PHYSICAL REVIEW B VOLUME 61, NUMBER 1 1 JANUARY 2000-I

Identifying open-volume defects in doped and undoped perovskite-type
LaCoOg3, PbTiO;, and BaTiOg

Vinita J. Ghosh and Bent Nielsen
Brookhaven National Laboratory, Upton, New York 11973

Thomas Friessnegg
University of Maryland, College Park, Maryland 20742
(Received 9 August 1999

Dopants, vacancies, and impurity-vacancy clusters have a substantial impact on the properties of perovskite-
type metal oxideggeneral formulaABO;). In order to determine synthesis and processing conditions that
optimize the desirable properties of these materials a careful study of these defects is required. It is essential to
identify the defects and to map the defect densities. Positron annihilation spectroscopy has often been used to
identify vacancy-type defects. Calculations of the positron lifetime and Doppler-broadened profiles of the
positron-electron annihilation radiation in undoped and doped LaCBBTiO;, and BaTiQ are reported, and
compared with available experimental data. The results show that these positron techniques are excellent for
studying open-volume defects, vacancy-impurity complexes, and for identifying the sublattice occupied by the
dopants.

INTRODUCTION effects of doping and lattice relaxations around a defect have
also been investigated.

The many applications of perovskite-type oxide materials
in electronics have drawn much attention in the past decade. CALCULATION METHOD
These applications take advantage of the ferroelectric, pyro-
electric, high permittivity, and piezoelectric properties of  Positron lifetime Ca|CL_'|ati02r2‘5 have been done for a num-
these materials for a variety of devices such as nonvolatil®€r of ?'em?3n§f| materiaf$; 2 for dlfferegnt open-volume
memories, high density dielectric memories, uncooled infradefects in Sk***and for some La oxide’’ Various calcu-

red detectors, as well as sensors, actuators, and elec%de§.at:°”| F"ets[‘g‘?gs ha(\j/e been | useg, a%fu" dband-_structure
Reliability and reproducibility are important issues in the c&iculations,”*”pseudopotential methods,and atomic su-

fabrication of many of these devices. A guideline for im- Fgrggsittircm tr*:g};f‘z%d%9'21(jThet Sri%a cr?écu:a;[i]?n techrniquies
proving reliability parameters such as fatigue, imprint, and,. and-struc u%m;_z pseudopote - and atomic superposi-
retention is to control the defect density in the material Al-tIon method : ) have been used for the calculation of

. "~ the Doppler profiles. It has been shown that band-structure
though defect models for some bulk materials have bee

. . 6 ; €€ Ralculations give better agreement with experimental data
reported in the literaturé;® the precise defect structure in than atomic superpositon methods for positron
thin-film materials may be more complex and is not well itatimes19-2! as well as for Doppler profiléd. However

understood. Improvgd dgfect characterizatign in bulk materiynd-structure methods cannot easily be used for large su-
als as well as thin films is therefore essential. percells, and large supercellsonsisting of hundreds of at-

Positron annihilation spectroscopAS) has become a omg are required for studying defects in complex materials,
valuable tool, used to characterize open-volume and substespecially metal oxides. The application of atomic superpo-
tutional defects in thin-film and bulk materials. Some of thesition methods to positron lifetimes in metal oxides has
numerous advantages of this technique are that it is nondegielded reasonably good agreement with experimental
structive, that no special sample preparation is required, andata®® Comparisons with experimental Doppler broadening
that it has potential foin situ studies. In the past the PAS data for elemental solidshow that the calculated profiles
method has been extensively used to investigate defects gualitatively reproduce all the features of the experimental
metals, semiconductors, and polymérsdowever, littte data, even though the discrepancies between the calculated
theoreticdl® and experiment&t~*®*work has been done for and measured values may be as large as a factor of'tio.
bulk forms of metal oxides with a perovskite structure, andshould be kept in mind that the atomic superposition model
only recently has the PAS technique been applied to invedails to describe the delocalized valence states accurately,
tigate thin films of these material§-*® and that the calculated profiles are less accurate below

