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Metal ion and oxygen vacancies in bulk and thin film La12xSrxCoO3
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Positron-lifetime and depth-resolved Doppler-broadening spectroscopy were used to investigate vacancies
formed in bulk and laser ablated thin film La12xSrxCoO3. In bulk samples, metal ion vacancies, which are most
likely situated in the La sublattice, show a lifetime of 219 ps and a Doppler-broadeningSparameter 1.06 times
higher than the bulk. The metal-ion vacancy concentration increases with increasing Sr content. Forx>0.3,
oxygen vacancies are detected, yielding a positron lifetime of 149 ps, only 10 ps longer than the bulk lifetime;
the S parameter is 4% higher than for the bulk. For a given Sr concentration the films show a higher defect
density than the bulk samples. The introduction of oxygen vacancy related defects is observed for increasing Sr
doping concentration for both film and bulk samples. In films these defects probably consist of larger clusters
and/or form complexes with metal ion vacancies.@S0163-1829~99!03519-5#
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I. INTRODUCTION

Due to its high electrical and ionic conductivity, the pe
ovskite structure La12xSrxCoO3 is of great technological in-
terest. It is a promising material for use as a cathode in s
oxide fuel cells,1,2 as an oxygen permeable membrane3 and
as an electrode for highly oriented ferroelectric thin film4

The insulator-metal transition in La12xSrxCoO3, which also
occurs in LaCoO3 at high temperature,5,6 has attracted much
attention. La12xSrxCoO3 has low-electrical conductivity for
x50, is semiconductive for 0.20<x<0.25, and metallic for
0.30<x<0.50, respectively.7

When La31 ions are replaced by Sr21 ions, the negative
effective charge of strontium ions may be compensated
the formation of equivalent amounts of positive charg
These may constitute either, formally, Co41 ions or posi-
tively charged oxygen vacancies.8 This can result in a com
plex defect structure with regard to oxygen nonstoichiome
and strontium content. In recent publications,9,10 we have
demonstrated that vacancy-type defects are detecte
La0.5Sr0.5CoO32d thin films by positrons where the oxyge
deficiencyd was altered by varying the oxygen partial pre
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sure during cooling. In this paper, we employ the vacan
sensitive technique of positron annihilation spectroscopy
both bulk and thin films of La12xSrxCoO3 to investigate the
defect structures. By combining positron-lifetime spectro
copy on bulk samples with variable energy positron be
Doppler-broadening on laser ablated thin films, metal
vacancies and oxygen vacancy-related defects are dire
observed.

II. EXPERIMENTAL DETAILS

Bulk polycrystalline samples were prepared by a sol
state reaction method similar to that described by Itohet al.11

Appropriate mixtures of La2O3, SrCO3, and CoCO3 were
ground together. The powders were placed into alum
boats and calcined in air at 950 °C for 16 h, then regrou
and sintered 16 h at 1000 °C, then again for 16 h at 1100
Pellets were pressed, then placed onto alumina plates,
fired in air for 12 h at 1300 °C. Finally, the samples we
annealed in flowing oxygen, being heated 500 °C/h
1000 °C, held 1 h, then cooled at;6 °C/h to below 100 °C.
Powder x-ray diffraction analysis confirmed that the samp
13 365 ©1999 The American Physical Society
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13 366 PRB 59T. FRIESSNEGGet al.
are single phase with rhombohedrally distorted perovs
structure. Electrical characterization of similarly prepar
samples showed that the material exhibits a crossover f
semiconducting to metallic close tox50.25.12

Thin films of La12xSrxCoO3 were grown on LaAlO3 sub-
strates by pulsed excimer laser deposition using a solid
ramic target of the desired film composition. During depo
tion, a temperature of 650 °C and a pressure of 100 mT
oxygen were maintained in the growth chamber. Af
growth, the films were cooled at 5°/min in an oxygen pre
sure of 760 Torr. The phase purity and structural quality
the films was evaluated by x-ray diffraction, showing epita
ial films with a ~001! orientation. The film thicknesses wer
between 250 and 500 nm as determined by Rutherford b
scattering.

