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Oxygen K near-edge x-ray-absorption fine-structuretNEXAFS) of polycrystalline and film
La; ,Sr,Co0;_s at room temperature was studied using fluorescence yield techniques. The bulk-sensitive
nature of fluorescence yieldelative to electron yield combined with the 0.2 eV incident photon resolution,
allow us to accurately determine the evolution witand § of the oxygerK NEXAFS. For LaCoQ, a complex
prepeak is centered near an enekgy 530.5 eV. This peak, which has a full width at half maximum of about
3.0 eV, has been identified with oxygen bonding to @oe3ectrons. With Sr substitution we observe a distinct
oxygen hole peak with an intensity proportionalXocentered neaE=528.8 eV, with a full width at half
maximum of 1.2 eV. In oxygen-reduced samples the hole peak tends to decrease in intensity as oxygen is
removed. Comparisons are made with theoretical work and with earlier oxygear-edge studies on similar
materials, most of which utilized electron yield. The behavior of the prepeak features wittol8r doping
parallels that observed in the oxide superconductors. OXYg&IEXAFS of La, 5Srp sC00;_ 5 thin films is
compared with bulk results to estimate relative oxygen contents of the films.

INTRODUCTION We investigated the electronic structure of bulk and film
La; _,Sr,Co0; using oxygerK NEXAFS. In the highT. su-