In this paper we report on a systematic study of the pos20x 10 3myc, wheremy is the rest mass of the electron and
itron annihilation characteristics in the perovskite-oxide ma-c the velocity of light. The major contribution to the positron
terials LaCoQ, PbTiO;, and BaTiQ. Positron lifetimes and lifetimes is due to annihilations with valence electrons and
Doppler profiles have been calculated for the defect-free bulkherefore one would not expect good agreement with experi-
as well as for different lattice defects. These calculated valmental data, but the calculated values in Refs. 8 and 9 show
ues have been compared to existing experimental data. Theasonably good agreement.
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TABLE I. Positron lifetimes in the undoped perovskite-type

metal oxides.
Positron lifetimegps) in
LaCoO; PbTIO; BaTiO,
Defect-free 129 147 152
Va 275 280 293
Vg 173 175 204
Vo 145 152 162
2Vo 160
3V, 170
FIG. 1. The structure of perovskite-type metal oxides. VaVo 280 284
VaVa 281
Another approximation inherent in these calculations is VaVe 277
the simulation of charged ions by neutral atoms. These ma- VsVo 202
terials are likely to have sizable relaxations near vacancy- VgVoVo 252

type defects, and the magnitude of these effects has to be
calculated by some other methods. We have used shell-
model calculations to estimate the magnitude of the relaxBaTiO; are used for the calculatiori>* Undoped LaCo@
ations, and then used these values to calculate the effects B&s a cubic structure but Sr doping introduces rhombohedral
these relaxations on the positron lifetimes. distortions proportional to the Sr contéfitThe lattice con-
We have used the atomic superposition methédfor  stant for the cubic phase of undoped LaGa®used in our
the calculation of the positron lifetimes and the Dopplercalculations.
broadening. Supercells with at least 135 atdqoften 320 or
more atomp were used for the calculations. Ratio curves A. Positron lifetimes and Doppler-broadened profiles
(plotting the ratios of a Doppler profile to a reference profile for undoped materials
were used to highlight the differences between the profiles of

materials with defects to defect-free materials. The positions, aierials are listed in Table 1. In all of these materials pos-
lmagmtudtta)s, and ds?ap(;es (t)'f the spec!al feat(reaks or val- i itron lifetimes associated with vacancies on different sublat-
eys) can be used to identify vacancies or vacancy-impuri Ytices have very different values, and these lifetimes can be

cIusters_. Th? Impact ofﬁi)h_e detector reso'““‘??‘ on the "aliQised to identify the defect site. Positrons annihilating at va-
curves is quite significant, it may alter the posmon,.mag.m- cancies associated with the large cation sif@shave longer
tude, or th? s_hape of the peaks that are used to identify thlﬁetimes than those at the smaller cation sitBs Lifetimes
defects. It is important that the appropriate detector resoluz < iated with oxygen vacancies are not much longer than

gpr IS utsed mlthe ?allculiatmnsA gnd n .corrgjpianntg data Ifrct)_ ositron lifetimes in defect-free materials. Positron lifetime
erent experimental SEUps. aussian detector resolutio xperiments!~ discussed in the next section, point to the