Two experimental positron-based techniques were
ployed to characterize the defect structure of bulk and t
film La12xSrxCoO3. The sensitivity of these techniques
open volume defects arises from the annihilation charac
istics of the thermalized positron with the electrons in t
investigated material.13,14 Positrons are attracted to vacanc
type defects because of the missing ion cores and can, th
fore, be trapped by these defects. This results in a signifi
change in the annihilation characteristics that can be use
investigate defect chemistry.

Positron-lifetime spectroscopy was performed on b
La12xSrxCoO3 using a lifetime spectrometer with a time
resolution full width at half-maximum~FWHM! of 220 ps.
The positron source was a 30mCi 22NaCl source encapsu
lated in an Al foil with a thickness of (2.460.2)mm. The
fraction of positrons annihilating in the source was det
mined by a method described elsewhere15 to a total of (4.3
60.4)%. A correction was made for this source contribut
to the annihilation spectrum. The computer progra
PATFIT-88 ~Ref. 16! was used for analyzing the lifetim
spectra. To accurately resolve the lifetimes;63106 counts
were accumulated in each spectrum.

The lifetime spectra were analyzed with three lifetim
components yieldingx2 values for the fit of typically less
than 1.1~A fit with two lifetime components gavex2.2.0
indicating an inappropriate decomposition of the lifetim
spectra!. A long lifetime (1.160.1 ns) component with an
intensity ,1% of the total was present in all samples. Th
small component, which is attributed to annihilations at
surfaces and in the22Na source, was fixed in the analysis a
will not be discussed in further detail.

Since the electron density is lower in open-volume d
fects, the corresponding positron lifetime is longer than t
for the bulk state. The annihilations from different states c
be separated by positron-lifetime spectroscopy since e
state is represented by a characteristic lifetime, which can
determined by decomposition of the measured lifetime sp
trum.

A variable energy positron beam17 was used to study the
defect depth profile in the bulk and thin films. The annihi
tion quanta were measured using a 35% efficient Ge dete
with a resolution of 1.5 keV~FWHM! at 511 keV. About
53105 counts were accumulated in each spectrum. T
Doppler broadening of the annihilation line was analyzed
terms of theS parameter, defined as the ratio of the integ
over a fixed central portion of the peak~A, 510.3–511.7 keV!
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and the total counts~B, 503.8–518.2 keV! according toS
5A/B ~which yields a value of;0.500 for defect-free sili-
con!.

When a positron annihilates with an electron, the cente
mass of the electron-positron pair will have a moment
that is essentially determined by the electron since the t
malized positron has a negligible momentum. This eff
causes a Doppler broadening of the annihilation line. In
vacancy defect the overlap of the positrons with core el
trons is reduced. Therefore, the width of the Doppler sp
trum is significantly narrower for a material with defects th
for the defect-free material.

III. RESULTS AND DISCUSSION

A. Bulk ceramics

Figure 1 shows the lifetime results for bulk samples w
varying Sr content. The average lifetime@panel~a!#, defined
as

tavg5I 1t11I 2t2 , ~1!

is calculated from the decomposed lifetimest1 ,t2 , and their
corresponding intensitiesI 1 and I 2 , respectively withI 1
1I 25100%. The Doppler-broadeningS parameter data for
the same samples are shown in Fig. 2@panel ~a!#. These
values were obtained by averaging theS-parameter values
for positron implantation energies from 10 to 25 keV. T
average lifetime and theS parameter both increase with S
doping concentration, indicating an increase in the def
density, and show saturation at 0.30 Sr doping.

FIG. 1. Lifetime and Doppler-broadening data for bu
La12xSrxCoO3 as a function of Sr content.~a! Doppler-broadening
Sparameter,~b! average lifetimetavg, ~c! decomposed lifetimest1

~open circles!, t2 ~solid squares!, and ~d! corresponding intensity
I 2 .



c
1
h

at
u

n

A
si
lif
-
to

ife

in
le

o

r-

um
ge

is

s,

ns

ut

e
lete

-
is
e
in

u-
he
s
n

ities
en

We
n
is

e-
u-

red

nd
m

qs.

