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Spin-resolved photoemission study of the reaction of O2 with fcc Co(100)
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The effect of 02 chemisorption on the electronic structure and magnetism of fcc Co overlayers, grown

epitaxially on Cu(100), has been studied by use of spin- and angle-resolved photoelectron spectroscopy.
At room temperature, for exposures between 2 and 7 L of 02, oxygen adsorbs dissociatively in an or-
dered c(2X2) structure. [1 langmuir (L) =10 Torr sec.] The chemical interaction between the adsor-
bate and the substrate manifests itself through a reduction of the 3d surface-state emission at I near EF.
The oxygen bands exhibit an induced exchange splitting of 0.2+0. 1 eV at the center of the surface Bril-
louin zone. With higher 02 exposure, corresponding to the formation of a CoO surface phase, the pho-
toemission spectra show evidence for strong correlation effects in the electronic structure. A satellite ap-

pears about 10 eV below E„ in the spectra. The formation of the CoO surface-oxide phase is accom-
panied by a decrease in the photoelectron spin polarization revealing the quenching of the surface fer-

romagnetic order. At low temperatures (150 K) and high exposures of 02 the formation of a Co304
phase was observed, which again has a different electronic structure.

I. INTRODUCTION

New perspectives have been opened in the study of the
interaction of 02 with 3d transition-metal surfaces by re-
cent developments in metal epitaxy. Nonequilibrium
phases of the 3d transition metals now become accessible
to experimental investigation. Single crystals of fcc Fe,
fcc and bcc Co, and bcc Ni are stable at room tempera-
ture in the form of ultrathin overlayers. ' The study of
these materials will provide more insight into the inter-
play between electronic and atomic structure and the
correlation of these properties with the magnetic and
chemisorption behavior of these materials.

Here we present a spin- and angle-resolved photoemis-
sion study of the chemical reaction of 02 with the fcc
Co(100) surface. A specific goal of this study is the inves-
tigation of the effects of oxidation on the surface magne-
tism of metallic Co.

Fe and Ni surface oxidation have been rather exten-
sively investigated. Models of these interactions have in-
cluded the possible formation of magnetic dead layers as
well as the presence of magnetic moments on the adsor-
bate. In the more recent oxidation studies, indications of
the presence of an induced magnetic moment on the ad-
sorbate prevail over those of the presence of magnetically
dead layers. The 0-2p-derived bands of chemisorbed ox-
ygen on Ni(110), on Fe(110), and on Fe(100) (Ref. 5) are
found to exhibit an exchange splitting. Huang and Her-
manson predicted in a theoretical study the presence of a
magnetic moment in oxygen chemisorbed on Fe(100).

Nevertheless, the question about the inhuence of chem-
isorption on surface magnetism is not yet unambiguously
clarified. In particular, no information on single-
crystalline Co is presently available.

Bulk Co is stable at room temperature in the hcp form.
The preparation of a well-ordered and atomically clean
single-crystal surface of the hcp phase is hindered by the
hcp-fcc phase transition at 720 K. Cleaning procedures
require repeated cycles through the phase transition tem-
perature. The oxidation studies of Co single crystals
have therefore been restricted to investigations on recrys-
tallized samples of a rather limited crystalline quality.
Castro and Kiippers and Matsuyama and Ignatiev re-
port a first absorption stage for low-oxygen exposures on
hcp Co followed by the formation of an oxide phase at
higher exposures. Maglietta et al. ' found that the in-
teraction of the fcc (100) surface with oxygen produced
ordered chemisorbed layers with first a p (2 X 2) and then
a c(2X2) reconstruction. They conclude from a low-

energy electron-difFraction (LEED) analysis that oxygen
in the c (2 X 2) reconstruction is chemisorbed in the four-
fold hollow sites formed by four adjacent substrate
atoms. The distance of the chemisorbed oxygen layer to
the Co surface is found to be 0.8 A. The 0-Co atomic
distance (1.94 A) is smaller than in CoO (2.12 A). The
atomic arrangement and metal-oxygen distances are
analogous to those found in Ni(100) c (2 X 2)-O."There is
only one study on the oxidation of thin epitaxial Co
alms, ' but without analysis of the changes in surface
magnetism.
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Further evidence will be provided in the following by the
spin-resolved spectra.

