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Valence-band electronic structure of CgO, epitaxy on CoO(100

M. A. Langell* M. D. Anderson, G. A. Carson, L. Peng, and S. Smith
Department of Chemistry and Center for Materials Research and Analysis, University of Nebraska, Lincoln, Nebraska 68588-0304
(Received 16 June 1998

Valence-band photoemission studies have been performed on @l@®Qingle crystal as it is slowly
oxidized under K10~ * Torr O, at 623 K, eventually forming a GO, epitaxial film. The most significant
changes occur in @&related features, with the peak located at the top of the valence band sharpening and
shifting to lower binding energies as the spinel oxide forms. Constant initial-state measurements indicate that
Co;0, contains admixture from neighboring @p2n its 3d band, as observed for CoO and other monoxide
charge-transfer insulators. Unlike the rocksalt monoxides, which have only a single type of colFal} (Co
located in octahedral lattice sites, the spiney@phas both octahedral €b and tetrahedral Go sublattices.

The peak at the top of the @, valence band results from thed®_ final state of the octahedral €03d

band. Although some states derived from tetrahedrdl" @eay be present at the top of the valence band, the
greatest contribution from the tetrahedralPCsublattice appears at approximatet.8 eV, overlapping with

O 2p derived features of the spectrum. The®t@d" ! satellite is much less intense in ) than in CoO,

as is observed for the analogous structure in the coljalt@e spectra. An oxygenp2derived structure
remains fairly constant throughout the oxidation process, with the exception of an intermediate species, which
imparts a broad, humplike appearance centered%8 eV to the O P region and disappears as oxidation to
Co;0, is completed. The origin of the feature is not clear; however it is most likely due either to an adsorbate
or to a defectlike intermediate in the oxidation proc¢§€1163-18209)06703-X]

[. INTRODUCTION amounts of the spinel phaé&.2* Unfortunately, few studies
have been aimed at elucidating the valence band structure of
The valence-band electronic structure of the cubit 3 spinelst®?12425Despite their simple apparent stoichiometry,
transition-metal monoxides MnO, FeO, CoO, and NiO haghe spinels are considerably more complicated to model than
been intensively studied by both experimental and theoreticaire the monoxides. Spinel oxides have all the disadvantages
methods: 2! These materials, although not well served byof the rocksalt monoxides with their partially filleci3tates
standard one-electron band theory, can successfully be dand significant electron correlation effects. Additionally, the
scribed by the charge-transfer insulator model in whichspinels feature two metal oxidation states?(MM>") and
strong electron correlation localizes thd 8lectrons within  two different cation sitegtetrahedral/octaheddakach type
the partially filed valence band. Some admixture fromof which is only partially occupied to give a unit cell of 56
neighboring oxygen @ orbitals provides the ‘“charge- atoms.
transfer” descriptive and results in a hybridized view of the We present here valence-band photoemission studies of

transition-metal-derived valence band: CoQ(100 as it is oxidized to form a thin film epitaxy of
C0304(100). The x-ray photoelectron spect(XPS) of the
e=a3d"+B3d" L + y3d"*2L2...., (1) Co 2p and O I core levels, low-energy electron diffraction
(LEED) and high-resolution electron-energy-loss spectra
wherea,,v, . . ., arecoefficients representing the admixture (HREELS of similarly prepared epitaxies have been previ-