PRB 59 13 367METAL ION AND OXYGEN VACANCIES IN BULK AN D . . .
From the decomposed lifetime data a longer lifetimet2 is
resolved and can be attributed to annihilations in a vacan
type defect. This lifetime has an average value of (2
65) ps and is slightly higher for the undoped sample. T
increase in the intensity of the defect componentI 2 @Fig. 1,
panel~c!# in combination with the decrease in the lifetimet1
for 0<x<0.05 Sr doping indicates an increase in the r
(l1) by which positrons are removed from the bulk state d
to trapping according to

l151/t15lbulk1k219, ~2!

wherelbulk denotes the bulk annihilation rate andk219 the
trapping rate into the defect with the lifetimet25219 ps.
The trapping rate is directly proportional to the defect co
centrationC and follows the relation

k2195mC ~3!

with m being the specific trapping rate for the defect.
sufficiently high-defect concentrations essentially all po
trons become trapped by defects, and the bulk-related
time can no longer be resolved~this is called complete trap
ping!. Forx>0.3 a new defect lifetime is resolved and due
the high trapping rate into the defects, the bulk-related l
time can no longer be resolved.

From 0<x<0.05 Sr doping, the bulk lifetime (tbulk),
which represents a materials constant, can be obtained
cording to the standard trapping model18

lbulk51/tbulk5~ I 1 /t11I 2 /t2! ~4!

yielding tbulk513962 ps. The derivedtbulk values for dif-
ferent Sr doping are listed in Table I. We note that Sr dop
does not change the bulk lifetime perceptibly in our samp
This observation confirms the presence of only one type
defect. Therefore, the trapping ratesk219 into this defect can
be calculated by

k25I 2~1/t121/t2!. ~5!

FIG. 2. Sparameter as a function of Sr content for the bulk a
laser-ablated film material. TheS parameters were extracted fro
averaging theSvalues for implantation energies in~a! bulk samples
for 10 keV<E<25 keV and ~b! film samples for 5 keV<E
<10 keV.
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The lifetime data can be combined with the Dopple
broadeningS parameter data to establish defect-specificS
parameter values. TheSparameter can be expressed as a s
of contributions from the bulk and from defects. In the ran
between 0<x<0.05 Sr,S can be expressed as

S5~12 f !Sbulk1 f S219, ~6!

where f represents the fraction of trapped positrons and
given by

f 5
k219

lbulk1k219
. ~7!

Table I lists the calculated bulk lifetimes, trapping rate
and trapped fractions for 0<x<0.05 Sr doping. Since theS
parameter andf values are experimentally known for thex
50.02 and thex50.05-doped sample we have two equatio
to determineSbulk andS219. We findSbulk50.389060.0025
and S21950.413060.0030 for these characteristicS param-
eters. Hence, theS parameter for the 219 ps defect is abo
6% larger than the bulk value.

For the Sr doping concentrationsx>0.30 both the
Doppler-broadeningS parameter and the average lifetim
saturate. These observations are consistent with comp
trapping into defects. A new lifetime of 14964 ps is ob-
served in addition to the 219 ps component.

Using Eq.~4! to calculate the bulk lifetime from the de
composed lifetime data yields a value of 170 ps. This
significantly too high to be accounted for by Sr doping. W
therefore conclude that the 149 ps lifetime component is
fact a defect lifetime and the bulk lifetime cannot be calc
lated from Eq.~4! due to complete trapping. In this case, t
Doppler-broadeningS parameter contains only contribution
from the defect specificS parameters. We, therefore, ca
expressS as a weighted sum ofS149 andS219:

S5I 1S1491I 2S219 ~8!

with the relative intensitiesI 1 and I 2 for the 149 ps and 219
ps components, respectively. Using the observed intens
for the x50.50 Sr-doped sample together with the giv
value forS219 we solve Eq.~8! for the defect-specificS pa-
rameter associated with the 149 ps lifetime component.
obtainS14950.404060.0030, which is about 4% higher tha
the bulk value. It is interesting to note that the lifetime of th
defect is only 10 ps higher than the bulk lifetime, butit gives
a significant contribution to the measuredS parameter.

