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Nature of oxygen at rocksalt and spinel oxide surfaces

M. A. Langell,? J. G. Kim, and D. L. Pugmire®
Department of Chemistry, University of Nebraska, Lincoln, Nebraska 68588-0304

W. McCarroll
Department of Chemistry, Rider University, Lawrenceville, New Jersey 08648-3099

(Received 12 September 2000; accepted 18 Decembel 2000

The chemical environment of oxygen in cobalt-containing metal oxides with compositions
MXM('X_l)O and M<M(’3X_l)04 (M,M’"=Mn,Ni,Co) has been studied by Auger, x-ray and ultraviolet
photoelectron, and high resolution electron energy loss spectroscopies. While there is a single type
of lattice oxygen in the bulk structure of simple rocksalt and spinel oxides, the nature of oxygen at
the surface of the spinel oxides is considerably more complex. Photoemission from core oxygen
states in these materials often shows multiple peaks and satellite structure which have been
attributed to a range of intrinsic and extrinsic oxygen states. All of thelseadisition metal oxides

show a single, intense Oslcore photoemission peak at approximately 529.6 eV. In the spinel
materials, a second state at 531.2 eV is also observed and is shown to be intrinsic to the spinel
surface and not a result of hydroxylation or other surface contaminant. Similar photoemission
features in FgO, were previously attributed to final state effects; however, the nature of the multiple
final states remains to be elucidated. 2001 American Vacuum Society.

[DOI: 10.1116/1.1349194

[. INTRODUCTION peratures of 973 K or higher for substantial periods of time.
N . . As aresult, it is not surprising to find a significant fraction of
Transition metal oxide¢TMOs) form an important class surface oxide as hydroxyl on air-exposed materials using
of materials and find use in heterogeneous catalysis, as elegmndard UHV-based surface analytical techniques One ex-
tronic and magnetic devices, as gas sensors, and in a hosté}fnpb of this is in O & photoemission spectruffi,where
other solid-state applications. A subset of this class, the cubig\mo Jattice oxide gives a characteristic feature at a binding
transition metal oxides, can be envisioned as a close-packethergy of approximately 529.6 eV and hydroxyls are found
array of G~ lattice anions with cations filling various frac- 1_2 ey higher. Because of their ubiquitous nature, the con-
tions of octahedral and tetrahedral interstitial sites. Rocksaljerse is also assumed and any feature found within 1-2 eV
oxides, e.g., NiO and NCo, O, fill all octahedral sites higher binding energy in the Oslphotoemission spectrum is
with cations formally in the 2 oxidation state. Spinels, e.9., automatically taken as proof of surface hydroxylation.
Coy0,, populate half their octahedral sites with Zations We show here that cobalt-containing spinel TMO surfaces
while one-eighth of their tetrahedral sites are filled with 2 ften show photoemission with two distinct peaks in the O
cations. Inverse spinels, e.g., 58 and NiCQO,, form a 15 spectrum. The more intense feature, at 5202 eV, is
related structure; the-2 cations now occupy octahedral sites o mparaple to the main lattice oxygen peak found on rock-
with the 3+ cations divided equally between the remainingsait sypstrates and commonly reported for lattice oxide on

filled octahedral sites and tetrahedral sites of the lattice. Bes',pinels and other TMO substrates. The second. found with

cause of the similarity in lattice structure, spinels and rock-_4q0 the intensity of the main substrate peak, has a binding
salt oxides often interconvert at TMO surfaceédepending

= i - ) energy of 531.20.2 eV and is often confused with hydroxyl
upon the oxidizing/reducing nature of their environment.. . iamination. However. this feature is found on

Substitutional and interstitial defects are also common IM\r+_sputtered and extensively UHV-annealed substrates, at
these materiafsand surface compositions can differ from g, spinel films grown on metal or on metal oxides under
that of the bulk due to either thermodynamic or Kinetic ypy and on vacuum-cleaved single crystals, conditions that
factors.” . . should not produce substantial water or hydroxyl contamina-
Water. IS one oxidant co'mmonly encountered under amk,)'fion. Furthermore, other surface analytical techniques indi-
ent conditions, and most air-exposed TMOs are covered Withye that these surfaces are both hydroxyl and carbonate free.
one or more hydroxylated layefshile hydroxylation oc- s " poth of these peaks must be intrinsic to the spinel
curs rapidly under ultrahigh vacuutWHV) only atisolated g, itace or to a high-concentration, easily formed oxide de-

. ’9 .
defect S,'teé' air-exposed TMO substrates can form rela-fqqt state associated with the creation of tetrahedral sites on
tively thick hydroxylated layers that persist in UHV to tem- 1\10 oxide surfaces.

