiO3 shows the smallest increase above the bulk value of
161 ps. For the room-temperature tetragonal structure, the
calculated apical OI oxygen ion vacancy lifetime of 167 ps is
slightly larger than the in-plane OII ion value, 164 ps �Table
II�. The ultrasoft pseudopotential DFT calculated relaxations
were performed using the tetragonal structure,27 when these
are applied and the oxygen vacancy positron lifetime calcu-
lated, a �10 ps increase in the lifetime value results �Table
II�. The hybrid DFT-HF calculations used the high-
temperature cubic phase structure,28 hence positron lifetime
calculations were also performed using the 300 and 800 K
structures reported by Kuroiwa et al.30 The bulk structure
positron lifetime increased to 153 ps at 800 K and the unre-
laxed oxygen vacancy lifetime to 159 ps. The markedly dif-
ferent DFT-HF local relaxation resulted in a reduction in this
lifetime by 3 ps to 156 ps.

While the agreement between relaxed structure cation va-
cancy theoretical positron lifetime values and the experimen-
tal values for perovskite oxide titanates is good, larger ex-
perimental values have been observed from some samples.
Previous measurements on Fe-doped PZT reported second
lifetime values varying from 280 to 293 ps,12 and a similar
study of Nb- and La-doped PZT reported values in the range
�290–305 ps.13 The limited experimental resolution means
that when there is a positron trapping vacancy-related defect
with a lifetime �i additional vacancy defects with lifetimes in
the approximate range �i���1.4��i will not be resolved,
and a single, weighted average, lifetime component is de-
tected. The observation of experimental lifetime components
larger than the monovacancy values suggest larger vacancy
complex defects can also be present. Table III shows the
calculated positron lifetime values for a series of unrelaxed
vacancy complex and cluster defects in PbTiO3.

From Table III it can be seen that removing the short bond
apical OI oxygen ion nearest neighbor at the Ti site increased
the lifetime from 203 to 221 ps, also removing the long bond
OI ion further increased the defect value to 258 ps. Remov-
ing one of the next-nearest-neighbor apical Ti ions from this
complex increased the lifetime to 270 ps. Removing nearest-
neighbor oxygen ions at the 12-coordinated Pb vacancy site

TABLE II. Positron lifetime values �ps� calculated by the DFT method MIKA for monovacancy defects in
PbTiO3, the relaxed local structures are given in parentheses. Tetragonal phase local relaxations were ob-
tained from Ref. 27 and the cubic phase relaxation from Ref. 28.

Crystal
structure ref. T �K� Bulk VO VOI VOII VTi VPb

29 295 161 167 �181� 164 �171� 203 �185� 292 �290�
30 300 162 168 165

30 800 153 159 �156�

TABLE III. Positron lifetime values �ps� calculated by the DFT method MIKA for vacancy complexes in
PbTiO3, obtained using the room-temperature structure given in Ref. 29.

VTi-OI VTi-2OI V2Ti-2OI VPb-O VPb-4O V2Pb-2O V2Pb-3O VTi-3O-Pb VTi-3O-2Pb

221 258 270 296 306 310 317 344 371
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had a less marked effect; adding one oxygen vacancy in-
creased the lifetime from 292 to 296 ps, removing a further
three oxygen ions increased this to 306 ps. Removing two Pb
ions and two adjacent oxygen ions increased the lifetime to
310 ps, and adding a third oxygen vacancy increased the
defect complex lifetime to 317 ps.

Creating a vacancy cluster by removing both a Pb and a
Ti cation, with three oxygen nearest neighbors, increased the
lifetime significantly to 344 ps. Removing an additional
neighbor Pb increased this further to 371 ps �Table III�.
These vacancy complex and cluster results are consistent
with similar calculations for SrTiO3.33 Previous DFT posi-
tron lifetime calculations for VA-VO and VB-VO defects in
SrTiO3 have performed using both Boronski and Nieminen
�BN�,26,34 and AP,26 enhancement, show good agreement for
the increase in lifetime resulting from complex formation.
However, it has been shown that the AP values are in closer
agreement with experiment for the perovskite oxide
titanates.12,26 The AP calculations were extended to cation
vacancy-multi VO complexes,26 and to complexes with in-
volving several cation vacancies �Table III�.33 Positron life-
time measurements in thin film SrTiO3 have observed de-
fects with a lifetime of �400 ps, providing evidence for the
possible formation of large vacancy cluster defects in perov-
skite oxide titanates.33