The electronic structures of perovskites and related comperconductors, the oxyge NEXAFS prepeaks have been
pounds are of interest for a variety of reasons. The higtinterpreted in terms of a Hubbard band with a charge-transfer
transition temperatureT() superconductors are layer per- model of hole creation.In an undoped material, LEUO,
ovskites, and have been investigated thoroughly. An impresfor example, a small peak appears on the leading part of the
sive base of experimental and theoretical knowledge hasxygenK edge, just above the Fermi level, near 531 eV. This
been accumulated in the study of oxygemear-edge x-ray- feature is attributed to the oxygen hybridizing to Gelec-
absorption fine structurdNEXAFS) of these materials. trons, and is called theé-band, or hybridization, peaaKWith
More recently, perovskite oxides similar to those in thehole doping(Sr x>0) this peak decreases in size, while
present studymost notably La ,CaMnO;) have been the another peak appears near the Fermi 166209 e\) due to
subject of intense study because of their interesting fundahole states with oxygen characiéole peak®
mental electronic and magnetic properties, as well as a vari- Abbate etal,” based on soft-x-ray studies of the
ety of potential applications, especially those related to magtransition-metal edges, suggested that holes introduced into
netoresistance effects. The perovskitg Lgr,CoO; is also  the system may either be accommodated in a transition-metal
of technological interest, based on electronic and ionic constate(in cases when an ion,% or Mn®" for example, can
ductivity. There is an insulator/metal phase boundary abe further ionizegl or as an oxygen hole staten Cu, for
room temperature near =0.2. La _,Sr,Co0; is a candi- example, where Cii is not as easily attainableThis same
date material for use as a cathode in solid oxide fuel Tellsgroup’ later compared the La,Sr,FeQ; and La _,SrMnO;
and as an oxygen-permeable membrarethe development oxygen near edges to illustrate the distinct character differ-
of metal-oxide-based device technologies, the electricallyence between the added oxygen hole state and a hole with
conductive composition lgaSr, sC00;_ 5 is finding applica-  primarily transition-metal character. With Sr substitution into
tion as an electrode material. The reliability of ferroelectricthe Fe perovskite, a relatively narrow prepeak develops on
memory cells based on Btr, Ti)Og is significantly im-  the oxygenK near edge, indicating an oxygen hole state. In
proved by replacing the typical Pt electrodes withthe Sr-substituted Mn perovskite, no such sharp prepeak oc-
Lag 58 Co0;_ 5. curs, the additional electronic states being associated prima-
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rily with the Mn d band. There are strong similarities be- ing conditions such as oxygen partial pressure. Cooling from
tween the well-documented oxyge#hNEXAFS of highT,  process temperature in a reducing atmosphere of Pb-based
materials and that of La,Sr,CoO,. The electronic states ferroelectric thin-film capacitors with liaSr, sCo0;_ 5 elec-
introduced into La_,Sr,CoO; by substituting S for La>* trodes results in an increased tendency to imprint failure,
are oxygen ho|es, as in b_aXSrXCOO4, not states primar”y whereas fU”y oxidized Capacitors exhibit no |mpr’rﬁtTh|s
associated with the Cod3band. effect is related to defects in the electrode layers, the defects
The system La ,Sr,CoO, has several interesting elec- being associated with oxygen deficiency. Oxygen-vacancy-
tronic and magnetic features. In LaCp@self there is a related defects have been detected in these films using posi-
change in Co from low to intermediate spin state near 100 Ktron annihilation spectroscopy. The NEXAFS hole peak
Well above room temperature1 an insulator to metal transij.ntensities of films prepared under a Variety of conditions are
tion is associated with an intermediate to high-spincompared with the hole peak intensities of bulk samples
transition® In La;_,Sr,Co0; at room temperature, there is whose oxygen contents are known. We use these results to
an insulator-metal phase boundary, with metallic conductivestimate the oxygen contents ofgls® <C00; ; films.
ity for x>0.21°
These materials are slightly distorted from cubic to rhom-
bohedral symmetry, with the rhombohedral angle 60.8°
atx=0 falling to «=60.2° atx=0.5. However, in bulk ran- Samples nominally La ,Sr,CoO;, Srx=0, 0.10, 0.18,
domly oriented polycrystalline samples we cannot observ®.25, 0.3, and 0.5, were prepared in air similar to previously
differences due to departure from cubic symmetry. There hagublished method® Final cooling of the samples was at
been an effort to calculate the oxygEmear-edge spectrum 100 °C per day in air to maximize oxygen contents. Oxygen
in this system, taking into account the departure from cubicontents of the bulk samples can be estimated by indirect
symmetry which shows small differenctsFor the flms methods. Earlier literature suggests that the oxygen content
(compositions at Sk=0.5 where the rhombohedral distor- of samples prepared in airOx<0.5 are near stoichiometric
tion is very slighy, we will neglect direction dependent ef- when slow cooled in ait® We attach a nominal oxygen for-
fects. mula content of 3 to all our bulk samples, but acknowledge
Most earlier oxygen K NEXAFS studies of the possibility of a departure from this value. Oxygen-
La; ,Sr,CoO; were done using the electron yield method.reduced samples were made by quenching from 1100 °C in
Abbateet al? studied the temperatuf@) dependence of the air to liquid nitrogen. The change in oxygen content was
oxygenK near edge in a single crystal LaCg@sing partial  estimated by following the mass of the sample. The differ-
electron yield, with about 0.13-eV resolution. They observedence in mass was attributed to a change in oxygen, and from
a feature on the leading edge of the hybridization peak dethis we calculated a nominal oxygen content assuming 3 as
veloping well above room temperature. They attributed thighe initial value. Nominal reductions in oxygen content are,
to the low-to-intermediate-spin-state transition, even thougtior x=0.105=0.03 and, forx=0.505=0.29. Before being
convincing evidence shows the transition to occur near 10@htroduced into the vacuum chamber for measurement,
K.%13 Sarmaet al'* used fluorescence yield in a survey of samples were lightly sanded.
the oxygenK near edges at room temperature in a series of Thin films of La, sSrpsC00;_ 5 were grown on LaAlQ
perovskite oxides. Their results for LaC¢@re comparable substrates by pulsed excimer laser deposition using a solid
to those obtained in the present study. ceramic target of the same composition. During deposition, a
Sarmaet al!® used total electron yield to study the oxy- temperature of 650 °C and a pressure of 100-mTorr oxygen
genK NEXAFS in Lg_,Sr,CoO; with Srx=<0.3, at a reso- were maintained in the growth chamber. After growth, the
lution of 0.7 eV. These authors observed a large increase ifilms (labeled Nos. 1, 2, and)3vere cooled at 5°C/min in
the intensity near th&€=>530eV with x, which they attrib-  varying oxygen partial pressures, in Torr, of 10 1072,
uted to hole states. The broad feature identified as a holend 10 3, respectively. The phase purity and structural qual-
peak might suggest, according to the reasoning of Abbatéy of the films were evaluated by x-ray diffraction, showing
co-workers’® that in this system the holes are primarily of epitaxial growth.
Co 3d character. The NEXAFS experiments were performed at the soft-x-
In this work the combination of high resolution in inci- ray beamline U7A of the National Synchrotron Light Source
dent photon energy, 0.2 eV, with bulk sensitivity providesat Brookhaven National Lab. Fluorescence yield data were
reliable data on which we base a more detailed analysis. Thebtained for the oxygefK edges, with electron yield data
electron yield method is quite sensitive to surface conditionscollected simultaneously for most sampfsThe energy
The total electron yield data of Sarmatall® on  resolution of the incident photons is 0.2 eV.
La; _,Sr,Co0; may have been affected by surface contami- The data for bulk samples were analyzed analytically us-
nation. For LaCo@ partial yield data on a single crystahs  ing the following procedures. The data were first normalized
well as the earlier fluorescence yield restflsppear to cor- to |y, the photon yield from a clean gold grid intercepting
respond well to the present fluorescence yield data at roorthe incident beam. Then the pre-edge intensity was sub-
temperature. tracted from the data, and the data were further normalized to
The measurement of the oxygdd NEXAFS of the an edge jump of unity, based on the observed intensity about
Lag sSrp sCo0;_ 5 films provides information on relative oxy- 50 eV above the edge. In order to isolate the Cohybrid-
gen contents not previously available, to our knowledgeization peak(centered near 530.5 ¢\énd oxygen hole peak
Electrical properties are strongly influenced by oxygen nonfeature (528.8 eV from the main edge, the fluorescence
stoichiometrys, which depends on doping level and process-yield data were analyzed further. A Gaussian of fixed posi-
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FIG. 1. OxygerK near-edge region for bulk LaCgQlllustrated ‘ K in fl
is the method used to isolate the prepeaks. A Gaussian with fixed FIG. 2. QxygenK near edges for bu_ LlaXSrXCOO3_ In fluo-
position (535.5-eV centerand width (full width at half maximum  'eSCence yield. Data have been normalized to edge jump, taken to
of 1.45 eV}, with amplitude fit to the main edge profile, is sub- be the difference in fluorescence yield from below the e@gsr
tracted. The resulting isolated prepe@ssumed to be the hybrid- 522 eV} and well above the edg®70-580 eY. Curves are offset