Determining the exact nature of the species or mechanism
dAuthor to whom correspondence should be addressed; electronic maibiving rise to the higher binding energy G peak in cobalt-
mlangell@unlserve.unl.edu

Ypresent address: National Institute of Standards and Technology, 100 B&;-O”t?ining spinels requires furth_er S_tUdY- H0_W9Very itis clear
reau Dr. Stop 8362, Gaithersburg, MD 20899-8362. that in the absence of supporting information x-ray photo-
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electron spectroscopy does not unequivocally establish the
presence of TMO surface hydroxylation merely through the O 1s XPS
presence of a second, higher binding energy peak in the O 1
spectrum. Photoemission studies on well-definegD@©01) 1 coo
substrate find a feature at comparable binding energies to 2
the 531.2 eV peak of the present studies. The peak is lower 2 g%:\;ed
in binding energy than Odlphotoemission from deliberately g
hydroxylated iron oxide surfac&s*?and is intrinsic to the £ | S0,
spinel surface. This feature has been suggested to result from > Thin Film
final state effects in the photoemission process. % NiCo,0;
=4
- uMnCozoifM/\M
Il. EXPERIMENTAL DETAILS
All experimentation was carried out in a 40 | UHV cham-
ber operating at a base pressure of approximateiyl@ & 540 535 530 525
Pa maintained by a combination of turbo and ion pumping. Binding Energy (eV)

The bell jar was equipped with a double pass cylindrical
mirror analyzer for Auger electron spectroscq\ES) and
x-ray photoelectrorfXP$S) spectroscopies, a four-grid set of
low energy electron diffractiofLEED) optics, a single pass
127° sector high resolution electron energy loss spectrometgias found to be constant at 52946 0.2 eV and this value
(HREELS and provisions for gas dosing, heating, and argonyas more conveniently used as an internal standard in sub-
ion bombardment. _ _ sequent measurements. HREELS data were obtained with a
Powdered samples were introduced to UHV via a loathome-puilt, single-pass 127° sector at 3.7 eV primary beam

lock system and were subjected to a brief sputtering (A" energy and with an ultimate resolution of approximately 7
min, at 0.5 kV and 1.5uAlcm® prior to analysis. mev.
NiC0,0,'***powders were prepared by sol-gel methods and  jtraviolet photoelectron spectroscogyPS was per-
MnCoz% ere prepared by thermal decomposition fromformed at the National Synchrotron Light Source in

> The homogeneity and bulk stoichiometry of the grgokhaven National Laboratofywith an incident beam

Fic. 1. O 1s x-ray photoelectron spectra taken at 25 eV pass energy for
several cobalt-containing TMO materials.

nitrates.
two samples were determined with powder x-ray diffractionangle of 56° relative to the surface normal and in normal
using a Rigaku Geigerflex diffractometer equipped with & Cugmission detection. A Vacuum Generators APES 400 hemi-
Ka gnode. spherical analyzer was run at 12 eV pass energy and the
Single crystal substrates were cleaved under UHV. Thgyerall resolution of the spectrometer/beam line was ap-
CoO single crystal, obtained form Atomergic Chemeta‘proximately 178 meV at 30 eV primary beam energy. No

Corp, was cleaved to reveal (200 surface orientation as gecomposition or other changes were observed during the
confirmed by LEED. The C@, surface was obtained in two ¢qyrse of this or any other data acquisition.