function with a full width at half maximum of 1.5 keV was existence of defect complexes with longer lifetimes. These
convo_luted with the calculate_d values to correspond to th%omplexes may be charge-neutral combinations of anion-
experimental detector resolution. cation vacancies, or clusters of oxygen vacancies. Positron
lifetimes for annihilation at some vacancy clusters are also
RESULTS AND DISCUSSION listed in Table I. As expected the positron_life_ti_mes at va-
cancy complexes are larger than those at individual vacan-
The three materials we studied are all perovskite-typesies. They do not, however, appear to change dramatically as
metal oxides, with the general formueBOs. In the formula  the cluster size increases.
ABO;, A represents the large cations, La, Pb, or Ba; Bnd The positron lifetime at vacancies is expected to change
the smaller cations Co or Ti. The atomic positions are showrue to the relaxations of the ions surrounding the vacancy.
in Fig. 1. The largeA ions occupy the eightfold coordinated These changes were briefly explored using shell-model cal-
site (0,0,0, B ions occupy the sit¢0.5,0.5,0.5, while the culations to estimate the magnitude of these relaxations.
oxygens occupy the equipoint€.5,0.5,0. PbTiO; and  Shell-model calculations have been done to look at relax-
BaTiO; are ferroelectric perovskites. They have similar co-ations near oxygen vacancies in Y;Bax0,.% These results
hesive properties such as unit-cell volume, but differentshow that the neighboring copper atoms move away from the
ferroelectric behavior, which has not been fully vacancy, whereas the oxygen ions move towards the vacant
understood In addition to the cubic phase BaTj@xists in  site. The magnitude of these relaxations is typically around
the tetragonal, orthorhombic, and rhombohedral phased4,0% of the interatomic spacing, and is of the same order as
whereas PbTi@can also exist in the tetragonal phase. Thethe observed structure changes in oxygen-deficient
ferroelectric distortions involve a displacement of isub-  YBa,Cu;0,.3® Similar calculations for Y, Ba, and Cu
lattice with respect to the anion sublattice, resulting in a netvacancie¥ show that the relaxations associated with the
dipole moment or polarization. For the purposes of the callarge cation vacancies can be somewhat larger. We assumed
culation we assume that the Ti occupies the symmetric bcsimilar relaxations around vacancies in LaGaidd tried to
site. The lattice constants for the cubic phases in Phaitd  estimate the impact of these relaxations on the values of the

Calculated values of the positron lifetimes in all three
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FIG. 2. Ratio curves of the L&solid line), Co (dashed ling and FIG. 3. Ratio curves for the simple vacancie,Vsolid line),
the O(dotted ling vacancies in LaCo@with respect to defect-free Vi (dashed ling Vo (dotted ling, and the Vo (dot-dash,
LaCoO. V12V (dot-dot-dasheld and the 2La,V p, complexegsmall dots

in PbTiO; with respect to defect-free PbTiO
positron lifetime. For La vacancies in LaCg@he vacancy- B. Influence of doping on positron lifetimes
oxygen distance was increased by 10% and the vacancy- and Doppler-broadened profiles

cobalt distance was decreased by 10%. The calculations pre- |, ¢ pajlieved that in Sr-doped LaCg@he Sr ions occupy
dicted a small(10 p9 decrease in the positron lifetime. To the La sites. When 1% ions are replaced by 3 ions the

study a Co vacancy the Co-O distance was increased by 10y, ative effective charge can be balanced either by tié& Co
and the Co-La distance was decreased 10%. This resulted Bns changing to CH (valence compensatipnor by the