The most likely physical interpretation for the 149 ps d
fect is thatit is due tooxygen vacancies. Theoretical calc
lations for positron states in La12xSrxCoO3 have not been
done. However, such calculations do exist for the laye

TABLE I. Bulk lifetime tbulk , trapping ratek219 and fractionf
of positrons trapped into the observed defect calculated from E
~4!, ~5!, and~7! for different Sr-doping levelsx.

Sr x tbulk ~ps! k219 ~ns21! f

0.00 13861 1.260.1 0.1460.01
0.02 13761 2.460.1 0.2660.01
0.05 14162 2.960.2 0.3260.02
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13 368 PRB 59T. FRIESSNEGGet al.
perovskite superconductors La22xSrxCuO4 ~Ref. 19! and
YBa2Cu3O7 ~Refs. 19 and 20!. A weak-positron binding en-
ergy (Eb560 meV) to single-oxygen vacancies was found
both superconductor materials exhibiting lifetimes that
very close to the positron bulk lifetime. In YBa2Cu3O7, the
binding energy increases by almost a factor of 4 for a clu
size of 4 oxygen vacancies whereas the lifetime increase
only 15 ps.20

The lifetime associated with oxygen vacancies is not
served in samples with 0<x<0.05 Sr doping. This sugges
that the charge compensation for substitution of La by S
accomplished by oxidation of Co31 to Co41 in this range of
Sr doping. It was reported that the concentration of Co41

increases approximately linearly with Sr content up tox
50.30 Sr doping.8 For higher Sr-doping concentrations th
concentration of Co41 was found to increase sublinearly21 or
to decrease.8 Moreover, abrupt changes in the Co-O bo
length and the Co-O-Co angle have been observedx
;0.25 doping21 and were attributed to a change in the ba
structure at the transition from semiconducting to metal
Señarı́s-Rodrı´guez and Goodenough7 determined that as
prepared samples with Sr contentx<0.25 are stoichiometric
in oxygen while samples withx.0.25 are oxygen deficient
Because of these observations we rule out the possibility
the 149 ps lifetime is due to Co vacancies, although th
would probably yield a comparable lifetime. According to
simple ionic model the local charge of the oxygen vacan
(VO) should be12. However, the charge of theVO could be
locally compensated by the association of the vacancy w
two neighboring Sr ions, explaining why positrons can
trapped in these vacancies.

We now turn to the discussion of the 219 ps lifetim
component. Theoretical calculations for La22xSrxCuO4 and
YBa2Cu3O7 indicate that metal ion monovacancies can
strong positron traps (Eb;1 eV) yielding substantially
longer lifetimes than the oxygen vacancy.19 In this light, the
219 ps lifetime component can be attributed to metal
vacancies. It is worth noting that the calculated lifetime
La monovacancies in La22xSrxCuO4 is 238 ps.19 Considering
the similar atomic composition of La22xSrxCuO4 and
La12xSrxCoO3 as well as the comparable ionic radii for C
and Cu, we tentatively attributet25219 ps to the La mono
vacancy. Their concentration can be estimated by using
specific trapping coefficient for monovacancies in met
(mIV51014–1015s21 at) ~Ref. 22! in Eq. ~4! to be about
1025 at. Upon Sr doping the trapping rate into these vac
cies shows a 2.5-fold increase asx increases from 0.0 to 0.0
~Table I!, commensurate with a 2.5-fold increase in def
concentration. For Sr doping ofx>0.3 absolute values fo
the trapping rates cannot be calculated due to saturation
ping. A lower limit for the total trapping rate (VO andVLa)
can be estimated if we consider a trapped fraction larger t
f 50.90 as saturation trapping@Eq. ~7!#. This yields a total
trapping rate of 72 ns21, which exhibits a larger than 60-fold
increase in defect concentration compared to the undo
sample.