of a particular configuration to the ground-state wave func-ously presenteé? and the resultant films has been shown to
tion, ¢, n is the number of @ electrons associated with the be stoichiometric, well ordered, and generally characteristic
metal cation in the monoxide, aridrepresents a hole on a of a Cg0O, spinel sample. Both rocksalt CoO and spinel
neighboring oxygen anion due to electron donation into the€C0;0, have a comparable oxygen sublattice with fcc closest
3d band. This leads to a large valence bandwidth and interpacked structure in which -O?" nearest neighbor dis-
esting valence and core level satellite features in photoemigances match to within 5%.1n the monoxide, Co" cations
sion spectra. Cobalt monoxide, in which the cation is for-occupy all octahedral sites, whereas in the@gospinel half
mally in the 2" oxidation state, is nominally & in the the octahedral sites are populated with*Cand one eighth
ground-state wave function for theterm. the tetrahedral sites are populated with?Cin a specific,
With the exception of NiO, the rocksalt monoxides arewell-ordered manner. Under oxidizing conditions that also
not the only binary oxide phases that form under readilyallow for sufficient mobility of the cobalt cations in the near-
attainable oxygen partial pressures. Under common ambiesurface region, it is possible to evolve from Qd00) to
conditions, the thermodynamically favored form of the oxideCo;0,(100) smoothly and with little loss of structural integ-
is often the spinel, NO, (M=Mn, Fe, C9. Even when mass rity through slow surface oxidation. The evolution of the
transport limits the bulk of the oxide to a metastable monoxvalence-band photoemission for this process is reported be-
ide form, the surface can and often does contain significariow.
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Il. EXPERIMENT T 4 T v T y T
CoO(100)

CoO single crystals were obtained from Atomergic Che-
hr=40eV

metals Corporation and were oriented to within 1° of the
(100 plane by Laue back diffraction. The surface was pol-
ished with successively finer grades of alumina to Qud3-
alumina particle size and placed in a UHV chamber for fur-
ther substrate pretreatment situ, the Co@100 sample
was cleaned by repeated cycles of"Abombardment (5
X10°° Torr, 1 keV, 8 wamp, 15 min, O, anneal (5
X107 Torr, 523 K, 15 min, and UHV anneal €3
%10 1° Torr 523 K, 15 min until no impurities were de-
tected by Auger electron spectroscopy and an appropriate . . .
(1X1) LEED pattern was observed. Prior to the initial pho- -15 -10 -5 0
toemission measurements and subsequent surface oxidation,
a final 10-min anneal at 850 K was conducted. This pretreat-
ment protocol has previously been shé®Af to yield sto-
ichiometric and well-ordered Cd®@00 of sufficient integ-
rity to serve as a substrate for the {Oq thin film formation

described below. o . S
Ultraviolet photoemission specttdlPS were acquired at of Co;0, epitaxial films that result upon saturation oxidation.

the National Synchrotron Light SourcgNSLS) of Co30, is difficult to obtain in single-crystal form and thus

Brookhaven National Laboratory on beamlid&€b with ini- studies of well-ordered GO, surfaces are rare. In these ex-
periments, UP spectra from surface-oxidized CoO and from

tial photon energies of 30—100 eV using a three-plane gra oF . TR .
ing monochromator with the slit set to 226m. This yields C0©/C@0, epitaxies were easier to obtain in high quality

an incident beam resolution of approximately 178 meV atnan were those from the initial C4000) surface due to the

30-eV primary beam energy. The UPS was taken with aiPreater conductivity of the oxidized layers. While binding-
incident beam angle of 56° relative to the surface normal an§Nergy shifts were compensated by referencing to the
with photoemission detected in the normal emission mode/@lence-band maximum, Ce0 spectra were typically

For substrates with fourfold symmetry like CADO), this lower in the signal-to-noise ratio and often were not obtain-
mixes allowed(detectablginitial states ofA5 andA1 sym- able for high primary photon-beam energies. The QdD)

metry, with a slight weighting towards states withl valence band UP spectrum has been previously elucidated
symmetry?” The Vacuum Generators APES 400 hemispheri-and more detailed studies of the stoichiometric CiiD)

cal analyzer was run at a pass energy of 12 eV, giving surface band structure can be found elsewhet&igure 1

spectral resolution of 0.12 eV. UP spectra were acquired aa'oWs & typical spectrum for the substrate used in the present
xidation studies, with relevant features of the CoO valence-

an average of 4—8 scans with approximately 300 points take - . .
across the spectrum. UP spectral intensities have been ¢ and structure indicated in the figure. These and all subse-