ways: the first, by UHV cleavage of bulk g0, single crys-
tals grown electrolytically from carbonate melts, which left a
cracked but otherwise clean and previously unexposed suP—" RESULTS
face; the second, by slow oxidation of CADO) single crys- Oxygen Is XP spectra are presented for a number of
tal substrates, which give XPS, AES, LEED, and HREELScobalt-containing oxides in Fig. 1. Assuming exponential at-
phonon spectra in agreement with 0g(100) formation?>  tenuation and a mean free path of 1£%¢ can be estimated
AES and XPS surface analysis was performed with ahat 95% of the XPS signal results from approximately the
Physical Electronics 15-255G double-pass cylindrical mirroroutermost 25 A of the surface using the present photoelec-
analyzer. AES was taken in a lock-in derivative mode with atron detection geometry and excitation source. CoO rocksalt
2 keV primary beam energy, a scan rate of 1.0 eV/s, a moduwsubstrates show a single & peak to within the resolution
lation energy of 2 eV and a time constant of 0.1 s. The AESof the spectrum and the five-coordinated Cof the outer-
spectra were signal averaged for ten scans. XPS was olmost surface layer are not resolved from the six-coordinated
tained in a pulse-count mode at a constant pass energy of 2attice oxide of subsequent near-surface layers. The single O
eV. Photoemission was initiated with Mga radiation hr  1s peak obtained for the cleaved-crystal(C@0 surface has
=1253.6 eV and the photoelectrons were detected in ama maximum binding energy of 529.6 eV and tails gently to
angular aperture at 44° relative to the surface normal. Théhe higher binding energy side due to inelastic scattering of
spectra, taken in increments of 0.1 eV with dwell times of 50the photoelectrons. The spectrum is similar to CoO © 1
ms, were signal averaged for at least 100 scans. First meghotoemission data reported elsewhet®!’-2
surements of XPS binding energies were calibration through Unlike the rocksalt oxide, the cobalt-containing spinel
an Au 4f,, peak at 83.8 eV, either from gold evaporated materials, Cg0,, NiC0,0,, and MnCgO,, all show evi-
onto single crystal surfaces or from a gold foil used fordence for more complicated structure to the high-binding
mounting powder samples. However, the lattice ©pkak energy side of the main Osllattice peak. The main lattice
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Cleaved
Coso A

Intensity (arbitrary units)

536 534 532 530 528 526

Intensity (arbitrary units)

01 00 01 02 03 04 05 06
Loss Energy (eV)

Fic. 2. HREEL spectrum of UHV-cleaved @0, taken at 3.7 eV primary

. . . T T T T T T T T T T
beam \_/oltage and‘10 meV resc_)lutlon. The loss features result in muIang 536 534 532 530 528 526
scattering from lattice Fuchs—Kliewer phonons and do not show any contri- o
bution from high losg~400 me\} hydroxyl stretches. Binding Energy (eV)

Fic. 3. Peak fit routine for O 4 photoemission from C®, cleaved-crystal

and NiCgO, powder samples. In both cases, a linear background was re-
peak is within error of that found for CoO for all samples, moved and the peak was fit to a minimum number of Gaussian peaks so that
but an additional peak is now apparent at approximatelR values of>0.98 were obtained.
531.2 eV. This higher binding energy feature occurs with

substantial intensity, even for UHV-grown ¢y films and reported for surfacé25 K, Ref. 13 and bulk(723 K, Ref.

for UHV-cleaved CgO, single crystals which are unlikely to 14) decomposition into the constituent monoxides. While the

have substantial amounts of contamination or defect Conceri]ﬁtensit of the 5312 eV peak does decrease noticeably Upon
tration. Efforts to detect hydroxyls or other known defects y ' P y up

: 2 s . "™ annealing, it can be almost completely restored to its initial
and contaminants by additional surface-sensitive technqu(-:i:F,]tensit by annealing under low pressures of oxvaen gas in
showed their concentrations to be below the limits of the y by 9 P ygen g

measurement. For example, HREELS data taken on UH the UHV char[lg)er. Figure(d) shows the results of annealing
] . . under 1. 10 * Pa at 625 K for 2 h.
cleaved CgO, are shown in Fig. 2 and while a well- . .
. . . While cleaved-surface single crystal measurements
developed Fuchs—Kliewer phonon spectrum is clearly evi- . . .
- ) . should prove most ideal for unequivocally preparing well-
dent, the characteristic hydroxyl stretching region0.40 ! .
. S " defined and contaminant free surfacesgz@odoes not have
eV) remains featureless. N{D11) thin films are stabilized .
.. __as stable a cleavage plane as does the rocksalt CoO. This
by an outermost hydroxylated layer under UHV conditions . .
S : coupled, with the small size of the crystdls0.2—0.5 cm,
and, in this case, HREELS is able to detedi.25 monolayer . . . .
: . e could have resulted in a higher than typical fraction of defect
concentrations of surface hydroxyls with no difficuffy.

