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The effect of oxygen chemisorption on the Ni minority-spin 3d holes—and thus the Ni magnetic
moment—is measured by spin-polarized inverse photoemission. A dramatic reduction of the
minority-spin 3d holes is observed, indicating a strong involvement of these states in the chemisorp-
tive bond. This reduction can be explained by a Ni 3d—O 2p interaction which redistributes the den-
sity of states; no indication of a reduced exchange splitting is found. Majority-spin sp states are
shown to be unchanged at coverages below the onset of nucleation and oxide formation.

The relationship between magnetism and chemisorption
has traditionally been explored using bulk magnetic mea-
surements and high-surface-area samples.! Only a few
studies involving surface techniques have been carried
out.? In this work we investigate the influence of oxygen
chemisorption on specific electronic states and on the
magnetization at a Ni(110) surface. State-specific infor-
mation on states near the Fermi energy is crucial for a mi-
croscopic understanding of chemisorption. Such informa-
tion can be obtained from angle-resolved photoemission
(occupied states) and inverse photoemission (unoccupied
states). In the case of a ferromagnetic material, further
information characterizing an electronic state is available
if the experiment is also sensitive to the electron spin. In
this first application of angle-resolved spin-polarized in-
verse photoemission spectroscopy (SPIPES) to an adsor-
bate system, we find that chemisorption of oxygen causes
a strong decrease in the number of d holes, which assum-
ing the d state count is constant, means a decrease in the
magnetic moment of the Ni atoms.

The experimental set up for the SPIPES measurements
and first results have been described elsewhere.>™> In
brief, the experiment consists of a spin-polarized electron
beam that originates from a GaAs photocathode® and is
directed on the uniformly magnetized Ni(110) crystal.
Some of the electrons undergo radiative transitions which
are detected at 45° to the incident-electron beam by a

Geiger-Mueller counter’ which has a bandpass of 0.7 eV

centered at 9.7 eV. The sample was cleaned by 1-keV
Ar-ion bombardment at 500°C with subsequent flashing
to 600°C. Surface contaminants were monitored by
Auger-electron spectroscopy (AES) and determined to to-
tal less than 0.04 monolayers (C,CLS) during the experi-
ments. The rate of oxygen uptake, as observed by AES, as
well as the occurrence of the 2X1 and 3X 1 low-energy-
electron diffraction (LEED) structures, were found to be
in good agreement with the literature.®® The room-
temperature oxidation of Ni takes place in a three-stage
process:® (i) rapid dissociative chemisorption (0 < ® <0.5,
® denotes coverage in monolayers), (ii) nucleation and la-
teral growth of NiO islands (~0.5 < ® <2), and (iii) slow
in-depth growth of the coalesced oxide. The data reported
here sample the first two stages of this process.

Several transitions are potentially observable in a
SPIPES measurement as illustrated in Fig. 1, which de-
picts the energy-band diagram® for electrons moving nor-
mal to the Ni(110) surface. Transition 4 was found to be
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FIG. 1. Band structure of Ni along the direction normal to
the Ni(110) surface. The arrows show possible 9.7-eV transi-
tion. Dashed curves distinguish the majority-spin bands.
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the dominant feature in our first SPIPES experiment® on
Ni(110). It is highly spin dependent since only minority-
spin electrons can make a transition into an empty minor-
ity d state. Since these d holes are responsible for the
magnetic moment of the Ni atoms, they are of particular
interest with regard to chemisorption and its effect on

magnetism. In Fig. 2(a) the SPIPES data are shown for .

clean Ni(110) and for exposures of 1, 4, and 10 langmiurs
(1 L=10"% Torrsec) of oxygen. The photon intensities
for incident electrons having their spin parallel (¥,) and
antiparallel (N,) to the spin of the Ni majority electrons
are plotted as a function of the final-state energy with
respect to the Fermi level Er. The main feature of the
clean spectra is the prominent minority peak at the Fermi
energy which originates from the =;—3, transition near
the X point (transition 4 in Fig. 1). Owing to the spin
resolution it is possible to discern an additional small ma-
jority peak at roughly the same energy. The majority
peak cannot be due to inhomogeneous sample magnetiza-
tion, because it behaves differently on oxygen adsorption
than the d hole peak and has a different dispersion; it can,
in fact, be assigned!° to transition B of Fig. 1.

When the surface is exposed to oxygen, a very pro-
nounced decrease in intensity of the minority-spin d peak
is observed. Perhaps equally striking is the fact that up to
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FIG. 2. Spin-resolved photon-intensity spectra, N, and N,
measured at room temperature and 25° angle of incidence of the
spin-polarized electron beam. The spectrum of the clean
Ni(110) surface is compared to surfaces with oxygen exposures
of (a) 1,4, and 10 L, and (b) 25 L.
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an exposure of 10 L the majority peak is not affected.
The persistence of this peak on oxygen chemisorption in-
dicates (1) that attenuation effects cannot be the primary
reason for the decrease in the minority-peak intensity, and
(2) that the bulk band structure explains features of the
chemisorbed surface, at least in the lower-coverage range
(exposure <10 L, ® <0.6), even though the surface is
known to undergo partial reconstruction.