rected for variation in photon flux with synchrotron beam dueént photoemission data are reported relative to the

current. All photoemission data were taken at room tempera/a/€nce-band maximunv,,, as is common practice with the

ture. poorly conducting oxide substrates.
CoO(100) surface oxidation was performed at The top of the CoO valence band is comprised primarily

x 10~* Torr O, at 623 K for periods of up to 4 h. The crystal of states derived from cobalt3t,, minority spin. However, _
was heated conductively by an assembly held in close corf® charge-tgansfer nature of CoO causes features resulting
tact with the back of the 0.1-cm-thick crystal. Temperatured’©m Pboth J” and 3°L final states to be observed in pho-
were measured with a chromel-alumel thermocouple pressdgemission from this band. Photoemission from the top of the
against the crystal back. During oxidation, the sample wa¥@lence band results from thel4 final staté and its peak
translated under UHV into the top part of the two-story bellMaximum is observed here atl.7 eV. The broad character

jar, which could be isolated by a poppet valve from the lowerPf this feature is typical of that observed in normal emission

28 o
story containing the electron spectrometers and LEED opffom €0Q100,” particularly for spectra generated at pho-

tics. Base pressure in the upper story wasx 10~° Torr ton energies below the cobalp3esonance at approximately
. 6 . .

when valved off from the lower part of the bell jar; the entire 60 €V. The 3" final-state feature is observed a0.4 eV

bell jar base pressure was2x 10~ Torr in UHV heating and is labeled as a satellit®) in Fig. 1 in analogy with

experiments on the CoO/gd,(100) epitaxial films and dur- structure that appears to higher binding energies in core-level
ing the acquisition of photoemission data. photoemission data. An additionald3lerived feature is

found at—3.8 eV, resulting from cobalt@ orbitals withe,
characteP. Oxygen Z-derived bands are observed a6.1
and —7.6 eV for the 40-eV-initiated spectrum. The energies
of these features are in good agreement with previously re-
ported value$.

We focus this study on changes that occur in valence- Figure 2 shows photoemission from the G&Q0 sub-
band photoemission as C6IDO) is oxidized, with an em- strate annealed at 623 K undex10 ™ Torr O, for periods
phasis on the characterization of the valence-band structua up to 4 h, after which no additional changes in the spec-

S 02p

Intensity (arbitrary units)

Energy Relativeto V_ ineV

FIG. 1. Normal emission valence-band spectrum of the
Co0O(100 substrate taken at a primary beam energy of 40 eV.

Ill. CoO (100) SURFACE OXIDATION TO THE Co 30,
SPINEL STRUCTURE
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FIG. 2. Valence-band spectra at 40 eV for the Cbi) sub- .
strate heated at 623 K andx1.0™* Torr G, for (a) 0 h, (b) 0.5 h, Photon Energy (in eV)
(c) 1.0 h,(d) 2.0 h,(e) 3.0 h, and(f) 4.0 h. The latter spectrum

corresponds to epitaxial GO, FIG. 3. Constant state initial spectroscafi}lS) measurements

at (8 —1.0 eV and(b) —9.6 eV. The arrows point to the approxi-
mate locations of the antiresonance or resonance structure.