a larger decreas€30 ps of Fhe positron lifetime. For the  reation of an oxygen vacandyacancy compensatiorior
oxygen vacancy the O-O distance was decredbgdl0%  eyery two Sr ions. To study the impact of the Sr doping a
and the O-La and O-Co distances were incredbgdl0%.  yirtual crystal was created that was similar to LaGdit
These relaxations increased the pOSitrOﬂ lifetime aSSOCiatQﬂith all La atoms rep|aced by Sr atoms. The rep|acement of
with the oxygen vacancies by about 30 ps. Since the strugall La atoms by Sr atoms increased the positron lifetime from
ture of YBgCuzO; is more complex than that of the cubic 129 ps(Table |) to 144 ps(Table Il). The defect cluster with
perovskite oxides and relaxation effects near defects magwo Sr atoms on La sites complexed with an oxygen vacancy
have very different magnitudes. Therefore shell-model calhas a larger lifetimg160 pg than the defect-free LaCaO
culations should be performed for the metal oxides undecrystal(129 p3, or the isolated oxygen vacan¢¥45 ps.
study, and their impact on the positron lifetimes and Doppler Another way to determine which mechanism is respon-
broadening should be explored carefully. sible for the charge compensation is to look at the Doppler
The Doppler profiles of the materials we studied also exprofiles. Figure 5 shows the change in the ratio curves as a
hibit some interesting features. Vacancies on different subfunction of the Sr concentratioivalence compensatirirhe
lattices have distinguishable features, which can be used t@tio curve for the defect complex consisting of two substi-
identify the vacancy sublattice. Ratio curves for vacancies ifutional Sr atoms bound to an oxygen vacancy is also plotted
LaCoO; with respect to defect-free LaCqre shown in
Fig. 2, for vacancies in PbTiQwith respect to defect-free
PbTiO; in Fig. 3, and for vacancies in BaTiQuith respect t2r
to defect-free BaTi@in Fig. 4. The three figures show that
vacancies on different sublattices have very different shapes,
and these shapes can be used for identifying the defect site.
Moreover, the signature peaks for defects on corresponding
sublattices(A, B, or O sublatticey in the three perovskites
have qualitatively the same features. Doppler profiles for
some vacancy combinations were also calculated. Ratio
curves for single vacancies and vacancy clusters in PpTiO
are plotted in Fig. 3. The ratio curve for a cluster consisting
of a Pb and an O vacancy has features similar to a Pb va- . , ,
cancy. The charge-neutral combination of one Ti and two O 0 10 20 30 40 50 60
vacancies, however, results in a ratio curve that is clearly p(10°mc)
distinguishable from either the Ti or the O vacancies. This

difference in the shape of the signature peak may be due to FiG. 4. Ratio curves for ¥, (solid line), V; (dashed ling and
the relaxations associated with this defect complex. V,, (dotted ling in BaTiO; with respect to defect-free BaTiO
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TABLE II. Positron lifetimes for some “hypothetical” crystals 1.2 S E e B R E—
and impurity-vacancy complexes in doped metal oxides.
11 F b
Positron lifetimes g’ ‘
((:5] £ 10}
LaCoO, 129 8 ;
Lap g5S1p.1:C00; 134 go°r |
Lag 67510.34C00; 140 3
SrCoQ 144 §0°T ]
2Si Vo 160 é’
PbTiO; 147 gorr ]
LaTiO; 136
PbZrG; 141 85 10 2 %0 40 50 60
LaZrO, 132 0, (10°m.0)
2LappVpp 278
SITiO; 164 FIG. 6. Ratios of PbTiQ (solid line), LaTiO; (dashed ling
BaSrQ 149 PbZrQ; (dotted ling, and LaZiQ (dot-dashed linewith respect to
SiiVo 154 defect-free PbTiQ

both Pb and Ti to create LaZgOThe ratio curves of all
these hypothetical structures with respect to defect-free
PbTiO; (Fig. 6) have very different features, and represent

fo.und to b_e quite different from that of the virtual _crystals the maximum changes we expect to observe due to doping.
with substitutional Sr or the isolated oxygen vacafti€y. 2) Replacing all Pb atoms by La atoms results in a small de-

in LaCoQ;. The presence of the oxygen vacancy causes thgrease(11 pg in the positron lifetime(Table 1I). If all Ti

positron to be localized near the substitutional Sr, and thtoms are replaced by Zr atoms the calculations predict a 15
signal can be interpreted as a combination of a La vacancys decrease in the lifetime, so it may not be possible to detect
and a substitutional Sr. lifetime changes for small doping levels. Therefore, the
When PbTiQ is doped with La the large La ion probably changes in the shapes of the ratio cur¢Ey. 6) due to
occupies the Pb site. Charge compensation during the substioping may prove to be a better indicator of the presence of
tution of P by La®* ions would probably result in a defect the sustitutional impurities.
complex with two substitutional La ion@t Pb sites bound When BaTiQ is doped with Sr, the Sr can occupy both
to a Pb vacancyvacancy compensatipnBoth the positron Ba and Ti sites. The effect of Sr substitution is modeled by
lifetime (Table ) and the Doppler profiléFig. 3 of such a  creating hypothetical SrTiDand BaSrQ crystals with the
defect complex were found to be very similar to those of arsame lattice constant as the BaiQVhen all Ba sites are
isolated Pb vacancy. occupied by Sr atoms there is a 12 ps increase in the positron
To examine the maximum effect of substituting Pb with lifetime (Table 1). When all Ti sites are occupied by Sr
La atoms, or Ti by Zr atoms, we created hypothetical struc&toms there is a 3 ps decrease in the positron lifetime. These
tures with the same lattice constant as Phify replacing ~ €hanges in the lifetime are too small to be measured, espe-
all Pb atoms by La atom&reating LaTiQ), or by replacing cially for small variations in the doping concentration. The

