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Using polarized light and angle-resolved photoelectron spectroscopy, we have shown

that oxygen is bonded in an ordered (1&& 1) configuration on Al(111). For this model sys-
tem, we have determined the symmetry and dispersion of the threee oxygen derived
bands. We find two even and one odd band with respect to the (110) mirror plane. A dis-
ordered oxide film shows no dispersion and different oxygen binding energies.

Oxygen adsorbed on Al is theoretically one of that the oxygen levels in this coverage range ex-
the simplest adsorption systems. There are no hibit the symmetry and dispersion expected from
d bands in the metal to complicate the calcula- a (1&1) ordered overlayer. Specifically, we find

tion, so that the bonding is s-p in nature. As a three oxygen-2P-derived bands in the (110) mir-
consequence, several +b initio calculations exist ror plane, one odd and two even with respect to
for this system' ' and different theoretical ap- reflection about the mirror plane. The largest
proaches can be compared. Experimentally, this dispersion (-2.7 eV) is observed for the oxygen
system has proven to be much more difficult be- p„,p, -derived bands. Our results show that the
cause of the formation of an oxide layer instead dispersion is mainly determined by the oxygen-
of a chemisorbed monolayer. We report in this substrate-oxygen interaction via the P„,orbitals.
Letter the first observations of the two-dimen- This favors the threefold hollow position. Also,
sional band dispersion of a chemisorbed layer of the periodicity of the dispersion proves the oxy-
oxygen on Al(111). These data will furnish a de- gen unit cell has the same dimension as the sur-
finitive test for ab initio calculations for oxygen face unit cell; i.e., we have an ordered (1&1)
bonding on Al and can, in fact, be used to dis- overlayer.
tinguish bonding sites. The experiments were performed at the Syn-

A few groups have studied the oxidation of Al chrotron Radiation Center of the University of

single crystals. Work-function changes, "angle- Wisconsin. We used two different spectrometers.
integrated photoemission valence-band spectra, One was a two-dimensional-display spectrom-
and Al 2p core-level spectra have been report- eter. &-polarized light with an angle of inci-
ed." From these studies, the oxygen on Al(111) dence of 55' was used in the photon energy range
would seem to be the most profitable to study 12 eV &hv ~35 eV. The second system was a
since it appears to form an ordered overlayer 180'-deflection-type analyzer' which is fully
during the initial stages of adsorption. Flod- rotatable about two orthogonal axes. The polari-
strom et al. found that the (1 &&1) low-energy- zation of the incident light is continually variable,
electron-diffraction (LEED) pattern from Al(111) allowing us to separate orbitals of different sym-
changed only in intensity during the initial stages metry.
of oxygen adsorption. This could be interpreted The Al(111) surface was prepared by sputtering-
as indicating the formation of an (1 x1) ordered annealing cycles with Ne ions. The surface was
overlayer of oxygen or a discovered oxygen layer. characterized and oriented in situ by LEED and
Our angle-resolved photoelectron spectra show photoelectron spectroscopy. The cleanliness of

1375



"VOLUME 42, +UMBER 20 PHYSICAL RKVIKW LKTTKRS 14 Mwv 1979

lh

c

U

I I I I I I I I I I I I I I

Al (III)+ 24 L Oz hv =30eV

the sample was checked by photoemission. Thus,
oxygen contaminations of much less than 1% of
a monolayer may be detected easily. ' Qur clean
spectra show that the remaining oxygen contami-
nation, if any, is certainly well below an equi-
valent of 0.1 L (1 langmuir = 10 ' Torr sec) ex-
posure with 0, (0.001 monolayer"). We exposed
our surfaces to 4—24 L of 0, activated by an ion
gauge, i.e. , a submonolayer coverage. We work
in the submonolayer regime since for higher oxy-
gen exposures a mixed system consisting of a
chemisorbed oxygen overlayer and bulk oxide is
formed. ' The work function increases by 0.10
+0.05 eV upon the overlayer formation after ex-
posure to 24 L 0,. This value is measured by
taking the width of the energy distribution curve
and is in agreement with previous results' meas-
uring the onset of the photoelectric yield but con-
tradictory to the results obtained with the Kelvin
probe. '

