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Magnetic Structure of Oxidized Fe(001)
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The combination of spin-polarization detection with core-level photoemission to give spin-polarized
electron spectroscopy for chemical analysis provides new information on the oxidation of an iron surface,
During the initial stage of oxidation the predominant phase is of a ferrimagnetic y-Fe203 form. An ob-
served antiferromagnetic coupling of this oxide with the iron substrate is attributed to a superexchange
interaction, providing evidence for a possible site-exchange mechanism during the initial oxidation. An-

nealing transforms this oxide into an antiferromagnetic Fe, O form which is also present at the initial

stage.

PACS numbers: 75.25.+z, 75.50.Rr

Studies of the magnetic properties of surfaces and thin
films with techniques involving spin-polarized electrons
are becoming increasingly commonplace. ' In particu-
lar, spin-polarized photoemission has been widely used to
study the electronic structure of ferromagnetic materi-
als and their interaction with impurity atoms. We de-
scribe here studies of the progressive oxidation of an iron
surface using spin-polarized core-level photoemission
spectroscopy. There have been a number of earlier stud-
ies of this oxidation ' but no measurement of the mag-
netic properties. Iron exists in a number of diff'erent ox-
ide forms. FeO and a-Fe203 are antiferromagnetic, and
y-Fe203 and Fe304 are ferrimagnetic, the magnetization
in the latter being determined by the distribution of iron
ions between the octahedral and tetrahedral sites. Thus,
in y-Fe203 the net magnetization reflects the Fe'+ ions
in the octahedral sites; in Fe304 the magnetization
reflects the Fe + ions in the octahedral sites. An elec-
tron energy-loss spectroscopy (EELS) study of the oxi-
dation of an iron surface indicated the possibility of a
distinct oxide phase following chemisorption and preced-
ing the final oxide formation. It was proposed that the
phase represented a two-dimensional oxide ",ormed by
oxygen incorporation into the Fe lattice. However, its
exact composition, structure, and magnetic properties
were unknown. By combining spin-polarization analysis
with the chemical specificity of core-level photoemission
we develop a new probe, spin-polarized electron spectros-
copy for chemical analysis (or SPESCA), and demon-
strate its capability for the study of magnetic compound
formation. Two oxidation states are again clearly
resolved and show interesting changes in spin polariza-
tion as we proceed from the initial adsorption to the be-
ginning of true oxidation. Within the initial oxidation,
the experiment reveals evidence for a ferromagnetic or
ferrimagnetic oxide, which couples antiferromagnetically
to the iron substrate. Annealing the surface leads to the

formation of an oxide showing a smaller core-level shift
and a loss of polarization. The latter observation sug-
gests that the final oxidation state is either paramagnetic
or antiferromagnetic.

The experiments were carried out on a system that has
been described extensively elsewhere. Briefly, photons
are provided by the UV undulator installed on the
vacuum-ultraviolet ring at the National Synchrotron
Light Source. The photoemitted electrons are detected
by a hemispherical analyzer equipped with a low-energy
spin detector, the latter described in more detail else-
where. Following cycles of argon-ion bombardment and
annealing to produce a clean sample, the oxidation stud-
ies were performed by exposing the sample to oxygen
and then subsequent annealing. Low-energy electron
diffraction and Auger electron spectroscopy were provid-
ed to monitor the crystal order and surface cleanliness,
respectively. All the photoelectron spectra shown here
were recorded using photons of 90-eV energy.