ization peak forx=0) is shown as filled symbols. vertically for clarity.

tion (535.5 eV} and full width (2.45 e\}, but with adjusted double-peaked feature near 545 eV, identified with bonding
intensity, was subtracted from the main edgee Fig. 1 for 0 C0 4sp states;? becomes smeared out as Sr is substituted
the case ok=0). Thex=0 data was assumed to be purely for La. The feature centered near 536 eV, due to I 5
due to the hybridizatioiCo 3d band scattering. In order to bonding, changes little with Sr substitution. Similar trends
make an estimate of the relative intensities of the hole peaRr® qualitatively evident in the electron yield ddte Fig.
and the @ peak forx>0, the preferred procedure would be 3), including the development of a well-defined hole prepeak
to fit the peaks analytically. However, the hybridization peaknear 528.8 eV. B

has a complicated shape, with the overall intensity of this Further analysis of the oxygeR NEXAFS quantifies
peak decreasing with St Therefore, we chose to subtract a SOMe of these observations. Figure 1 shows the first step in
fraction of thex=0 hybridization peak in order to isolate the the analysis, the isolation of the hybridization peak from the
hole peak. For fully oxidized samples, the subtractiont@ 5d feature forx=0, by subtraction of a Gaussian ap-
was made systematically with the hybridization peak inten{Proximation to the leading edge of the Lal 3eature from

sity assumed to be proportional to—k/2. Some changes the data. Figure 4 shows the hole peaks forxallafter an
in the shape of the hybridization peak occur with grestimated hybridization peak was subtracted, as described in

substitution x, but we did not attempt to adjust for the experimental sectiqn. Asyste_matic increa_se in the inten-

these changes. For reduced samples we made a visu¥lfy Of the hole peak withis readily apparent in Fig. 4. In

estimate of the hybridization peak intensity to be subtracted.

