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Metal ion and oxygen vacancies in bulk and thin film La _,Sr,CoOg
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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 L.a Sr,CoO;. In bulk samples, metal ion vacancies, which are most
likely situated in the La sublattice, show a lifetime of 219 ps and a Doppler-broadSmiagameter 1.06 times
higher than the bulk. The metal-ion vacancy concentration increases with increasing Sr contemt.0Ryr
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 vacancig30163-18269)03519-5

[. INTRODUCTION sure during cooling. In this paper, we employ the vacancy
sensitive technique of positron annihilation spectroscopy on
Due to its high electrical and ionic conductivity, the per- both bulk and thin films of La_,Sr,CoG,; to investigate the
ovskite structure La_,Sr,CoO; is of great technological in- defect structures. By combining positron-lifetime spectros-
terest. It is a promising material for use as a cathode in soli@opy on bulk samples with variable energy positron beam
oxide fuel cells'? as an oxygen permeable membranad Doppler—broadening on laser ablated thin films, metaI_ ion
as an electrode for highly oriented ferroelectric thin fiftns. vacancies and oxygen vacancy-related defects are directly

The insulator-metal transition in La,Sr,CoO;, which also ~ oPserved.
occurs in LaCo@at high temperaturg® has attracted much
attention. La_,Sr,CoO; has low-electrical conductivity for
. . . . IIl. EXPERIMENTAL DETAILS
x=0, is semiconductive for 0.20x<0.25, and metallic for
0.30<x=<0.50, respectively. Bulk polycrystalline samples were prepared by a solid-

When L&" ions are replaced by 3t ions, the negative state reaction method similar to that described by &bkl !*

effective charge of strontium ions may be compensated byppropriate mixtures of L#; SrCQ, and CoCQ were

the formation of equivalent amounts of positive charge.ground together. The powders were placed into alumina
These may constitute either, formally, Coions or posi- boats and calcined in air at 950 °C for 16 h, then reground
tively charged oxygen vacanciBghis can result in a com- and sintered 16 h at 1000 °C, then again for 16 h at 1100 °C.
plex defect structure with regard to oxygen nonstoichiometryPellets were pressed, then placed onto alumina plates, and
and strontium content. In recent publicatioi§,we have fired in air for 12 h at 1300°C. Finally, the samples were
demonstrated that vacancy-type defects are detected amnealed in flowing oxygen, being heated 500°C/h to
Lay S sCo0;_ s thin films by positrons where the oxygen 1000 °C, held 1 h, then cooled at6 °C/h to below 100 °C.
deficiencyd was altered by varying the oxygen partial pres- Powder x-ray diffraction analysis confirmed that the samples
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are single phase with rhombohedrally distorted perovskite wbl . T ]
structure. Electrical characterization of similarly prepared (@) a 4 s |
samples showed that the material exhibits a crossover from g 170 1
semiconducting to metallic close $c=0.2512 £ ol + ]
Thin films of La;_,Sr,CoO; were grown on LaAlQ sub- o S 1
strates by pulsed excimer laser deposition using a solid ce- wor T T T T
ramic target of the desired film composition. During deposi-
tion, a temperature of 650 °C and a pressure of 100 mTorr X0 T T T
oxygen were maintained in the growth chamber. After 206 _(b)’i" = " " _
growth, the films were cooled at 5°/min in an oxygen pres- E I \t ]
sure of 760 Torr. The phase purity and structural quality of :3 150 b ¢ i
the films was evaluated by x-ray diffraction, showing epitax- 5 L o K °
ial films with a (001) orientation. The film thicknesses were 100 _,®¢ | , , . e
between 250 and 500 nm as determined by Rutherford back-
scattering. 10—
Two experimental positron-based techniques were em- 75 [ (©) i
ployed to characterize the defect structure of bulk and thin s
film La;_,Sr,Co0;. The sensitivity of these techniques to g sor a® . n 7
open volume defects arises from the annihilation character- — 55 = ")
istics of the thermalized positron with the electrons in the - 1
investigated materidf** Positrons are attracted to vacancy- 0 0 o o2 o3 oz os
type defects because of the missing ion cores and can, there- ' ' S ' '
Sr doping x