trum could be detected. During this oxidation procedure, a
visua_l inspection of t_he LEED pattern indicated the surf_ace 3p%3d"+hy—3p®3d"t+e . 3)
remained ordered witk100 symmetry throughout the oxi-
dation process, although less than optimum conditions fobince both pathways lead to indistinguishable final states,
acquiring LEED on the synchrotron floor prevented a de-quantum interference between the two channels can result in
tailed analysis of the LEED superstructure resulting fromeither enhancement or suppression of thevalence-band
spinel formation. XPS/HREELS studies of CADO under transitions at the 8 threshold. Metal photoemission features
similar oxidation conditions have indicated the epitaxy re-with 3d"L final-state character tend to exhibit suppression,
sembles CgO, in its phonon spectrum and in characteristic whereas those with &~ final-state character tend to un-
XPS satellite structure, core level binding energies and O/Cdergo resonant enhanceméhiThe main peak at-1.0 eV
core photoemission intensitié%. undergoes an antiresonance at the cobalttBeshold and is,
The most dramatic change in the photoemission spectrurtherefore, assigned tod2derived band structure associated
is the development of a new, sharp valence-band peak atith the 3d"L final state.
—1.0 eV, which increases in intensity with oxidation at the The satellite 8° final-state feature associated with the
expense of the-1.7-eV 'L peak of the CoO substrate. CoO(100) photoemission spectrum also undergoes a dra-
Both Cq0, and CoO 3’L features can be observed in the matic change as the substrate is oxidized. Initially-d10.4
spectrum at intermediate oxidation times, most obvious pereV and quite intense, the satellite shifts to lower energies and
haps in Fig. 2c) and neither feature is observed to shift decreases in intensity with increased surface oxidation.
during the oxidation process. Thel.7-eV feature is, there- Throughout the oxidation process the satellite retains dts 3
fore, believed to be characteristic of the G&Q0 substrate character, as is demonstrated by its resonance-enhanced be-
and the —1.0-eV feature is intrinsic to the thin, oxidized havior in CIS (Fig. 3). Because the satellite is no longer
Co0, film that forms epitaxially on top of it. detectable in the fully oxidized GO, epitaxy, the CIS data
The —1.0-eV peak from the G®, epitaxy shows classic of Fig. 3b have been acquired afteh of oxidation, at which
constant initial statdCIS) spectroscopic behavidiFig. 3)  point the satellite has shifted t69.6 eV. The resonance
that is characteristic of strongly electron-correlated changeshows a doublet structure, with a small but distinct peak at
transfer oxides:>*18-202° The resonant behavior results 59.5 eV and a larger resonance at 63 eV. While the small
from the opening of a second pathway to thé"3! final  59.5-eV peak is comparable to the background noise level in
state above the cobalip3threshold: the present CIS spectrum, it is obtained reproducibly. The
doublet structure of the resonance is more clearly observed
in CoO(100) CIS data and while the origins of the doublet
remain unknown it has been postulated to result from the two
spin-orbital components of the C 3nitial state. Note that
in addition to the direct pathway available both above andn Fig. 3(b) the CIS data for the CoQO00 substrate are
below this threshold: taken at—9.6 eV for comparison to the Cd@000)/Co;0,

3p®3d"+hy—3p®3d" 1 —-3p®3d" 1+e 2)
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data and do not represent CIS from the Cb@) satellite at [ T " T " T " ll
—10.4 eV, which shows the much stronger resonance behav-
ior previously reported.The small increase in intensity in
the CIS for the Co@.00) substrate at-9.6 eV is most likely
due to residual intensity from the 10.4-eV satellite peak.

Other changes in the valence-band photoemission that oc-
cur with surface oxidation of the Cq@00 substrate are an
increased intensity in the region of the3.8 eV 3 peak and
the appearance of an intermediate state in thepOe&gjion
that gives the central portion of the UP spectrum a single-
peaked, rounded characteristic with a maximum in intensity
at approximately-5.3 eV. This is most evident during initial L
oxidation stages$e.g., 0.5 h; Fig. &)] and is similar in ap- L . L . L s 1
pearance to changes previously reported for UPS data taken 810 800 790 780
following O, chemisorption on defect Cd@00) at 300 K2 Binding Energy in eV
The intermediate state is clearly associated with a chemi-
sorbed form of oxygen or a lattice oxide defect in route to FIG. 4. XP core region for CoQ00 and the CgO, epitaxy
spinel formation since it appears in the early stages of oxytaken with MgK,, radiation and a band pass of 50 eV. The arrows
gen exposure but disappears as the substrate reaches satimdhe spectrum for CoQ00/Co;0, epitaxy indicate core emission
tion oxidation concentrations. At oxidation saturation, the Oassociated primarily with C& (779.6 eV and CS" (780.5 eV
2p region is comparable to that of the initial CAIO) sub-  cations in the spinel structure.
strate.