Simple curve fitting of the O 4 spectrum with Gaussian
functions(Fig. 3 indicates this feature to be 40%-70% the
intensity of the main lattice peak at 529.6 eV. The simplicity NiC0,0, 0 Is
of the fitting most likely overestimates both the peak width
(full width at half maximum-1.4 eV) and intensity since
defects, impurities and inadequacies of the fitting procedure
all are expected to shift intensity to the high binding energy
side of the main lattice peak. Even within these limitations,
however, it is clear that the feature represents more than
casual contamination expected for insitu cleaved single
crystal sample.

The powder samples (pLo,0, and MnCgO,) were by
necessity synthesized under flowing, dry air at atmospheric
pressureS 18 and exposed briefly~15 min) to ambient air
in transferring them to UHV. This is ample time and oppor-
tunity for substantial hydroxylation to occur and the ©XP : -
spectrum can arguably be fit to three or more peé&lg. 3. 536 532 528 524
However, even when the powders are annealed for extensive Binding Energy (eV)
periods under UHV, the second higher binding energy peak ) o _
is still observed with substantial intensity. Figuréyshows 76 4 © 15 spectrum for NiCgO, powders(@ stoichiometric, (b) the

. . stoichiometric sample of trace a reduced by heating under UHV to 750 K for
the O Is peak shape for powdered J00,0, after annealing 5, and(c) the reduced sample of trace b heated undex 13 * Pa G, for
for 2 h in UHV at 750 K, atemperature comparable to that 2 h.

Intensity (arbitrary units)
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CoO

!
C03 4
Cleaved
C03O A

Thin Film

Ll
NiCo 0O,

Intensity (arbitrary units)

MnCo,0,

T T T T T
820 810 800 790 780 770
Binding Energy (eV)

85 eV beam voltage

Fic. 5. LEED pattern of a C®, thin-film grown epitaxially upon single
crystal Co@100). Fic. 6. Co 2 x-ray photoelectron spectra taken at 25 eV pass energy for

several cobalt-containing TMO materials.

sites generated in UHV cleavage of the;Opsingle crystal  seen to be completely reversible. Heating the (d@D) sub-
substrates. Indeed, the cleaved surface did not presentsirate under 1.810 2 Pa for approximatgl 4 h at 623 K
smooth, unblemished crystalline face even on the macroconverts the near-surface into a material with substantially
scopic scale but showed several large cracks and steps. Fslmarper, more intense electron density near the valence band
this reason, data on thin-film @0, are also included in the maximum in the UP spectrum. Heating this thin film under
present study. Because the films are grown by slow oxidatioHV or H, allows the Co@100) substrate to reform. During
of CoQ(100) under high vacuum conditiorts these films the oxidation/reduction cycle the Gspeak shape goes from
are restricted to the GO,(100) orientation of the epitaxy. a single O & peak at 529.6 eV, although tailed to higher
They are, however, very well orderéBlig. 5 and give char- binding energies to reflect the secondary electron structure,
acteristic cobalt p spinel peak shapdf&ig. 6). Additionally,  to the double-peaked spectrum shown in Fig. 1 and back
both XPS O B/Co 2p and AES O KLL/Co LMM intensity — again.
ratios indicate that full oxidation from CoO to g0, has The sharp nature of the valence band observed for the
occurred to within the depth of the XPS and AES measureCoO(100/Co;0, thin film is entirely consistent with the®
ments. The O & peak shape for this thin film is comparable low spin nature of octahedrally coordinated®Cacations of
to that of the cleaved GO, single-crystal surfacéFig. 1). the spinel structure since the diamagnetic nature of the octa-
As with the powdered samples, the £q thin films can  hedrally coordinated Gd allows for a very sharp peak. The
be reversibly oxidized and reduced. UPS of the oxidationmajority of the contribution of tetrahedral €b cations to
reduction process is shown in Fig. 7 for thin films of{Og  the valence band occurs approximately 2—3 eV below the
grown upon Co@100) bulk substrates and the process can bevalence band maximur.Defect states would serve to

CoO -» Co0,0, Co0/Co,0, -y CoO,
(@ ‘ oy (b)

g hv=40eV hv =40 eV

N
Fic. 7. Normal emission UPS taken

- during CoQ100/Co,0, epitaxial oxi-

dation and reduction. Panel a: oxida-
tion of CoO(100) under 1.3 10°2 Pa

and(e) 2 h.