Figure 1 shows a typical set of angle-resolved
energy distributions. The collection was at 30
from the normal which was chosen to give a 0~1

near the zone boundary in the (110) mirror plane.
The solid curve is for the polarization vector in
the mirror plane so that only even initial states
can be detected in the mirror plane. The dashed
curve has the polarization perpendicular to the
mirror plane of detection. Therefore, only odd
initial states are seen. This holds because the

matrix element is invariant under reflection
about the mirror plane. We see two even states
and one odd state. This behavior is expected for
an ordered overlayer of oxygen. The p, level
forms one even band and the p„,p, levels form
two bands, one odd and the other even with re-
spect to the mirror plane. The energy position
of these bands were measured as a function of k „,
both by changing the collection angle and the pho-
ton energy.

Figure 2 shows the measured energy dispersion
of the oxygen bands in the (110) mirror plane
(see inset). The E vs k,

~
dispersion shown in Fig.

2 is symmetric about k
~~

=1.27 A ' which is the
Al(111) zone edge. Therefore, the oxygen unit
cell is identical to the Al(111) unit cell. In the
range between 4 and 24 L, we do not observe any
coverage-dependent changes of the dispersion.
Therefore, we conclude that the oxygen chemi-
sorbs in the form of islands on the Al(111) sur-
face, which explains the observation of disper-
sion even in the submonolayer regime. The p,
state has the lowest binding energy and smallest
dispersion. The p„, states are degenerate at I'
for symmetry reasons but not at M. The p„,
band which has even symmetry relative to the
I -M axis has the higher binding energy. The
binding energy of the p„bands at I' is given by
the binding energy at k

~(

= 2.54 A ' since this point
corresponds to the I' point in the second zone.
Influenced by theoretical considerations, we have
drawn the dispersion curve for the even p„,band
to match the energetic value of the odd p„, band
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FIG. 1. Angle-resolved photoelectron energy distri-
bution curves showing the odd (dashed curve) and even
(full circle) oxygen-induced states. The detector was
set at an emission angle of 30' away from the normal
in the (110) mirror plane, corresponding for the oxygen-
induced features in a 011 which corresponds approximate-
ly to point M of the surface Brillouin zone. Odd states
are selected by the electrical field vector Eyerpendi-
cular to the (110) plane, and even states by E in the
(1.10) plane.
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FIG. 2. Experimental energy-vs-k~( dispersions of
the chemisorbed oxygen overlayer states. The upper
band is p, -like; the lower two bands are p„,p which
have to be degenerate at I'. The inset shows the sur-
face Brillouin zone.
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at 1. The photoemission at I' (k
~~

= 0) results in
one broad asymmetric peak [2.5 eV full width at
half maximum (FWHM)], which can be resolved
by curve fitting into two Lorentzians centered at
F. , =-6.7 eV (p, ) and at E, = —7.7 eV (p„,). This
is within the error limits in good agreement with
the independently measured value for the I point
of the second zone, where we observe only emis-
sion of the odd component. Our results are sum-
marized in Table I.

A calculation which deals with the lateral inter-
action between the oxygen atoms only would re-
sult in a higher binding energy for the p, level
than for the p„, levels at I'. This was verified
for a geometry fitting to a (100) plane earlier. '"
The interaction with the substrate affects mostly
the p„, orbitals and increases their binding en-
ergy and dispersion. This very effect is here ex-
perimentally observed for the (111) surface. The
degenerate p„, orbitals have a higher binding en-
ergy at I' than the p, orbital. Moreover, the p,
band disperses much less (-0.2 eV) than the p„,
bands (-2.7 eV). The width of the levels as ob-
served in the photoemission is 2.5 eV (FWHM)
for the even and 3.0 eV (FWHM) for the odd p„,
band, much larger than the 1.25 eV (FWHM) for
the p, band. The lifetime of a hole in the p„,
orbitals is apparently by a factor of 2 shorter
than in the p, orbital, which also indicates a,

much stronger interaction with the substrate for
the p„, orbitals. This clearly favors a threefold
hollow site for the oxygen on Al(111). According
to jellium calculations, ' the energetic position of
the oxygen 2p resonance and its shape is very
sensitive to the vertical distance of the oxygen
atoms from the surface plane. The observed
oxygen binding energies and the small increase
of the work function indicate a position outside
but very close to the surface plane. '