A higher exposure of 25 L results in a coverage which
is larger than the critical coverage at which oxide forma-
tion begins. We observed an additional broad peak locat-
ed about 3 eV above Ey, which exhibits no spin depen-
dence and which can be associated with the formation of
NiO. The majority-spin peak that remained unchanged
up to 10 L exposure is finally seen to decrease at 25 L ex-
posure as shown in Fig. 2(b). Since the formation of NiO
is certainly linked with dramatic changes in the electronic
structure, there could be a correlation between the point at
which the majority-peak intensity starts to diminish and
the beginning of nucleation and oxide formation. To elu-
cidate this point, the photon asymmetry

A=(N1—N¢)/(NT+Nl)

has been plotted in Fig. 3 (left-hand scale) along with the
intensity of the minority-spin d peak (right-hand scale),
both at ~0.1 eV as a function of coverage, expressed by
the O(511 eV):Ni(848 eV) AES peak ratio. Since the
minority-peak intensity decreases linearly with coverage,
the point at which the majority-spin peak starts to be af-
fected is manifested as a break in the asymmetry curve.
This break occurs at 10 L (@ ~0.6) and correlates well
with the range 0.40 <® <0.66 for the onset of the nu-
cleation and growth regime as cited in the literature.®’
The higher-coverage spectra also allow us to estimate
the relative contributions to the spectra from transitions
at the surface and in the bulk. The minority-spin d hole
peak almost completely vanished at an exposure of 25 L,
which implies little contribution from the Ni bulk to the
minority peak. The oxidation is known to saturate at ~2
layers'! of NiO. These facts imply a probing depth or
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FIG. 3. Asymmetry parameter A=(N,—N,)/(N;+N,)

(left-hand scale) and minority-band intensity N, (right-hand
scale) as a function of the Auger [O(511 eV)/Ni (848
eV)](dN /dE) peak-to-peak ratio. The coverage scale in mono-
layers was set taking ®=0.3 at 1 L exposure, where the (2 1)
pattern is observed (Ref. 8).
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mean free path of 3—5 A.

The data show that the unfilled d states are strongly af-
fected by the formation of the chemisorption bond. The
effect of chemisorption is not, however, explainable based
on simple chemical-valency arguments, which would
predict an increase in the unfilled-d-electron density of
states. The reduction in surface magnetism that is precip-
itated by the oxygen chemisorption is also not due to a
reduction in the exchange splitting in the form of a rigid
shift of the d bands, which would be manifested by a
SPIPES spectrum with an equal amount of up- and
down-spin holes. The observed reduction in the number
of d holes can be best explained by the Ni3d—O2p in-
teraction and the resulting rearrangement of the density of
states. Theoretical studies of the related system
C(2X2)O/Ni(100) by Liebsch!?> and by Wang and Free-
man'® predict substantial changes in the local density of
states near the Fermi level upon chemisorption. New
bonding states at ~6 eV below the Fermi level and anti-
bonding states just above the Fermi level are formed due
to the Ni3d—O2p interaction. These states are inherent-
ly atomic and sharp, but can be broadened by hybridiza-
tion with the Ni sp band. The antibonding states have
been previously observed as weak spectral features in
angle-integrated inverse photoemission of oxygen on
Ni(100) and Ni(111).* Due to the anisotropy of the sur-
face, these states are further split into O2p,— and
02py,py—derived states. This splitting has been empiri-
cally observed' in light-polarization-dependent, angle-
resolved, inverse-photoemission measurements of oxygen
on Ni(111). We, however, do not observe these antibond-
ing levels in our spectra, presumably due to the weakness
of the transitions, possible broadening by hybridization
with the Ni sp band, and an experimental arrangement
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which favors accepting light polarized in the plane of the
sample.

Calculations also show that there is substantial shifting
of the density of states within the d band and even redis-
tribution of state density between the Ni d bands brought
on by oxygen chemisorption. It is to these changes that
the SPIPES measurement has shown particular sensitivi-
ty. Liebsch has found that the interaction of the O 2p,
and the d bands changed the density of states so that the
partial-wave projections for 3d,, and 3d,, components are
very similar, whereas for the clean surface the density of
states for these components are quite distinct. Such a
coupling provides a mechanism by which the minority-
spin band of Ni(110) is drawn below the Fermi level by
oxygen chemisorption. A similar mechanism has been
shown in a recent spin-dependent calculation'® for CO on
Ni clusters which demonstrates that CO induces a
transfer of electrons from the filled d levels into the un-
filled minority-spin levels and a commensurate reduction
in the magnetic moment at the Ni atoms. In conclusion,
we have shown that the SPIPES spectra provide detailed
information on the chemisorption-induced changes in sur-
face magnetism and electronic structure and give direction
for the further theoretical and experimental work that will
be required for a complete understanding of the intricacies
of these phenomena.
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