Ti with Zr (creating PbZr@), or by simultaneously replacing rBaatlgrSQ?]:/\fiTﬁ gggglcetrtgrgg}lgi;?gg‘%gféﬁg%‘gﬁg%%g.

7. The two curves have very different shapes and these dif-
120 ferences can be used to determine whether Sr occupies Ba or
[ Ti sites.

When St* occupies Ti" sites it probably couples to an
oxygen vacancy to form a charge-neutral defect complex.
The calculated value of the positron lifetime associated with
this defect(154 ps was found to be somewhat lower than
that for a simple oxygen vacandy62 ps. The calculated
ratio curve of the Doppler profiléFig. 7) for this defect
complex differs significantly from the ratio curves for the
I M - hypothetical crystals described above. However, the defect
085 | complex (Sy;Vp) appears to have a ratio curve very similar

I to that of an isolated oxygen vacanciFig. 4), the
[ [ main difference being that its high-momentump, (
075 ————— L —— L —————— >30x 10 3myc) value is somewhat higher than that for a
simple vacancy.

in Fig. 5. The shape of the ratio curve for this complex is
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COMPARISONS WITH EXPERIMENT
FIG. 5. Ratio curves for LggsSip1:Co0; (solid line),
Lag 6:51p.34C00; (dashed ling and SrCoQ (dotted ling, and the Some positron lifetime measurements have been done on

2SI Vo complex with respect to defect-free LaCpO all these materials. The measurements for L &r,CoO; are
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BaTiO; (Table |) is 152 ps, in good agreement with the ex-

perimental data. The calculated lifetime associated with the
Ba vacancy is 293 ps, and this value is somewhat lower than
the observed value. One possible explanation is that the ex-

- ; N perimentally observed lifetime results from Ba vacancies
105 - complexed with other vacancies.

s T In La-doped BaTiQ (Ref. 14 two lifetimes have been
resolved, both of which vary with La doping. The shorter
lifetime decreases from a value of 190 ps~d74 ps as the
e La concentration increases from 0 to 0.2 at%, and then in-
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ratios wrt defect-free BaTiO,

090 | creases to 210 ps as the La concentration increases further to
I . . 0.8 at.%. The value of the longer lifetime component fol-
08, 10 20 30 40 50 60 lows the same trend, decreasing from 390 ps to 310 ps as the
b (10°m.c) La concentration increases from 0 to 0.2 at.%, and then in-

L o

creasing to 420 ps as the La concentration increases further
_ _ _ _ to 0.8 at.%. The authors argue that when thé*Lians re-
_ FIG. 7. Ratio curves for BaTi¢X(dotted ling, SrTiQ; (dashed  place the BA" ions two different charge compensation
Ilne)_, and the SgV o complex(solid line) with respect to defect-free mechanisms can occur. The excess positive charge may be
BaTiOs. neutralized by Ti" changing to Ti" (electron compensa-