B. Films

Figure 3 shows theS parameter for La12xSrxCoO3 on
LaAlO3 substrates with 0.05<x<0.50 as a function of inci-
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dent positron energy. Three main features are visible in b
Sparameter profiles. At shallow implantation depths a hig
S parameter arises from annihilations in the near surface
gion. Positrons implanted with energies up to approximat
12 keV annihilate predominantly in the deposited film.
higher energies positrons will probe both the La12xSrxCoO3
film and the LaAlO3 substrate, since the energy width of th
implantation profile~FWHM! scales with the implantation
energy. The resultingS therefore contains contributions from
both film and substrate. Figure 2~b! shows theSparameter in
the La12xSrxCoO3 films as a function of Sr doping, which
was extracted by averaging theS values for implantation
energies 5 keV<E<10 keV.

S-parameter data for the bulk samples is presented in
2~a!. Both film and bulk material show similar systemat
trends as a function of Sr doping: TheSparameter increase
by about 3% betweenx50.05 andx50.3 and saturates fo
higher Sr-doping concentrations. For the same nominal c
position the filmS parameter is higher than that of the bu
sample, indicating a larger defect density in the films. Sin
the same systematic trends are observed in bulk and
samples, we feel that at a given Sr-doping level, the type
defects present in films is similar to that of the bulk. In th
picture, the higherS values at a given composition for th
film is accounted for by a higher defect concentration. Un
this assumption, we can use the defect characteristicS pa-
rameters established for the bulk samples to estimate de
concentrations in thex50.05 Sr-doped film. With the given
values forSbulk , S219, lbulk , and the measuredS we can
solve Eqs.~6! and ~7! for the trapping rate

k2195lbulk

S2Sbulk

S2192S
. ~9!

This yields a trapping rate of 6.4 ns21 for the La vacancy and
represents a 2.2-fold increase in defect concentration c
pared to the bulk sample with the same composition. T
increase inS with Sr doping atx;0.3 is comparable to tha

FIG. 3. Sparameter as a function of incident positron energy
laser-ablated La12xSrxCoO3 thin films for different Sr content. The
lines are a guide to the eye. For comparison theS parameters for
bulk samples withx50 andx50.50 Sr-doping concentration ar
also shown.
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PRB 59 13 369METAL ION AND OXYGEN VACANCIES IN BULK AN D . . .
observed in bulk samples. In the bulk samples, this was
tributed to the formation of oxygen vacancies. In the fi
however, the measuredSvalue is clearly higher than that fo
oxygen vacancies. Nevertheless, we believe that the incr
in S for x>0.3 is most likely due to oxygen related defec
probably including larger oxygen vacancy complexes, yie
ing a defect-specificS parameter, which is expected to
larger than the calibratedS149. A marked increase inS, ob-
served for films grown with low-oxygen partial pressures9,10

~yielding oxygen deficiency!, suggests that oxygen vacan
clusters can be formed. At this point we cannot rule out
possibility that oxygen vacancies form complexes with
vacancies, which would also result in a larger defect-spe
S.

IV. CONCLUSION

A comprehensive study of the defect structure
La12xSrxCoO3 with 0<x<0.5 has been performe
Positron-lifetime and Doppler-broadening investigations
bulk and laser ablated thin-film material have shown the
lowing.
n
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~a! Metal ion vacancies were found to be present in
bulk material in the entire composition range studied. Th
vacancies are probably situated on the La sublattice. T
concentration was found to increase with Sr doping.

~b! Oxygen vacancies become observable in both b
and film material forx>0.3. These vacancies are probab
larger clusters, which may form complexes with metal
vacancies in the film samples.

~c! Film samples show generally a higher defect den
throughout the composition range studied than the co
sponding bulk material.
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