Neither oxygen-derived nor the-3.8-eV 3d-derived

states show resonant photoemission behavior at the cobalym the octahedrally coordinated cobalt species?*Cin
3p threshold. This is expected for states arising fromcoo and C8* in Co,0,, vields 24, and 2,5, binding
oxygen-derived orbitals, but not necessarily from those Wi“"bnergies of 780.5 eV and 796.5 eV for the monoxide and of

cobalt A character. However, similar CIS spectra have beerygg 5 e\ and 795.7 eV for the go, spinel, in good agree-
. . . . 25 . . ’
obtained for cobalt monoxidé and nickel oxid&**for tran-  ment with previously reported literature values for these

sitions in this part of the valence-band structure. The lack ofaterial<?”

states was attributed to the difficulty in separating potentiat|ly oxidized CoQ100/Co;0, epitaxial layer are compared
resonant effects in thedBband from that of the nonresonant i, Fig. 5 to illustrate differences in spectral features between

| Co0(100)/Co,0,

Intensity (arbitrary units)

S 2pip S 2p3,

but overlapping oxygen |2 states. the two materials. The top of the valence band sharpens con-
siderably and shifts to—1.0 eV upon CgO, formation.
IV. CHARACTERIZATION OF THE Co 0, SPINEL While the complexity of the spinel makes theoretical analy-
PHOTOEMISSION sis of the valence-band structure difficult, a simple estima-

_ o ) tion of 3d basis states is possible by considering the local
Saturation oxidation of the Cd®00 substrate is accom-

panied by several changes attributable tg@oformation. , : _ : :
The O 1s/Co 2p XPS and Auger O KEL,/Co LM, My s hy =40 eV
intensity ratios increase by approximately 4/3 rds to reflect Co0(100)/Co;0,
the change from monoxide to spinel stoichiometry. Qualita-
tive changes in the ComR core-level peak shape are also
characteristic of a Co©-C0,0, transformatiorf?2327:30-33

as shown by XPS for the initial and oxygen-saturated
CoQ(100 surfaces in Fig. 4. The satellite structure in these
data arises from final-state effects analogous to those dis-
cussed above for the valence band, and the satellites labeled -
Sin Figs. 1 and 4 have common origins. CoO and;@po
have different coupling into the two possible final states giv-
ing rise to the main and satellite peaks, with the@pspinel . . ol
structure more greatly favoring the lower binding energy -15 10 .5 0
2p°3d"*IL final state and thus having considerably lower
intensity in the higher binding energyp23d" satellite when
compared to the CoO rocksalt substrate. In addition to a FIG. 5. Comparison of 40 eV-initiated photoemission from the

decreased satellite intensity observed fog@p a shoulder 5ence band of Co@00) and the CgO, epitaxy. Solid lines con-
which  has previously been assigned to tetrahedrahecting the two spectra indicate the position df@erived features.
Co**-related stat€$>® appears to lower binding energy. potted lines indicate the approximate position of the fad&rived
This peak, which is more clearly resolved in thgs2 region  states. Along the bottom of the figure, final states for the spinel
due to lack of overlap with other spectral features, is ob-Co®*" (*T,,) and the C&" (°E, *T,, 3E) sub-bands are made with
served with a binding energy of 779.6 eV. Photoemissioriigand field theory, after Ref. 21.