discussed in Ref. 18, and they show the presence of twHON), or by the creation of Ba vacanciegacancy compen-
lifetimes in all samples. The bulk lifetime is found to be sation. The vacancy compensation mechanism would result
138+2 ps, and the Sr doping does not appreciably chang# the creation of a defect complex consisting of gl\és,.
the bulk lifetime. A longer lifetime, with an average value of The authors also conclude that the longer-lifetime compo-
223+10ps can be resolved in all samples. This longer life-nent is an average lifetime due to positrons annihilating at
time has been attributed to annihilations at single vacanciessolated Ba vacancies and at grain boundaries, which may
Forx=0.5 a new defect lifetime, which was not observed forhave a substantially larger lifetime. For further identification
samples with 0.&.x<<0.05, could be identified. This defect of defects in this case Doppler profile measurements may
lifetime had a value of 149 ps, and was attributed to theprove to be very useful.
presence of oxygen vacancies. Positron lifetimes have been measured for Bi-doped
The positron lifetime measurements were repeated for thpyzr, . Ti, ;905 and L& -doped PbTiQ.'® The authors
x=0.05 andx=0.5 samples after quenching from 1025 °C concluded that in La-doped PbTjGhe positrons annihilated
and 600 °C, respectively, to decrease the oxygen contenit pp vacancies, with a lifetime close to 304 ps. The defect-
The I|_fet|mes and intensities for the=0.5 Sr-doped sample specific positron trapping rate intopy'was estimated to be
remained unchanged. The=0.05 sample, which had shown 3 7510~ 11cnds. The experimental lifetime of 304 ps is in

no evidence of oxygen-related defects in the as-grown Stat%bod agreement with the calculated value of 280 ps for the
showed two defect lifetimes. These lifetimes were 157Pb vacancy

+2 ps and 282 3 ps. The shorter lifetime was attributed to For the Bi-doped material, the trapping rate into

the introduction of oxygen vacancies, and the larger lifetime

to the formation of defect complexes consisting of metal andé sﬁigﬁi/r-;)tlizi dtifegtsmgzﬁisrfdvg;ﬁ? I:r?;e&}cﬁgr? sdt(;ftzr(]jt
oxygen vacancies. ' '

The calculated values of the positron lifetinigable | decreasing as dopant concentrations increased further.

compare reasonably well with the measured values fof '€ rapping sites were assumed to be Pb vacancies for
the oxygen vacancies, but the lifetime calculated for thd®W Bi concentration. The authors concluded that as the
La vacancy (275 p$ is much larger than the measured Bi concentration increased the Bi atoms started occupying
value of 227 ps. The calculated values for skevacancies Ti or Zr sites. For theABO; structure to remain electrically
in PbTiO, and BaTiQ are similar to those for the La va- neutral when the Bi" occupied the Ti" or Zr** sites,
cancy, and the measured values are found to be larger th&h vacancies were created. These O vacancies formed a
300 ps. complex with a Pb vacancy to form a cation-anion vacancy
Positron lifetimes have been measured in ferroelectrigair, which may have a smaller defect-specific trapping rate
BaTiO; (Ref. 13 as a function of temperature and electric than the isolated Pb vacancy. The positron results are in
field, and in La-doped BaTi§(Ref. 14 as a function of La qualitative agreement with the results of the Goldschmidt
doping. Two lifetime components were identified in ferro- factor analysis of Gonnard and Trocc&ayhich shows that
electric BaTiQ.'® The shorter lifetime component of 160 both A and B sites can be occupied by impurities, and that
+4 ps was associated with the bulk lifetime. The longer life-the distribution between the two sites depends on the ionic
time component varied between 318 and 347 ps as a functiomdius of the impurity. The large-radius Bi impurity will pre-
of temperature as well as of an electric field. On the basis ofer theA (or Ph site and will populate th® sites only when
the temperature-dependent data the authors concluded tHhe dopant concentrations are larger. The lattice constant and
the longer lifetime was due to the Ba vacancies, and wasell volume of PHZrTi)O; increase with an increase in the
strongly dependent on the crystal structure and Ti-O hybridratio of Zr/Ti, making it easier for the Bi ions to occupy the
ization. The calculated value of the bulk positron lifetime in B sites.
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CONCLUSIONS and dopants occupy, and whether the dopants are complexed

Positron lifetimes and Doppler profiles have been caleu ith any open-volume defects.

lated for a number of defects in LaCgOPbTiO;, and

BaTiO3. The eﬁept of atomic relaxations on the positron ACKNOWLEDGMENTS
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