We then estimated intensities of the hole adeband L I S 5 O B L B B B

contributions to the NEXAFS based on the integrated inten- %=0.50 |

sities. 6 s ]
The film samples were analyzed similarly. The oxygen

Total Electron Yield

K NEXAFS of a bare substrate of LaAlQvas also obtained 5 L .
] a, Sr.CoO,

to compare to film results. No obvious LaAJ@omponent
was observed in any of the samples. The relative
oxygen content could then be estimated relative to the bul
samples based on the observed intensity of the oxygen hol
peak.
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Oxygen K NEXAFS from fluorescence vyield for bulk Yoo 530 st ss0 se0 s0 ss0 590 800
La; ,Sr,CoO;_ s shows a perceptible change with(see Energy (eV)
Fig. 2. As Sr is substituted into the system, a well-defined
peak at 528.8 eV grows in intensity with There is a simul- FIG. 3. OxygerK near edges for bulk La ,Sr,CoO;, in electron
taneous reduction in intensity of the hybridization peak cenyield. Data have been processed as was the fluorescence yield data
tered near 530.5 eV. Other edge features change subtly. TheFig. 2. Curves are offset vertically for clarity.
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analysis. The hole peak intensities show an approximately linear
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dized samples.
O "x=0 hybridization peak
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Fig. 4 nearE=531-3 eV, the departure of the data from 5 " =
. 3 a L] T
zero suggests there are some changes in the Cpeak 4 film 1 . %
shape with Sr doping. = -t M
Figure 5 shows the relative intensities of the oxygen hole™>~ o
and hybridization peaks with Sr contentThe oxygen hole % | . .
peak intensities are nearly linear, increasing witbut to x e film 2 _.' b
=0.5. Across thex=0.2 insulator/metal phase boundary, 8 2 —? w
there appears to be a slight increase in the hole density ove _-f""-.
and above the nearly linear slope. The relative intensities for‘D A - |
the corresponding peaks of reduced samples are shown ce film 3 &,
squares, also in Fig. 5. For bo#=0.10 and 0.50 sizable g 1 —
changes in the hole peak intensities are observed, lower ing®
tensities being due to reduced hole densities. For xhe °°Q%°q> :
=0.10 peak, the apparent hole peak intensity is less thar bulk reduced 5=0.29 & %
zero. This suggests that there may be some residual oxyge 0 s W
hole character in the LaCg@ample which, in order to ana-
lyze our data, we have assumed to be a @a&@ated inten- . 1 . 1 : 1 : . s
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FIG. 6. Plot of the oxygenK hole peaks in film

In this _Work we compare th_e bulk results with the film Lag 551 56C00s_ 5 after subtraction of a fraction of the=0 hy-
results, with the goal of estimating the oxygen content of theyridization peakillustrated at the bottom of Fig.)4For compari-
films. The oxygen hole prepeaks for the films are shown irson, the bulk oxidized and reduced S+ 0.50 samples are repro-

Fig. 6, with the data for bulk Sx=0.50 oxidized(nominal

duced from Fig. 4. Curves are offset vertically for clarity.
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TABLE I. Oxygen content estimates derived from oxygén electron yield, is characteristic of holes with primarily

NEXAFS as described in the text. Sample cooling condition is th%xygen character, as observed in the layer perovskite
atmosphere in which the sample was cooled from reaction tempergyyides.

ture. The temperature dependence of the near edge of LagCoO
. using partial electron yield illustrates many interesting fea-
Sample cooling Nom. oxygen ¢ Abbateet all? displaved elect eld dat