Figure 3 shows angle-integrated photoelectron
spectra in the valence-band region. These spec-
tra characterize two different oxidation states of
Al(111). The oxygen layer chemisorbed at room
temperature shows an 0-2p-induced peak cen-

tered at an initial-state energy E,. = —6.7 eV with
a clearly pronounced shoulder at E,. = —9.4 eV
with respect to the Fermi energy E F. After heat-
ing the sample to about 800 K, the second oxida-
tion phase is formed where the leading peak is
shifted to F. , = —7.25 eV and the shoulder is not
clearly visible any more but gives a continuum
of states down to E,. =-13.5 eV. As in Ref. 7, we
find for the chemisorbed overlayer a chemical
shift of about —1.4 eV for the Al 2p levels and for
the heated sample a chemical shift of -2.7 eV as
it is observed for Al,O, .

In angle-resolved photoemission, we observe
no dispersion of the oxygen levels with k

ll
for the

second oxidation phase. Also, polarization ef-
fects are absent. This is characteristic for a dis-
ordered phase.

In summary, we can distinguish clearly be-
tween two different states of oxygen on Al(111).
The initial oxidation state forms an ordered
(1 X1) overlayer and has two-dimensional band-
like 0 2p states, whereas after thermal reaction
we find a disordered O-Al system. The ordered
overlayer provides the first adsorbate system
where two-dimensional band dispersion is ob-
served and symmetry assignments can be made
using strict polarization selection rules.
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TABLE I. Oxygen band energies at critical points of
the surface Brillouin zone (in eV relative to EF).
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FIG. B. Angle-integrated photoelectron energy dis-
tribution curves for the elean A1(111) surface after ex-
posure to oxygen at room temperature, and after an-
nealing of the oxygen layer to -800 K.
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CeSe and Ce Te are found by neutron diffraction to be type-II antiferromagnets with the
moment along the propagation vector. The phase transitions are continuous with the
critical exponent for the magnetization P = 0.86 + 0.02. This constitutes a violation of the
e-expansion predictions of Bak, Krinsky, and Mukamel, which hitherto have been suc-
cessfully applied to a number of n -4 systems and according to which the transitions
should be of first order.

In recent developments of phase-transition
theories the renormalization-group approach
has been widely used and has given a formal
background to the ideas of universality and scal-
ing. Concomitantly the e —expansion technique
has been developed as a perturbation scheme to
calculate universal quantities such as critical
exponents from the renormalization-group equa-
tions. Using these concepts, Bak, Krinsky, and
Mukamel in a series of papers' investigated the
critical behavior of phase transitions where the
order parameters involved have n ) 4 compo-
nents. As a main result of their investigation
they found a phenomenological rule, supplemen-
tary to the Landau symmetry criteria, for phase
transitions to be of first order. This new rule
states that a phase transition is of first order
when no stable fixed point can be found within the
& expansion. The rule can be applied when the

symmetry is known above and below the phase
transition.

These authors also gave many examples of
physical systems where order parameters have
four or more components. These are metals
and compounds undergoing magnetic phase transi-
tions which lead to a doubling of the unit cell
along one or more directions. In some cases the
proposed rule was corroborated by existing exper-
imental results" (e.g. , UO„Mno, Cr, Eu) and
for other systems (mainly rare-earth pnictides
and chalcogenides) the order of the magnetic
phase transitions were predicted. One such class
of materials is the Ce monochalcogenides CeS,
CeSe, and CeTe. They crystallize in the cubic
rocksalt structure and are all reported to under-
go a magnetic phase transition at low tempera-
tures. ' Schobinger-Papamentellos and co-
workers' determined the ordered phase of CeS
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