CoO(100)

(arbitrary units)

sity

Inten:

Energy Relative to V_in eV
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environment of the tetrahedral €oand octahedral G _
with ligand field theory. Using Tanabe-Sugano diagrams and COO(IOO)/CO3O4 ?:V)
appropriate Racah paramet@tsfinal-state configurations 100
predicted to be observable in &, valence-band photo- —

emission spectfd are shown along the bottom of Fig. 5. 3 7

Note that structure at the top of the valence band is com- 5 S? 80
prised primarily of features derived fromd3levels of the e

Cao®" octahedral cation, specifically with th%ng configu- §

ration of the (29)5 final state. Analogous valence-band pho- .é

toemission studies of F®, (Ref. 2 and of LiCoG (Ref. 20 o) 70
support assigning this peak tal3lerived states from Co. @ 60
However, overlap with photoemission from tetrahedraf Co a 50
resulting in an €)3(t,)® final state with °E configuration «“—é

may result in some contribution from both octahedrafCo - 40
and tetrahedral Go derived states at the valence band maxi-

mum. The tetrahedral G6(e)3(t,)* final state with®E con- 30
figuration and the €)“(t,)? final state with T, configura- _ , _ , .
tion are predicted to occur 2—3 eV below tRE final state -15 -10 -5 0

. 21 . .
transition:™ _ Energy Relative to V_ in eV
The antiresonance behavior observed for the.0 eV

peak in CIS(Fig. 3 indicates that @-derived states at the FIG. 6. Photoemission from the g®, epitaxy taken at normal
top of the valence-band show admixture with lattice oxygeremission and as a function of primary beam energy. The feature
2p orbitals. Conceivably both octahedral €¢3d®) and indicated byS? is potentially associated withd3~? final state.
Cc?*(3d7) could contribute to the basis set for the initial
statds) of this resonance. However, similarity to valence-
band photoemission peak shape and antiresonance behaviaken for spectra initiated with photons in the range of 30—
observed in photoemission studies of LiGo@hich contain 100 eV (Fig. 6). The antiresonance due t@ 3xcitation at
only CA&®" in near-octahedral environments, indicates the efapproximately 60 eV is clearly evident for thel®. state at
fect is dominated by cobalt in the octahedral sites whichthe top of the valence band. In addition, the oxygenrg-
overlap more effectively with O 2 orbitals. For simplicity, gion appears to be undergoing some change in peak shape as
the final state of the main peak will therefore be labeledthe photon excitation energy is varied. Both experiméntal
3d°L, although any contributions from the €otetrahedral and theoretical® band-structure studies of CoO have deter-
sublattice should more properly be indicated afl3 Re- mined that oxygen-derived states show measurable disper-
gardless of how the intensity of thel.0 eV peak is parti- sion whereas states that are primarilg 81 character are
tioned, the antiresonance behavior of the peak gives evideneelatively nondispersive. Unfortunately, no band structure
that the CgO, spinel is analogous in its bonding to the re- calculations have appeared for £ or any other spinel
lated rocksalt monoxide compounds, which are chargeexides. To a first approximation, the Gp&lerived bands of
transfer insulators. the spinel and of the monoxide can be assumed to be com-
The location of the @° final-state satellite for the GB,  parable since both structures are cubic close packed in lattice
surface is not obvious. It could continue to shift to lower O>. Indeed for spectra initiated with comparable photon
binding energy with increased oxidation to overlap at satuenergies, normal emission data for Ga0Q0) and the pres-
ration with the more intense Op2states. It could be present ently reported Co(00)/Co;0, valence-band spectra are
below the noise level of the spectrum or lost in the slopingvery similar in the oxygen @2 range(Fig. 5, dashed lings
background of secondary electrons. A final possibility is that
it might be barely de.tectable as a very broaq resonance Cen- ; pevERSIBILITY OF THE CoO/Co 0, SURFACE
tered around approximately 12 eV most noticeable at higher OXIDATION
primary beam energies evident in Fig. 6. The slope of the
background emission decreases as the primary beam energylf Co;0, can be formed by slowly annealing CGDO0
increases and resonance effects also predict higher intensitjmder oxygen, it might be expected that subjecting the
for 3d-derived satellites at or above approximately 60 eV.CoO(100/Co;0, epitaxy to reducing conditions might re-
This may make detection of the satellite a delicate balance ajenerate the original Cd®@00) surface. This is partially true,
factors. There is a very weak, broad structure visible in theas can be seen from the photoemission data in Fig. 7, for
80 eV spectrum of Fig. 6 that could potentially be th@®3  which the Co@®100/Co,0, epitaxy is annealed to increasing
satellite. However, changes in background emission, alontemperatures under UHV until steady state is achieved. Re-
with the weak intensity of the photoemission feature lead taduction in UHV initially results in a broadening and decrease
inconclusive CIS analysis. Either coupling to this final statein intensity of the 3I"L state at the valence-band edge, the
is too weak in the spinel structure for it to be observed withmaximum of which eventually shifts te 1.7 eV as observed
certainty or it overlaps with and thus is obscured by otheifor CoO(100. After the surface has been annealed at 973 K,
features of the spectrum. the general features of the spectrum are similar to those of
Photoemission data for the CGID0)/Co;0, surface were the Cod100) substrate, although the background slopes very
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'C$O/CO304 -4 Co0
hy =40 eV