In the second oxidation stage, above 7 L exposure,
several additional features appear in the photoemission
spectra. These changes are correlated to the disappear-
ance of the ordered c (2 X 2) reconstruction observed by
LEED. Near 10-eV binding energy a satellite appears in
the photoemission spectra with intensity increasing with
oxygen exposure. In the 4—8-eV binding-energy region a
broad feature develops, which clearly includes several
components. Also, the Co 3d valence-band emission
changes its shape dramatically. Additional Co-3d-
derived features grow at 1.9-eV and 3.8-eV binding ener-
gy. The development of the spectra described above
takes place mostly between 7 and 21 L oxygen exposure.
For higher exposures only small changes are observed, in-
dicating that a saturation limit is being approached.

We identified the second oxygen reaction stage as the
formation of a surface oxide phase. This identification
seems unambiguous if the spectra obtained for high expo-
sures are compared to those of the bulk monoxide,
CoO. Figure 2 shows that all the spectral features have
the same binding energy and a very similar overall shape
in the two systems. We conclude that the photoemission
spectra allow one to identify the product of the surface
reaction as a surface CoO. We therefore identify the
feature growing with the oxidation at a binding energy of
about 10 eV in the spectra as a correlation satellite aris-
ing from the enhanced localization of the 3d electrons. '

To obtain a better understanding of the oxidation pro-
cess we have also characterized the sample by Auger elec-
tron spectroscopy. Figure 3 shows the measured AES ox-
ygen KLL (503 eV) to cobalt LMM (775 eV) peak-to-peak
ratio as a function of oxygen exposure. Here one can also
identify two distinct reaction stages. First, the sticking
coefficient is high and the Auger ratio increases drastical-
ly up to about 2 L oxygen exposure. Then a plateau at
R =0.3 is observed for exposures up to 6 L with a low
sticking probability, indicating the formation of the
c(2X2) adsorption stage (I). Above =6 L exposure
there is again a drastic increase of the sticking coe%cient
and, thus, of the Auger ratio; this is the onset of the
second stage (II), reaching a saturation limit of
0/Co=1. 5. An equal concentration of Co and 0 in the
sample corresponds to an Auger intensity ratio of
I(O)/I(Co) = 1.9. Our interpretation of this result is that
within the surface layers the concentration of Co and 0 is
close to 1:1, corresponding to the formation of CoO,
while some of the Co layers underneath (within the prob-
ing depth) have still not reacted. An analogous behavior
of the Auger ratio has been detected by Matsuyama and
Ignatiev, who have studied the oxidation of the hcp
(0001) Co surface.

The results obtained by exposing the Co surface to oxy-
gen at a low temperature (150 K) are shown in Fig. 4.
These spectra are, in many aspects, similar to those
presented in Fig. 1, especially for exposures up to 5 L.
Additional features appear in the spectra for oxygen ex-
posures above 5 L. We attribute these changes again to a
second reaction stage with formation of a surface-oxide
phase. The comparison [in Fig. 2(b)j with the bulk oxide

spectra indicates that the surface-oxide phase formed at
low temperature corresponds at least partially to bulk
Co304.

B. Spin-resolved valence-band photoemission spectra

Figure 5 shows spin-resolved-spectra taken in normal
emission with 45-eV photon energy and oxygen exposures
at room temperature up to 10 L. The filled triangles ( A )

correspond to emissions from majority-spin electrons and
the open circles (0) to that from minority-spin electrons.
The peak at 0.9-eV binding energy in the minority-spin
spectrum of the clean sample (the bottommost spectrum
in Fig. 5) is due to emission from the b, 5( $ ) band near the
I -symmetry point. The structure in the majority-spin
spectrum is broader because it contains two contribu-
tions, the emission of the h~(l') state (near I ) at about
2.4-eV binding energy and another peak near the Fermi

T=150K, hv = 45 eV

D j CO304, hv = 40.8 eV
I I

12 10 8 6 4 2 E. F
Binding Energy (eV)

FIG. 2. Comparison of photoemission spectra with saturated
oxygen exposure on (14 ML Co)/Cu(100) with bulk CoO and

Co304 spectra of Ref. 20: (a) spectrum with oxygen exposure at
room temperature compared with a bulk CoO spectrum; (b)
spectrum with oxygen exposure at T =150 K compared with a
bulk Co304 spectrum.
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FIG. 4. Spin-integrated energy distribution curves of (14 ML
Co)/Cu(100) taken in normal emission with s-polarized light of
45-eV photon energy. The spectra for different oxygen expo-
sures at T = 150 K are shown.