fore, be trapped by these defects. This results in a significant
change in the annihilation characteristics that can be used t0 g5 1 Lifetime and Doppler-broadening data for bulk

investigate defect chemistry. La; _Sr,CoG; as a function of Sr contenta) Doppler-broadening
Positron-lifetime spectroscopy was performed on bulks parameter(b) average lifetimer,y,, (c) decomposed lifetimes,

La; xSr,CoO; using a lifetime spectrometer with a time- (open circley 7, (solid squares and (d) corresponding intensity

resolution full width at half-maximuniFWHM) of 220 ps.

The positron source was a 36Ci 2NaCl source encapsu-

lated in an Al foil with a thickness of (240.2)um. The  gng the total count¢B, 503.8—518.2 keY according toS
fraction of positrons annihilating in the source was deter-— /g (which yields a value 0f-0.500 for defect-free sili-
mined by a method described elsewHere a total of (4.3 ¢op).
+0.4)%. A correction was made for this source contribution  \when a positron annihilates with an electron, the center of
to the annihilation spectrum. The computer programMmass of the electron-positron pair will have a momentum
PATFIT-88 (Ref. 16 was used for analyzing the lifetime that is essentially determined by the electron since the ther-
spectra. To accurately resolve the lifetime$X 10° counts  malized positron has a negligible momentum. This effect
were accumulated in each spectrum. . _ causes a Doppler broadening of the annihilation line. In a
The lifetime spectra were analyzed with three lifetimeyacancy defect the overlap of the positrons with core elec-
components yielding¢® values for the fit of typically less trons is reduced. Therefore, the width of the Doppler spec-

than 1.1(A fit with two lifetime components gav&®>2.0  trum is significantly narrower for a material with defects than
indicating an inappropriate decomposition of the lifetimefgr the defect-free material.

spectra. A long lifetime (1.1+x0.1ns) component with an

intensity <1% of the total was present in all samples. This

small component, which is attributed to annihilations at the IIl. RESULTS AND DISCUSSION
surfaces and in th&Na source, was fixed in the analysis and A. Bulk ceramics

will not be discussed in further detail. ) o .
Since the electron density is lower in open-volume de- Figure 1 shows the lifetime results for bulk samples with

fects, the corresponding positron lifetime is longer than that/@7ying Sr content. The average lifetirfiganel(a)], defined
for the bulk state. The annihilations from different states carf*S
be separated by positron-lifetime spectroscopy since each

Iz.

state is represented by a characteristic lifetime, which can be Tavg= 171+ 1272, @
determined by decomposition of the measured lifetime spec-
trum. is calculated from the decomposed lifetimgsr,, and their

A variable energy positron bedfwas used to study the corresponding intensities, and I,, respectively withl,
defect depth profile in the bulk and thin films. The annihila- +1,=100%. The Doppler-broadenir§parameter data for
tion quanta were measured using a 35% efficient Ge detectdhe same samples are shown in Fig[ganel (a)]. These
with a resolution of 1.5 keMFWHM) at 511 keV. About values were obtained by averaging tBg@arameter values
5x10° counts were accumulated in each spectrum. Théor positron implantation energies from 10 to 25 keV. The
Doppler broadening of the annihilation line was analyzed inaverage lifetime and th& parameter both increase with Sr
terms of theS parameter, defined as the ratio of the integraldoping concentration, indicating an increase in the defect
over a fixed central portion of the peék, 510.3-511.7 key  density, and show saturation at 0.30 Sr doping.
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TABLE I. Bulk lifetime 7y, trapping ratex,,9 and fractionf