B. Lanthanide-ion-doped PbTiO3

Detailed structural and differential scanning calorimetry
characterizations of the samples studied here have been re-
ported in Ref. 31. The introduction of La was found to result
in a marked reduction in the c-axis lattice constant, com-
pared to UD PbTiO3, and the magnitude of the reduction
increased with increasing dopant concentration. This is con-
sistent with the substitution of donor La3+ ions at the Pb site.
However, further decreasing the Ln ion size resulted in a
gradual recovery of the c parameter toward the UD value.

The variation in the a parameter was less marked and the
resulting behavior of the cell volume is shown in Fig. 1. This
recovery toward the UD sample values with decreasing Ln
ion size is attributed to the onset of partial substitution of Ln
ions at the B site.

The positron annihilation lifetime spectra from all the
samples studied were found to give the lowest variance fits
for two lifetime components, and the results for doping with
the Ln ions La to Dy, at both 2 and 8 at. % concentrations,
are shown in Fig. 2 and Table IV. The average lifetime val-
ues were all be greater than �230 ps, significantly larger
than the PbTiO3 bulk positron lifetime of �160 ps �Table
II�. Further, no lifetime component with a value less than �B
was detected. It was concluded that saturation positron trap-
ping to vacancy defects occurred in all the samples studied.
The �d� at which saturation trapping onsets depends on the
values of �B and �d. Assuming a plausible specific trapping
coefficient �2�1015 s−1 at. for a negatively charged
monovacancy,17 it can be estimated ��d�B=�d�d��B	10�
that saturation should occur when the vacancy concentrations
exceeds �50 ppm. There are currently no direct measure-
ments of defect specific trapping coefficients for vacancies in
oxides, however, theoretical estimates for the coefficients
have been made and found to be on the order of the values
inferred for vacancy defects in semiconductors and metals.17

The second lifetime component value was found to be in
the range �287–303 ps, except for Dy �275 ps�, while the
first lifetime was observed to be either �160 ps or in the
range �175–200 ps, with the expectation of the 8 at. %
Sm-doped sample which gave a value �220 ps �Fig. 2 and
Table IV�. Comparing these values to the DFT-calculated

FIG. 1. �Color online� Unit-cell volume against Ln ion obtained
from lattice parameters measured by x-ray diffraction. It should be
noted that weak x-ray peaks attributed to a secondary phase of
SmTi2O7 were observed for the 2 at. % Sm-doped sample.

FIG. 2. �Color online� Positron lifetime measurements for the
series of Ln-ion-doped ceramic PbTiO3 samples, both 2 at. %
�triangle-up� and 8 at. % doped �circle� samples shown. Measure-
ments made using both a Kapton foil supported positron source
�closed symbols� and a Ni foil supported source �open symbols�.
The lifetime values 181 and 290 ps are shown using dashed lines.
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positron lifetimes shown in Table II it is concluded that the
observed first lifetime components with lifetime values in the
range �1�175–220 ps are dominated by positron trapping
to Ti vacancy-related defects. Similarly, the second lifetime
components, �2�275–303 ps, are attributed to dominant
positron trapping to Pb vacancy-related defects.

It can be inferred from the positron lifetime values shown
in Table II that in samples exhibiting saturation trapping to
defects the observation of a lifetime component value less
than �175 ps can be attributed to oxygen vacancy defects,
either monovacancies or vacancy complexes, e.g.,
divacancies.12 Previous variable energy PAS measurements
on PZT thin films have observed sensitivity to oxygen
deficiency.14,35

The observed second component lifetime value for the Ln
ions studied had an average value of 293�7� ps �Fig. 2 and
Table IV�, the intensity of this component was greater than
65% for all the 8 at. % doped samples, except Dy. The com-
ponent intensity increased slightly, or markedly, with in-
creasing Ln ion concentration for the ions La to Eu. The
average lifetime of this Pb vacancy-related defect compo-
nent, suggests VPb-nVO defect complexes make a contribu-
tion.