energy that has been assigned to a surface state or reso-
nance. '

After an oxygen exposure of 3 L, upon the formation
of a c (2X2) superstructure on the surface, the spectrum
shows remarkable changes. The Co minority peak at
0.9-eV binding energy is slightly suppressed, while its
shape and position remain constant. The structure in the
majority-spin spectrum changes more drastically. The
peak close to E~ is reduced more than the b, 5( t ) emission
at 2.4-eV binding energy, so that this feature becomes
more pronounced than in the clean spectrum. This is
again evidence for the interpretation of the surface nature
of the majority-spin peak near the Fermi energy.

At about 5.8-eV binding energy we observe an oxygen-
induced peak that corresponds to the first oxidation
phase as discussed above. For symmetry reasons this
peak corresponds to the emission from the 0 2p orbit-
als and it grows in both spin channels. In Fig. 6 the re-
gion of this peak is shown enlarged after subtraction of a
polarized background. The intensity of this peak is near-
ly equal in both spin directions, but it shows an exchange
splitting of (0.2+0. 1) eV. The maximum of the
majority-spin peak is observed at 5.9 eV and the max-
imum of the minority-spin peak is located at 5.7-eV bind-
ing energy. Since the majority-spin components of the
adsorbate-induced features are at higher binding energy
than the minority-spin components, it may be deduced
that the adsorbate carries a magnetic moment and that
this moment is ferromagnetically aligned with the bulk
moment of the substrate. This has also been observed for
oxygen adsorbed on Fe(001), for which theory predicted
an induced magnetic moment at the oxygen sites.

The exchange splitting of the photoemission peaks in-
dicates the presence of a magnetic moment on the adsor-
bate. However, from this exchange splitting we cannot
quantitatively derive the magnitude of that moment.
Nevertheless, we can conclude from the induced ex-
change splitting in the adsorbate site that the topmost Co
layers also carry a magnetic moment, i.e., there are no
magnetically "dead layers" on the Co surface induced by
the adsorbate.

The spectrum in Fig. 5 for 7 L oxygen exposure al-
ready shows the transition from the first [0-c(2X2)
reconstruction] to the second (surface-oxide formation)
reaction phase. The oxygen-induced emission is much
broader than in the 3 L spectrum and an exchange split-
ting is no longer observable. The minority-spin 65 peak
near the Fermi energy is still clearly visible but its inten-
sity is even more suppressed, while the majority-spin
feature near EF has changed its shape more drastically.
From the surface peak there is now only a shoulder left
and one can see the formation of an additional feature
around 2-eV binding energy.

The spectrum after 10 L oxygen exposure is again
different. Its shape has nearly the form of the oxygen-
saturated spectrum; that xneans this spectrum corre-
sponds mostly to the second reaction phase. One can
clearly identify the peaks at 1.9- and 3.8-eV binding ener-
gy due to the Co 3d emission of the oxide, the broad
structure around 6-eV binding energy which includes the
oxygen 2p emission, and the onset of the 10-eV satellite.
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All these peaks are visible in both spin channels; there is
only a nearly constant small polarization left, due to
inelastically scattered electrons from the deeper Co lay-
ers. Because the peaks are observed in both spin chan-
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FIG. 6. Spin-resolved spectra of (14 ML Co)/Cu(100) after 3
L oxygen exposure at room temperature in the region of the ox-

ygen 2p emission. A constant polarized background is subtract-
ed. The filled triangles ( A ) correspond to the emission from
majority electron spin direction and the open circles (O) to the
minority electron spin direction. The 2p peaks show an induced
exchange splitting of 0.2+0.1 eV.

FIG. 5. Spin-resolved photoemission spectra of (14 ML
Co)/Cu(100) taken in normal emission with s-polarized light of
45-eV photon energy. The spectra for different oxygen expo-
sures at room temperature are shown. The filled triangles ( A )

correspond to the emission from the majority electron spin
direction and the open circles (O) to the minority electron spin
direction.

ing energy, we conclude that the surface of the oxidized
sample is no longer ferrornagnetically ordered. This is
not surprising, because CoO is antiferromagnetic with a
Neel temperature of about 293 K, only a little below
room temperature (298 K). Thus, the oxide might even
be in the paramagnetic phase already. We cannot distin-
guish from our spectra between antiferromagnetic and
paramagnetic phases.