Sample ID conditions from NEXAFS ures. ateet al. ISplayed electron yiel ata on a
single-crystal sample which corresponds fairly well to the
1 10 1-Torr O, 3.01 fluorescence vyield data of the present study. Their room-

2 10 2-Torr O, 2.87 temperature(and below data showed a peak qualitatively
3 10 3-Torr O, 2.79 similar to ourx=0 data. Those authors suggested that above

room temperature, based on a theoretical analysis, a second
prepeak on the leading edge of tbéband peak, near 529
tained by integrating the peak area. We estimate the oxygegy, is due to a repopulation of the orbitals, the low to
contents of the film samples using the bulk samples as gyermediate spin transition. However, it has been shown
standard, after making some reasonable assumptions. Firgkiry conclusively that the so-calledtband repopulation oc-
we assume a linear relation between oxygen CONteny .o noarT—100K9432! We suggest that this observed
\?v';d algtsigr;aete?hal?t?r?slt}/ilr;mhtohlz bulkkhple peak. SecondEigh-tempera’ture prepeak is likely a hole peak appearing
; . _peak intensities are no ear the temperature that metallic conduction appears in
materially affected by the slight distortion from cubic struc- LaCoO,

ture. The resulting estimated oxygen contents from T K ledae. th i it the first fl
EXAFS are shown in Table I. The source of most of the 0 our knowledge, the present resuts are the Tirst fiuores-

uncertainties entering into these values stems from systenf€nce vield data for La ,Sr,Co0;(x>0), providing sys-
atic errors introduced during the edge subtraction proceséématic data representative of the bulk. The 0.2-eV incident
where slight changes in overlapping peak shapes or una@hoton resolution of the present study allows a better analy-
counted for shifts in energy scale might affect the value bysis of the oxygerK prepeak region in the La,SrCoO,
up to *+0.05 in oxygen content. The estimated oxygenthan previously available. A prepeak feature near 528.8 iden-
contents derived from the NEXAFS measurements ardified as the oxygen hole peak is similar to that observed
qualitatively ~ reasonable, based on the coolingin the oxide superconductors, and has an intensity propor-
conditions. tional to nominal hole doping(here Srx). The broad
peak centered near 530.5 eV attributed to Gb ®nding
DISCUSSION (hybridization peak is relatively more intense than a
similar Cu 3 hybridization peak in the oxide superconduct-
First we compare the present fluorescence yield results fafrs. But like the Cu peak, the Cod3peak decreases
bulk La; —,Sr,CoO; with those of Sarmat al. using electron  smoothly in intensity with hole doping. There may be a
yield.® Those authors showed a much larger growth in in-glight increase in the oxygefi NEXAFS hole peak intensity
tensity with Srx near the hole peak than our data indicate.(Fig, 5 across the insulator/metal boundary neas0.2.
The combined intensity of their hybridization and hole peaksrhis would be an interesting feature not evident in the cu-

nearly doubled fronx=0 to 0.2. They attribute_d the increase prates, which needs to be confirmed by additional measure-
to the development of a broad hole peak. Using fluorescen

yield we observe a much smaller increase in total prepeal
intensity with Srx as well as a significantly sharper peak
(1.2-eV full width at half maximum By summing the hole

and hybridization peak intensities plotted in Fig. 5, we cal
estimate the change in our prepeak total intensities. We o

The oxygenK NEXAFS study of Lg sSK) sC0o0;_ ;5 films
provides a basis for estimating oxygen content in the films.
nThe results shown in Table | suggest that basic trends in
f2xygen content can be monitored by this method. However,
serve a total increase of only about 20% betwrerd and repr_oducibility and accuracy are not well upderstood. Reli-
0.5. For comparison we recorded electron yield simulta2Pility could be better assessed by comparing a more com-
neously with fluorescence yield for most of these Samlmes,_t_)rehenswe set of results, as well as comparing results from
The net intensity of the pre-edge featur§28—531 ey in  independent techniques.
our electron yieldsee Fig. 3actuallydecreasesvith x, even
though forx=0 our electron yield data are in reasonable
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