In PbTiO3 large Ln ions �Table I� are expected to substi-
tute for Pb, predominantly as donor ions in the 3+ charge
state. The resulting charge can be compensated either by the
generation of electronic carriers in the conduction band or by
the formation of negatively charged cation vacancy defects
or through a combination of both. The results presented here
show cation vacancy defects are present at concentrations
greater than the threshold for saturation positron trapping
��50 ppm� in all the samples studied. The results also dem-
onstrate that for the ions La to Gd, at high dopant concen-
trations, the dominant cation vacancies are VPb-related de-
fects. However, it should be noted that results also show that
a significant minority concentration of VTi-related defects is
also normally present.

In the saturation positron trapping regime, assuming two
positron trapping defects, the simple trapping model predicts
two experimental lifetime components with lifetime values

characteristic of the two defects, and with intensities given
by Eq. �2�; the ratio defect-specific trapping coefficients is
a constant for a given pair of defect types. Accurate
values for �VTi

and �VPb
are not known, however there is

evidence that �VTi
	�VPb

.12 Variations in the intensities of
two saturation trapped defect lifetime components with a
material parameter such as dopant concentration can provide
a direct measure of changes in the relative concentration of
the two dominant vacancy defects, assuming the type the
vacancy defects present remains constant.

The behavior of the second experimental positron lifetime
component, with increasing dopant concentration, was found
to be similar for La and Eu, and for Nd, Sm, and Gd �Fig. 2
and Table IV�. The La- and Eu-doped samples exhibit a
marked increase in the intensity of the second lifetime com-
ponent, at �295 ps from �50% to �80%, with a concomi-
tant decrease in first lifetime component ��174 ps and
�190 ps, respectively� intensity, when the dopant concen-
tration is increased from 2 to 8 at. %. In the case of Eu a
large increase in VPb defects on increasing the doping level
could result if both Eu3+ and Eu2+ ion substitution at the A
site occurred at low concentrations �Table I� but the later was
suppressed at higher concentrations. For La, however, the
3+ charge state is known to be highly stable.

The Nd-, Sm-, and Gd-doped samples show a high inten-
sity, �65–78 %, in the second lifetime component at
�295 ps at 2 at. % doping, but on increasing to 8 at. %
neither the lifetime value or intensity changed markedly.
Changes were observed in the value of the first lifetime. The
estimated defect concentration threshold for the onset of
saturation positron trapping is of the order 100 times smaller
than the charge compensation vacancy-defect concentration
expected from 2 at. % 3+ ion donor doping. If Pb vacancy
formation was the predominant charge compensation mecha-
nism, �100% intensity in a single VPb-related component
would already be observed for 2 at. % doping.

By contrast, the behavior of the second lifetime compo-
nent for the Dy-doped samples was markedly different, the
lifetime value increases from �275 to �303 ps with in-
creased doping and the intensity decreases from �62% to

TABLE IV. Experimental positron lifetimes �ps� for Ln-ion-doped PbTiO3. The values are the average of
those obtained using the different positron sources after source correction.

Ln ion Sample �at. %� �1 I1 �2 �̄

La 2 177�4� 49�4� 289�5� 235

8 170�7� 21�3� 300�3� 273

Nd 2 179�6� 28�3� 296�3� 263

8 193�10� 27�6� 287�5� 262

Sm 2 192�7� 36�5� 294�5� 257

8 223�14� 34�9� 296�8� 271

Eu 2 194�4� 52�4� 299�5� 244

8 186�11� 19�4� 291�3� 271

Gd 2 162�6� 22�2� 296�2� 267

8 189�9� 25�4� 294�4� 268

Dy 2 160�4� 38�2� 275�4� 231

8 188�4� 53�4� 303�6� 242
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�47%. On closer inspection it was observed that the inten-
sity value for the second lifetime component in the Gd-doped
samples showed a small decrease, from �78% to �75%,
with increases dopant concentration; all the larger Ln ions
show either a small, or a marked, increase with increasing
concentration �as discussed above�.

The first component lifetime also exhibited similarities for
the two smaller ions, Gd and Dy, values of �162 ps and
�160 ps, respectively, were observed for the 2 at. % doped
samples. These are significantly below the VTi value and can
be attributed to significant positron trapping to oxygen
monovacancies or larger oxygen vacancy complex defects,
see Table II and Ref. 12. Increasing the doping to 8 at. %
increased the lifetime values to �189 ps and 188 ps, respec-
tively �Table IV�, due to a dominant contribution to the first
component from VTi-related defects.