The spin-resolved photoemission spectra of the oxida-
tion reaction at low temperature (150 K) (not shown here)
exhibit similar behavior to that at room temperature.
The spectrum of the clean sample is identical to that at
room temperature. But the changes in the spectra occur
at lower oxygen exposures compared with the roorn-
temperature reaction, indicating a larger sticking
coefficient. After 5 L oxygen exposure the reaction at
low temperatures is already in the region between the
first and the second reaction phase and the spin polariza-
tion is nearly lost. With higher oxygen exposure the po-
larization in the spectra is totally lost, as expected for the
oxide phase.

C. Core-level spectroscopy

Further support for the distinction we have made be-
tween the two reaction stages is derived from the Co 3p
core-level spectra. Also, the 3p spectra (Fig. 7) display
as a function of oxygen exposure two distinct behaviors.
Up to 6 L only small changes can be observed in the 3p
line shape, as it is expected for Co weakly interacting
with the surface adsorbed oxygen. Above 7 L a 1.5-eV
chemically shifted component emerges, corresponding to
the formation of surface CoO. The value of the chemical
shift is in agreement with published data for CoO.

We have also taken spin-resolved photoemission spec-
tra of the Co 3p core levels. The inhuence of adsorbates
on the spin-dependent electronic structure of core levels
has previously been investigated only for the Fe 3p level
with oxygen chemisorption. In Fig. 8 we report the
spin-resolved spectra of the Co 3p state of the clean sam-
ple and after 4 and 12 L oxygen exposure at room tern-
perature. The spectrum of the clean sample is similar to
that reported by Kachel et al. This spectrum shows an
overall dominating majority-spin emission due to the po-
larization of the background. Only at the Co 3p peak
does the minority-spin emission dominate. This polariza-
tion dependence at the 3p peak re Aects the spin-
dependent interaction of the final-state core hole with the
net spin of the valence electrons and is similar to that of
Fe. ' The Co 3p peak is split by 0.3+0.15 eV. After 4-
L oxygen exposure, which corresponds to the first reac-
tion stage, the peaks become broader, but their shapes
remain mainly the same. Additional structures appear at
about 60-eV binding energy; within the statistical error,
the changes in the spectra are identical in both spin chan-
nels.

The spectra for 12 L oxygen exposure already show the
feature for the second reaction stage. They have nearly
the same structure in both spin channels, except that the
majority-spin spectrum is still higher in intensity due to
background polarization of unreacted Co layers under-
neath. This is similar to what we have observed in the
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FIG. 7. Spin-integrated photoemission spectra of Co 3p core
levels taken at 138-eV photon energy for different oxygen expo-
sures at room temperature. A constant background is subtract-
ed in each spectrum.

spin-resolved valence-band spectra. The additional emis-
sion between 60- and 68-eV binding energy is not polar-
ized; it appears simultaneously in both spin channels.
This shows again that the surface oxide no longer has
long-range ferromagnetic order. This result is different
from that which Sinkovic et a/. have observed for oxi-
dation of the Fe(100) surface. They find in a spin-
polarized photoemission study of the initial oxidation of
Fe(100) spin-dependent changes in the Fe 3p spectra and
deduce the presence of a mostly ferrimagnetic oxide with
some contribution from an antiferromagnetic phase.

IV. CONCLUSION

FIG. 8. Spin-resolved photoemission spectra of the Co 3p
core levels taken at 138-eV photon energy. The spectra for
difFerent oxygen exposures at room temperature are shown. A
constant background is subtracted in each spectrum. The filled
triangles ( L ) correspond to the majority-spin electrons and the
open triangles (V) to the minority-spin electrons.

0-2p-derived bands exhibit an induced exchange splitting
of 0.2+0. 1 eV. This is proof that there are no magneti-
cally dead layers on the Co surface due to the oxygen ad-
sorption, and is also an indication of the presence of a
magnetic moment in the adsorbed oxygen. For higher
exposures, the oxygen forms a surface oxide. In this
second reaction stage, the long-range surface order is lost
and the spin polarization of the photoelectrons vanishes.
This is in agreement with the assignment of the forma-
tion of CoO at room temperature, and mainly Co304 at
low temperatures, which are both antiferromagnets.