0.42 T T T v T v T T T . T
L (a) | of positrons trapped into the observed defect calculated from Eqgs.
o041l 1 (4), (5), and(7) for different Sr-doping levels.
3 ¢ ° T 09 (nsY) f
3 § osof i Toulk (P K219
a 00 ° 1 0.00 1381 1.2+0.1 0.14-0.01
0.39 L L L ! 0.02 1371 2.4+0.1 0.26:0.01
0.42 o - - ' 7 0.05 1412 2.9+0.2 0.32-0.02
I el
5 041 P A
£ ‘g ___,/’ 1 The lifetime data can be combined with the Doppler-
g £ od4o0r ¢ 1 broadeningS parameter data to establish defect-specHic
- parameter values. TH&parameter can be expressed as a sum
0.39 o'o . 0'1 . 0'2 0'3 0'4 0'5 ' of contributions from the bulk and from defects. In the range
' ' T ' | between G=x=<0.05 Sr,Scan be expressed as
Sr doping x
FIG. 2. Sparameter as a function of Sr content for the bulk and S=(1=1)Spurt TSz, ©®

laser-ablated film material. Thg parameters were extracted from \yhere represents the fraction of trapped positrons and is
averaging th&Svalues for implantation energies (@) bulk samples given by
for 10keV<E=<25keV and (b) film samples for 5 ke%E

<10keV. K19

f (7)

From the decomposed lifetime data a longer lifetirés Noult K219
resolved and can be attributed to annihilations in a vacancy- Table | lists the calculated bulk lifetimes, trapping rates,

type defect. This lifetime has an average value of (2194 yanped fractions for€9x=<0.05 Sr doping. Since the
=5) ps and is slightly higher for the undoped sample. The,,rameter and values are experimentally known for the
increase in the intensity of the defect componkntFig. 1, =0.02 and thec=0.05-doped sample we have two equations
panel(c)] in combination with the decrease in the lifetimg to determineS, and Sy;o. We find Sy = 0.3890+ 0.0025
for 0=x=0.05Sr doping indicates an increase in the rate,q Sy 0_415'& 0_00318 for these cﬁlgracterisﬂ:param-
(A1) by which positrons are removed from the bulk state du€yers “Hence, the parameter for the 219 ps defect is about

to trapping according to 6% larger than the bulk value.
TN 5 For the Sr doping concentrations=0.30 both the
1= UT1= Apuikt K219, ) Doppler-broadenings parameter and the average lifetime

where A, denotes the bulk annihilation rate arg,othe  Saturate. These observations are consistent with complete
trapping rate into the defect with the lifetime,=219ps. frapping into defects. A new lifetime of 1494 ps is ob-

The trapping rate is directly proportional to the defect con-S€rved in addition to the 219 ps component.
centrationC and follows the relation Using Eq.(4) to calculate the bulk lifetime from the de-

composed lifetime data yields a value of 170 ps. This is
K19= uC (3) significantly too high to be accounted for by Sr doping. We
therefore conclude that the 149 ps lifetime component is in
with u being the specific trapping rate for the defect. Atfact a defect lifetime and the bulk lifetime cannot be calcu-
sufficiently high-defect concentrations essentially all posiated from Eq.4) due to complete trapping. In this case, the
trons become trapped by defects, and the bulk-related lifeBoppler-broadening parameter contains only contributions
time can no longer be resolvéthis is called complete trap- from the defect specifiS parameters. We, therefore, can
ping). Forx=0.3 a new defect lifetime is resolved and due toexpressS as a weighted sum @, ,4 and S, q:
the high trapping rate into the defects, the bulk-related life-
time can no longer be resolved. S=11S149+ 155519 (8)
From 0<=x=<0.05Sr doping, the bulk lifetime (),
which represents a materials constant, can be obtained
cording to the standard trapping motfel

a&A{/_ith the relative intensities, andl, for the 149 ps and 219
ps components, respectively. Using the observed intensities
for the x=0.50 Sr-doped sample together with the given
value forS,;4 we solve Eq.(8) for the defect-specifi§ pa-
rameter associated with the 149 ps lifetime component. We
yielding 7, =139+ 2 ps. The derivedr,, values for dif- obtainS;,9=0.4040+ 0.0030, which is about 4% higher than
ferent Sr doping are listed in Table I. We note that Sr dopinghe bulk value. It is interesting to note that the lifetime of this
does not change the bulk lifetime perceptibly in our samplesdefect is only 10 ps higher than the bulk lifetime, kugives
This observation confirms the presence of only one type oé significant contribution to the measur8garameter.