Two previous positron lifetime studies have been per-
formed on acceptor-ion-doped PZT, both used Fe, which in-
corporates predominately in the 3+ charge state at the B
site.12,36 Both provide evidence, a significant contribution to
positron trapping at vacancy-related defects with a lifetime
less than the VPb lifetime, measurements on PZT ceramics
where the Fe concentration was varied from 0.1 to 1.0 at. %
showed a systematic relative increase in trapping to B-site
vacancy-related defects, at the expense of trapping to Pb
vacancy-related defects.12 These results are consistent with a
systematic decrease in the concentration of VPb defects with
increasing Fe, or an increase in VB defects, or a combination
of both trends �Eq. �2��. The defect concentration threshold
for the onset of saturation positron trapping is at least ten
times below the minimum acceptor ion concentration used.
Substitution of Fe3+ ions at the B site requires compensation
of excess negative charge, hence a suppression of cation va-
cancies could be expected with increasing �Fe3+�. A possible
explanation for the observed positron lifetime results for Fe-
doped PZT would be a preferential suppression of grown-in
Pb vacancies, resulting PbO loss, with respect to a constant,
or more slowly reducing, residual concentration B-site va-
cancies. However, it is not clear which mechanisms could
cause such a preferential suppression.

The behavior observed for Dy doping in this study is in
good agreement with that previously observed for Fe accep-
tor ion doping in PZT. The decrease in the relative concen-
tration of VPb- to VTi,-related defects with increasing Dy con-
centration is a reversal of the trend observed for the larger Ln
ions, Eu to La. It is inferred that these results provide evi-
dence for the existence of a fraction of Dy ions substituting
at the Ti site in the +3 charge state, acting as acceptor ions.
This is supported by the behavior of the unit-cell volume
with Ln ion type and concentration shown in Fig. 1. The
variation in the intensity of the VPb-related positron compo-
nent suggests the reversal of behavior onsets at Gd.

V. CONCLUSIONS

Atomic superposition density-functional theory calcula-
tions of positron lifetime values for unrelaxed monovacancy
defects in PbTiO3 were found to be in satisfactory agreement
with earlier studies.12,16 Relaxing the local structure of the
cation vacancies was found to significantly reduce the life-
time for the Ti vacancy from 203 to 185 ps while the Pb
vacancy value remained approximately constant at �290 ps.
Similar changes in the lifetime values had been previously
observed for the Ti and Sr vacancies in SrTiO3 on applying
local structure relaxation.26 Two different local relaxation
structures have been reported for the oxygen vacancy in
PbTiO3,27,28 the ultrasoft pseudopotential DFT-calculated re-
laxation increases the positron lifetime while the hybrid
DFT-HF relaxation predicts a lifetime value smaller than the
unrelaxed structure calculation value. Positron lifetime val-
ues were also calculated for a range of cation vacancy com-
plex and cluster defects in PbTiO3.

Positron lifetime measurements on lanthanide-ion-doped
PbTiO3 ceramics for the series La to Dy, using two doping
concentrations, 2 and 8 at. %, show saturation positron trap-
ping to vacancy-related defects for all samples. Trapping to
Pb vacancy-related defects normally dominated. However,
significant trapping to Ti vacancy-related defects was also
observed. The behavior of the intensity of positron trapping
to Pb vacancy-related defects with increasing Ln ion concen-
tration was observed to reverse for Dy, compared to the ions
Eu to La. The Dy ion positron trapping behavior was analo-
gous to that observed previously for Fe acceptor ion doping
in Pb�Zr0.42 ,Ti0.58�O3. It was concluded that partial substitu-
tion of Dy3+ ions at the Ti site was occurring. This was
consistent that the behavior of the lattice parameters which
showed a recovery toward the undoped PbTiO3 values with
decrease in Ln ion size. The positron lifetime results also
suggest partial occupancy of the Ti site occurs for Gd. The
results for the large Ln ions, La to Eu, are consistent with
substitution at the Pb site as donors resulting in excess
charge compensation by cation vacancy defect formation.
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