Co0O(100) it
(heated) AL

Intensity (arbitrary units)
Intensity (arbitrary units)

-15 | -10 | -5 | 0 -15 -10 -5 0

Energy Relative to V_ in eV Energy Relative to V,, in eV

FIG. 7. Photoemission from the valence-band region of the FIG. 8. Photoemission from the CT®0 surface regenerated

Co0(100/Co;0, surface as it is heated to progressively higher tem-]t_rom th_e CQO?‘ ekpitaX); by heati::g to #0;0 :1( The solid line is a
peratures{a) no heating,b) 773 K, (c) 873 K, (d) 973 K and(e) Ive-point Savitzky-Golay smoothing of the data.
1073 K. Spectra were acquired at normal emission and 40 eV pri-

mary photon beam. and XPS O/Co intensity ratios indicating they are stoichio-

metrically equivalent to Cg@, Previous HREELS
severely, perhaps obscuring the3satellite found for the analysi€® showed a Fuchs-Kliewer phonon structure of simi-
larly prepared oxide thin films that agrees with long-range

monoxide at—10.4 eV. The sloping background and overal i ]
noisy quality of the spectrum accompany problems in surordered Cgo, formation. XPS of the core-level Cop2(Fig.

face charging, a general characteristic of the Q@0) sub- 4) is also characteristic of G@,, including satellite structure
strate. ’ on the Co  peaks. LEED, detected visually here, shows

Continued annealing at higher substrate temperaturd§at the epitaxy retains cubic order, although charging prob-
ameliorates charging problems somewhat, as can be seen!fns and non-optimum experimental set-up on the synchro-
Fig. 7(e) taken after annealing under UHV at 1123 K. As the Iron end station preclude detailed analysis of complex fine
background intensity becomes more manageable-th@ 4 structure res_ultlng from the Iarge_ spmel unit ce_II. _
eV satellite of the cobalt monoxide substrate becomes evi- €hanges in Co@00 photoemission upon oxidation cor-
dent, although it is not as intense as that obtained prior to thi¢/ate well with the formation of the spinel g0, and the
oxidation/reduction cycléFig. 1). However, photoemission Valénce-band structure can be rationalized by simple appli-
data can still only be obtained at the lower range of photorFation of ligand field theory. Angle-integrated UPS studies of
excitation energies used in the present studiég. 8). The heavily-oxidized cobalt foil show comparable band structure
—5.1-eV O D-derived peak also appears more intense irft the valence band edge and the authors of the $tgdye

this spectrum, although a large part of this is due to the les§€ final state assignments reported here along the bottom of
strongly sloped background which adds disproportionately t§'9- - Phot'oem|s+5|on Stl{d'eSGOf polycrystalline LiGeO
higher binding energies in the spectrum. The remaining pealhich contains C&" low-spin 3d° cations in near-octahedral