defect. Therefore, the trapping rates,q into this defect can The most likely physical interpretation for the 149 ps de-
be calculated by fect is thatit is due tooxygen vacancies. Theoretical calcu-

lations for positron states in La,Sr,CoO; have not been
Kko=1,(1/Ty—1lTy). (5)  done. However, such calculations do exist for the layered

Nopuk= Urpu= 11/ 11+ 15/ 7) (4)
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perovskite superconductors 43Sr,CuQ, (Ref. 19 and Mean Depth (nm)

YBa,Cu;0; (Refs. 19 and 20 A weak-positron binding en- 04510 50 100 200 500 800
ergy (E,= 60 meV) to single-oxygen vacancies was found in
both superconductor materials exhibiting lifetimes that are

: o 0.44f -
very close to the positron bulk lifetime. In YB@u0;, the MR
binding energy increases by almost a factor of 4 for a cluster o x=015
size of 4 oxygen vacancies whereas the lifetime increases by 043 A

only 15 ps?°

The lifetime associated with oxygen vacancies is not ob-
served in samples with<9x=<0.05 Sr doping. This suggests
that the charge compensation for substitution of La by Sr ise 041}
accomplished by oxidation of G6 to Cd** in this range of

0.42 ¥

parameter

Sr doping. It was reported that the concentration ofCo 040l

increases approximately linearly with Sr content upxto bulk La, ,Sr,Co0,

=0.30 Sr dopind. For higher Sr-doping concentrations the 039_ x00 , ) )
concentration of Ct was found to increase sublinearhor o 5 10 15 20 25 30
to decreas&.Moreover, abrupt changes in the Co-O bond Positron Implantation Energy (keV)

length and the Co-O-Co angle have been observed at function of incid ) ‘
~0.25 doping! and were attributed to a change in the band, FIG.bls.th?_ramSet(ér as ?h_unf(_:lnonfo 'gcf'f enttpgsnront enter?%/ or
structure at the transition from semiconducting to metallic.25€/-aPlated L SKCoG; thin films for different Sr content. The
~ , . lines are a guide to the eye. For comparison $hgarameters for

Séraris-Rodrguez and Goodenou§hdetermined that as- s B . .

. o ~ bulk samples withx=0 andx=0.50 Sr-doping concentration are
prepared samples with Sr conterst0.25 are stoichiometric also shown
in oxygen while samples witlk>0.25 are oxygen deficient. '

Because of thege obgervations we rule OUF the possibility thafe positron energy. Three main features are visible in both
the 149 ps lifetime is due to Co vacancies, although theys h5ameter profiles. At shallow implantation depths a higher
would probably yield a comparable lifetime. According 10 a g parameter arises from annihilations in the near surface re-
simple ionic model the local charge of the oxygen vacancyyion positrons implanted with energies up to approximately
(Vo) should be+2. However, the charge of thé; could be 15 kev annihilate predominantly in the deposited film. At
locally _compe_nsated_ by the association of the_ vacancy W'”ﬁigher energies positrons will probe both the, LgSr,CoO;
two neighboring Sr ions, explaining why positrons can beéfim ang the LaAlQ substrate, since the energy width of the
trapped in these vacancies. ) .. .. implantation profile(FWHM) scales with the implantation
We now turn to the discussion of the 219 ps lifetime gperqy The resulting therefore contains contributions from
component. Theoretical calculations for,LaSL,CuQ, and ik fim and substrate. Figurét® shows theS parameter in
YBa,Cu;0; _indicate that metal ion r_non_ovacancies can beine La_,Sr.CoO; films as a function of Sr doping, which
strong positron traps H,~1eV) yielding substantially a5 extracted by averaging tt® values for implantation
longer lifetimes than the oxygen vacandyin this light, the energies 5 keE<10 keV.