INTENSITY (arbitrary units)
Intensity (arbitrary units)

d

c
0, at 623 K for(a) 0 h (CoO), (b) 0.5

b h, (c) 1.0 h,(d) 2.0 h,(e) 3.0 h, andf)
4.0 h total oxidation. Panel b: reduc-
tion of Co((100/Co;0, epitaxy by

a heating under UHV at 1073 fag) 0 h
(C030,), (b) 0.25 h,(c) 0.5 h,(d) 1 h,

5 -10 -5 0

-15 -10 -5 0 -1
Energy Relative to V_in eV Energy Relativeto V_in eV
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broaden the top of the valence band and introduce defecftects that might occur. An obvious place to look for answers
into the band gap, neither of which occurs to any detectibleas to the identity of the 531.2 eV satellite peak is in the
extent. Also of importance is the lack of valence band feachemical environment created around the surface lattice oxy-
tures commonly associated with hydroxyls? an observa- gen as a result of the tetrahedral cobalt cations, since this is
tion supported by extensive HREELS analysis. the primary change from going from the rocksalt to the spi-
nel surface structure. Creation of tetrahedral cobalt cations
can easily be envisioned on rocks@ld0) substrates merely
IV. DISCUSSION by removing the octahedral catidfive coordinate on the
Cobalt-containing spinels give an Gs Bpectrum with a rocksalt surfaceand placing it in a bridging site between
main lattice peak at 529.6 eV, in good agreement with othetwo surface oxygens.
TMO O?" close-packed oxides. The spinels also exhibit a A final point to be made concerns the use of XPS, par-
feature at approximately 531.2 eV as a distinct shoulder tdicularly with packaged peak-fit routines, as an analytical
the main peak with 40%—70% the main peak intensity. Thigool with no other supporting information. In surface studies
higher binding energy satellite peak is observed on a numbeif oxide materials where XPS plays a significant role, the
of different mixed-metal oxide spinels and is found on pow-formation of hydroxyls is treated as a forgone conclusion
ders, thin-film epitaxies anéh situ cleaved single crystal when any additional structure is observed to higher binding
samples. Due to its relatively intense nature, it is unlikely toenergy, and peak-fitting routines are used to deconstruct the
result from a defect or surface contaminant species, particl® 1s peak shape in line with this assumption. There is no
larly since many of the substrates upon which it is foundquestion that hydroxylation represents a ubiquitous phenom-
show very well ordered and clean surfaces. enon for oxide surfaces and XPS plays a valuable role in the
Previous studies on the inverse spine}@g001)* have analysis of hydroxylated TMO surfaces. However, this as-
reported a similar state found as a less distinct but neverthgignment may not be unique and other assumptions can lead
less comparatively intense shoulder on the main latticesO 1to significantly different but equally reasonable conclusions.
photoemission spectrum. Photoemission studies of other
Fe;0, orientations report a single, but very broad, ®geak  \, cONCLUSIONS

for the stoichiometric surfacé$.Few core-level photoemis- . ] ) ]
sion studies have been reported on single crystal cobalt- Cobalt-containing TMOs consistently show a main lattice

containing spinels, or on other spinel materials, but a host ofXY9en peak at approximately 529.6 eV and a satellite peak
publications can be found on powders or oxidized i@  t0 higher binding energies-531.2 eVf. While this feature is

Almost all powder studies either report a single feature in the&asily mistaken for a contaminant hydroxyl surface species,
O 1s photoelectron spectrum or used curve-fitting proceWe have shown that it is found on single crystals cleaved

dures to separate one or more higher binding energy peaktder UHV, thin films grown under low pressure of oxygen
from the main O % line that are then attributed to surface in UHV environs, powder samples briefly exposed to air and
defects, hydroxylation, and/or water adsorption. sputtered as a pretreatment to photoemission studies and a

While intrinsic to the spinel surface, the origin of the number of these surfaces that have been reduced and reoxi-

satellite structure is not clear. Previously satellite structurélizeéd under UHV. All these treatments yield a similar satel-
has been attributed to final state effetsiowever, the na- lite peak. Furthermore, other analytical techniques show that
ture of the two final states represented in the ©spectrum  the surfaces are well-ordered and contaminant-free to the de-
and the mechanism for producing them is not apparent. cd€ction limits of the technique. This shows the satellite struc-
balt 2p photoemission(Fig. 6) from rocksalt oxides shows ture to be intrinsic to the surface of cobalt-containing spinels.
strong final state effects resulting from the charge-transfef "€ Specific nature of the satellite is not known, although