shapes and energies are comparable to that observed fo¥mmetry, also show similar spectra to those reported here
CoO(100). for Co0,. These similarities include a shift to lower energy

for the valence band maximum peak compared to that ob-
served on CoO and sharpening of the structure at the valence
band maximum observed for the £ epitaxy of the
Few studies elucidating the valence band structure of spipresent studies. Thus, while both tetrahedraf'Cand octa-
nel materials have been reported in part due to the difficultynedral C3" 3d orbitals might be expected to contribute to
of modeling unfilled, strongly electron correlatddband ma- the valence band edge of gy, the greater contribution
terials with unit cells of 56 atoms but also due to difficulties appears to be from the octahedral cobalt tions.
in obtaining appropriate single crystal substrates. Despite the Antiresonance effects indicate that g has charge-
ease with which CoO can be oxidized to £0g and its transfer characteristics in itsd3band structure, as do CoO
greater importance in many heterogeneous processes, suchaasl other rocksalt oxides with octahedrally coordinated
partial oxidation catalysis, no careful photoemission studiesnetal cations. The-1.0 eV peak at the top of the valence
have been performed on well-ordered;Og substrates. The band results from a &L final state and although it is not
CoQ(100/Co50, epitaxies reported in this study yield Auger clear from the present set of studies where the State is to

VI. DISCUSSION
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be found, this structure is also very weak in the core-levelCo;0, lattice. The distribution of occupied tetrahedral’Co
Co30, XP spectrum. The octahedral €oof Co,0, are low-  sites and octahedral €osites might not be quite spinel-like
spin 3d°, a very stable configuration presenting a ftd}  at intermediate oxidation times. While the subject of defects
sublevel. The final-state configuration af®. preserves the at oxide surfaces is definitely interesting, there is presently
full sublevel advantage whereas thé°Jinal state does not. insufficient information to determine the nature of this inter-
Co0, in comparison, has high-spin €owith a (tzg)f’(eg)2 mediate species.

initial-state configuration for the & cation, and the 8°

final state can actually lead to a low-spin, filled subshell VIl. SUMMARY
resulting in a greater intensity for the satellite feature for o )
CoO. CoQ(100 substrates have been oxidized t0;0g thin

Throughout the oxidation process from CoO t0;0g fims and the phenomenon followed by studies of the
the O 2p-derived band structure remains fairly constant invalence-band photoemission structure. The most dramatic
appearance. This is to be expected since both rocksalt arfd!@nges at the top of the valence band include a sharpening

spinel lattices are fcc close packed iR Canions. The one ©Of the peak shape and shift to lower binding energies. The
obvious difference in their photoemission from the @ 2 —10.4-eV satellite that has been so well studied in the elu-

region comes not at either CoO or £y extremes in com- cidat_ion of CoO an_d rglated oxic_je band structures als_o Sh.OWS
position, but at intermediate oxidation timgsig. 2(b), for a_shlft to lower binding energies W'Ith substrate OX|d§1t.|o_n
exampl@ where a hump-like appearance develops with awr[h a concurrent decrease in intensity c_Jf the peak until it is
spectral intensity maximum of5.3 eV. While the origin of "° Ionge_r detectable on the fully OX'.d'Z.ed Substrate. The
this spectral feature is unknown, several possibilities can b!ly 0xidized surface shows characteristic XPS core photo-
provided or discounted. The feature is not due to the forma&MiSSion bmdmg energies and satellite structure |nd|ca.t|ve of
tion of carbonates or other impurities that would have beer_pofi_04 f_ormatlon, and thEﬁ‘ valence_ bar_ld structure of this ep-
detected in XPS and Auger analyses. It is also not likely dud@xia! film has been assigned using ligand field theory. The
to hydroxyls, since these would be observed in HREELS. formation of CqO, is partially reversible and heating under
The feature eventually disappears as surface oxidation sati?HV regenerates a defect CoO surface.

rates, indicating that it is unlikely to be an impurity. Adsor-
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