219 ps lifetime component can be attributed to metal ion g3 rameter data for the bulk samples is presented in Fig.
vacancies. It is worth noting that the calculated lifetime forz(a)_ Both film and bulk material show similar systematic

La monovacancies in ;a,Sr,CuO, is 238 ps.® Considering  yrends as a function of Sr doping: TiSgarameter increases
the similar atomic composition of La,SrCuQ, and  py ahout 396 betweer=0.05 andx=0.3 and saturates for
Lay -xSr,Co0; as well as the comparable ionic radii for Co pigher Sr-doping concentrations. For the same nominal com-
and Cu, we tentatively attribute,=219 ps to the La mono- hosition the filmS parameter is higher than that of the bulk
vacancy. Their concentration can be estimated by using thgamme, indicating a larger defect density in the films. Since
specific trapping. lcoeﬁluent for monovacancies in metalshe same systematic trends are observed in bulk and film
(Myszlol ~10"sat) (Ref. 22 in Eq. (4) to be about gamples, we feel that at a given Sr-doping level, the type of
10">at. Upon Sr doping the trapping rate into these vacangjefects present in films is similar to that of the bulk. In this
cies shows a 2.5-fold mcreqsemcreases_from 0.0t00.05 picture, the highesS values at a given composition for the
(Table ), commensurate with a 2.5-fold increase in defecfjim is accounted for by a higher defect concentration. Under
concentration. For Sr doping of=0.3 absolute values for ipig assumption, we can use the defect characte®pa-

the trapping rates cannot be calculated due to saturation trapgymeters established for the bulk samples to estimate defect
ping. A lower limit for the total trapping rateMo andVi.)  concentrations in the=0.05 Sr-doped film. With the given
can be estimated if we consider a trapped fraction larger thagges for Spuks Soig, Apui, and the measure8 we can

trapping rate of 72 ng, which exhibits a larger than 60-fold
increase in defect concentration compared to the undoped S—Soui

sample. K210= Npulk Sye- S 9)

This yields a trapping rate of 6.4 fisfor the La vacancy and

represents a 2.2-fold increase in defect concentration com-
Figure 3 shows thes parameter for La ,S,CoO; on  pared to the bulk sample with the same composition. The

LaAlO; substrates with 0.65x=<0.50 as a function of inci- increase inSwith Sr doping atx~0.3 is comparable to that

B. Films
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observed in bulk samples. In the bulk samples, this was at- (a) Metal ion vacancies were found to be present in the
tributed to the formation of oxygen vacancies. In the film,bulk material in the entire composition range studied. These
however, the measureivalue is clearly higher than that for vacancies are probably situated on the La sublattice. Their
oxygen vacancies. Nevertheless, we believe that the increaggncentration was found to increase with Sr doping.

in Sfor x=0.3 is most likely due to oxygen related defects, (b) Oxygen vacancies become observable in both bulk
probably including larger oxygen vacancy complexes, yield-ang film material forx=0.3. These vacancies are probably
ing a defect-specifiS parameter, which is expected to be |arger clusters, which may form complexes with metal ion
larger than the calibrate84o. A marked increase i ob-  yacancies in the film samples.

served for films grown with low-oxygen partial pressirés (c) Film samples show generally a higher defect density

(yielding oxygen deficiendy suggests that oxygen vacancy . ghout the composition range studied than the corre-
clusters can be formed. At this point we cannot rule out thesponding bulk material

possibility that oxygen vacancies form complexes with La
vacancies, which would also result in a larger defect-specific
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