Using spin- and angle-resolved photoemission, we
found that the reaction of oxygen with the Co(100) sur-
face takes place in two distinct stages. In the first stage,
for low-oxygen exposures, the adsorbed oxygen forms a
c (2X2) superstructure on the surface. In this stage the

ACKNOWLEDGMENTS

These experiments were carried out at BESSY. We
would like to thank D. Hoffmann (KFA) and the BESSY
staff for their valuable technical assistance.



4204 CLEMENS, VESCOVO, KACHEL, CARBONE, AND EBERHARDT 46

For a review, see, e.g., L. M. Falicov, D. T. Pierce, S. D. Bader,
R. Gronsky, K. B. Hathaway, H. J. Hopster, D. N. Lambeth,
S. S. P. Parkin, G. Prinz, M. Salamon, I. K. Schuller, and R.
H. Victora, J. Mater. Res. 5, 1299 (1990).

Peter D. Johnson, J. Electron Spectrosc. Relat. Phenom. 51,
249 (1990).

G. Schonhense, M. Donath, U. Kolac, and V. Dose, Surf. Sci.
206, 1888 (1988).

4G. Schonhense, M. Getzlaff, C. Westphal, B. Heidemann, and
J. Bansmann, J. Phys. (Paris) Colloq. 49, C8-1643 (1988).

~P. D. Johnson, A. Clarke, N. B. Brookes, S. L. Hulbert, B.Sin-

kovic, and N. V. Smith, Phys. Rev. Lett. 61, 2257 (1988).
H. Huang and J. Hermanson, Phys. Rev. B 32, 6312 (1985).

~R. G. Musket, W. McLean, C. A. Colmenares, D. M.
Makowiecki, and W. J. Siekhaus, Appl. Surf. Sci. 10, 143
(1982).

C. R. Castro and J. Kiippers, Surf. Sci. 123, 456 (1982).
T. Matsuyama and A. Ignatiev, Surf. Sci. 102, 18 (1981).
M. Maglietta, E. Zanazzi, U. Bardi, F. Jona, D. W. Jepsen,
and P. M. Marcus, Surf. Sci. 77, 101 (1978).

' See, e.g. , W. Oed, H. Lindner, U. Starke, K. Heinz, K.
Muller, and J. B. Pendry, Surf. Sci. 224, 179 (1989).

' L. Gonzales, R. Miranda, M. Salmeron, J. A. Verges, and F.
Yndurain, Phys. Rev. B 24, 3245 (1981).

' A. Clarke, G. Jennigs, R. F. Willis, P. J. Rous, and J. B. Pen-

dry, Surf. Sci. 187, 327 (1987).
R. Germar, W. Diirr, J. W. Krewer, D. Pescia, and W. Gudat,
Appl. Phys. A 47, 393 (1988)~

' J. J. de Miguel, A. Cebollada, J. M. Gallego, S. Ferrer, R.
Miranda, C. M Schneider, P. Bressler, J. Garbe, K. Bethke,
and J. Kirschner„Surf. Sci. 211, 732 (1989).

I H. Li and B.P. Tonner, Surf. Sci. 237, 141 (1990).
' E. Kisker and C. Carbone (unpublished).

W. Peatman, C. Carbone, W. Gudat, W. Heinen, P. Kuske, J.
Pfliiger, F. Schafer, and T. Schroeter, Rev. Sci. Instrum. 60,
1445 {1989).

' W. Clemens, T. Kachel, E. Vescovo, S. Blugel, C. Carbone,
and W. Eberhardt, Solid State Commun. 81, 739 (1992).
Y. Jugnet and T. M. Duc, J. Phys. Chem. Solids 40, 29 (1979).
J. van Elp, J. L. Wieland, H. Eskes, P. Kuiper, G. A.
Sawatzky, F. M. F. de Groot, and T. S. Turner, Phys. Rev. B
44, 6090 (1991).
C. R. Brundle, T. J. Chuang, and D. W. Rice, Surf. Sci. 60,
286 (1976).
B. Sinkovic, P. D. Johnson, N. B. Brookes, A. Clarke, and N.
V. Smith, Phys. Rev. Lett. 65, 1647 (1990).

~4T. Kachel, C. Carbone, W. Heinen, and W. Gudat {unpub-
lished).
C. Carbone and E. Kisker, Solid State Commun. 65, 1107
(1988).