(hybridized nature of the rocksalt band structure final state effects have been suggested to be operant in pho-
; 8 o 2 toemission mechanisms for similar substrates. The studies
W yalence= @3d" + B3d E”L ¥3d E T call into question, however, the practice of using XPS to

2P8W encet v 2p53d0 + e —2p53d7L + e, identify _suc_h featur_es with hydroxylation in the absence of
— supporting information.

whereL represents an electron hole on a adjacentpCagd
a, B, 7 etc. rep+rese7nt mixing coefficients for the ground cxNOWLEDGMENTS
state with the C&" 3d’ cation in the valence band structure.
This satellite feature is suppressed by the formation of low The authors gratefully acknowledge NSF for support un-
both mechanisms.

The spinel structure has 56 atoms per unit cell and in the 'm. A. Langell, G. A. Carson, M. Anderson, S. Smith, and L. Peng, Phys.
(100 orientation takes six different layers to span a single Rev. B59, 4791(1999. _
unit cell. This presents a complex set of possibilities both for (1363(:7%8909% M. H. Nassir, and M. A. Langell, J. Vac. Sci. TechnolL4
surface terminatiqn and for theoretiqal support from band sy A Langell, C. W. Hutchings, G. A. Carson, and M. H. Nassir, J. Vac.
structure calculations needed to elucidate any final state ef- Sci. Technol. A14, 1656(1998.

JVST A - Vacuum, Surfaces, and Films



1982 Langell et al.: The nature of oxygen

“M. W. Nydegger, G. Couderc, and M. A. Langell, Appl. Surf. Sbi7,
58 (1999.

5P. A. Cox, Transition Metal Oxides: An Introduction to Their Electronic
Structure and PropertiegClarendon, New York, 1992

M. A. Langell, F. Gevrey, and M. W. Nydegger, Appl. Surf. S&i5 114
(2000.

’P. Jackson and G. D. Parfitt, Trans. Faraday $@c2469(1977).

8T. Kendelewicz, P. Liu, C. S. Doyle, G. E. Brown, Jr., E. J. Nelson, and
S. A. Chambers, Surf. Sci53 32 (2000.

9J. L. Mackay and V. E. Henrich, Phys. Rev.38, 6156(1989.

%D, Briggs and M. P. Seal®ractical Surface Analysi8Niley, New York,
1990.

13, A. Chambers and S. A. Joyce, Surf. 20, 111 (1999.

2y_ Joseph, W. Ranke, and W. Weiss, J. Phys. Cherh048 3224(2000).

133.-G. Kim, D. L. Pugmire, D. Battaglia, and M. A. Langell, Appl. Surf.
Sci. 165 70 (2000.

J. Vac. Sci. Technol. A, Vol. 19, No. 4, Jul /Aug 2001

1982

M. El Baydi, S. K. Tiwari, R. N. Singh, J. L. Rehspringer, P. Chantier, J.
F. Koenig, and G. Poillerat, J. Solid State Chelrh6, 157 (1995.

E. Rios, J.-L. Gautier, G. Pillerat, and P. Chartier, Electrochim. Adia
1491 (2998.

163, M. Jimenez Mateoa, J. Morales, and J. L. Tirado, J. Solid State Chem.
82, 87 (1989.

/. M. Jimenez, A. Fernandez, J. P. Espinos, and A. R. Gonzales-Elipe, J.
Electron Spectrosc. Relat. Phenorni, 61 (1995.

188, Marcus-Saubat, J. P. Beaufils, and Y. Barbaux, J. Chem. BRy317
(1986.

1%C. R. Brundle, T. J. Chuang, and D. W. Rice, Surf. $6,. 286 (1976.

207 -X. Shenet al, Phys. Rev. B42, 1817(1990.

2IM. A. Langell and M. H. Nassir, J. Phys. Che89, 4162(1995.

22K. Wandelt, Surf. Sci. Re2, 1 (1982.



	University of Nebraska - Lincoln
	DigitalCommons@University of Nebraska - Lincoln
	7-1-2001

	Nature of oxygen at rocksalt and spinel oxide surfaces
	Marjorie Langell
	J.G. Kim
	D. L. Pugmire
	W. McCarroll

	tmp.1176402388.pdf.KBChy