We have first repeated an earlier spin-polarized photo-
emission study of the iron 3p core level. ' Core-level
photoemission reflects the local environment and as such
the spin-polarized variety will reflect the local magnetic
environment. Figure 1(a) shows the spin-resolved spec-
tra obtained from the clean surface; Fig. 1(b) shows the
same spectra after background subtraction. The spin po-
larization in the core level is —23%. In contrast to the
earlier study, we find evidence of an exchange splitting of
0.5 eV. The relative intensity of the two spin com-
ponents, with the more intense minority peak at lower
binding energy, is similar to that obtained in the earlier
study and is consistent with naive multiplicity arguments
for the respective final states P and P. '' ' The obser-
vation of the P-like final state at lower binding energy
than the P state is also consistent with a simple atomic
picture. Thus the relative intensities and binding ener-
gies reflect the spin-dependent interaction of the final-

1647



VOLUME 65, NUMBER 13 PHYSICAL REVIEW LETTERS 24 SEPTEMBER 1990

I—

UJ
I—

a) gv
V

v
vg~

QV
V

(a)

I—

UJ
I—

v
V

V
V

V V I—
(A

I—

I I I

V

L
V

+ V

k

k
&v

(b)

63 61 59 57 55 53 51 49
ELECTRON BINDING ENERGY (eV)

FIG. l. (a) Spin-resolved Fe 3p photoemission spectra
recorded from clean Fe(001) with 90-eV photons. In all
figures, upward triangles indicate majority spin, downward tri-
angles indicate minority spin. (b) The same as in (a) but with
the background subtracted.
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FIG. 2. (a) Spin-resolved Fe 3p spectra, hv=90 eV, of the
initial oxidation of Fe(001) after exposure to 16 L of O~ with

the background subtracted [1 L (langmuir) =10 Torrsec].
(b) The same as in (a) but after annealing to 650'C.

state core hole with the net spin of the valence electrons.
The two spin components show a similar line shape after
background subtraction; they have a Doniach-Sunjic
form' similar to that of the spin-integrated spectrum.

Initial exposure to oxygen produces a chemisorbed
phase with no change in the Fe 3p spin-integrated spec-
trum. The spin analysis also shows no change in the po-
larization of the core level as compared to the clean met-
al. Such an observation indicates that the oxygen does
not aA'ect the magnetic properties of the surface layer
and is consistent with our earlier study of the valence
bands for this system.

Further exposure to oxygen leads to the formation of
an oxide layer as evidenced by a chemically shifted core
level. The spin-resolved photoemission spectra from this
system, after background subtraction, are shown in Fig.
2(a). There are two important observations that can be
made; first, the oxide component of the 3p spectra has a
net polarization, and second, the polarization is of the
opposite sign (positive) to that of the substrate metal,
which remains negative. Thus the new oxide phase
clearly possesses a net magnetic moment, which, because
of the reversed spin, couples antiferromagnetically to the
iron substrate below. The spin-resolved components of
this oxide phase can be seen more clearly when they are
compared with equivalent spectra from the clean surface,
as presented in Fig. 3. These spectra highlight the new

peak in the majority component, shifted from the clean-
surface peak by 4.5 eV. The minority component, on the
other hand, shows a less well-resolved peak shifted ap-
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FIG. 3. (a) Majority-spin Fe 3p spectra, hv =90 eV, from
clean Fe(001) and after exposure to 16 L of Oq. (b) The same
as in (a) but for minority-spin electrons.

proximately 3.5 eV from the equivalent clean-surface
spectrum. It should be noted that the relative binding

energy of these two components is reversed from that ob-
served for the clean surface. As discussed earlier the
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atomic picture of multiplet states predicts the lower-

binding-energy peak to have the strongest spectral
weight, regardless of the orientation of the magnetic mo-

ment. Therefore the observation of the stronger of the
two oxide-induced peaks being at higher binding energy
cannot be interpreted as an exchange splitting but more
likely indicates the presence of two different chemical
states of iron in the initial oxide phase. This possibility
is supported by the spectral width of the oxide com-
ponent (-4.7 eV) which is much larger than the
equivalent width in oxides containing only one oxidation
state (» 3.0 eV) and very similar to the width in an ox-
ide with two oxidation states (-4.5 eV). '

In order to highlight the changes in the present Fe 3p
spectra as a result of oxidation we show in Fig. 4(a)
spin-resolved difference spectra. These are obtained
from Fig. 2(a) by subtracting the clean-surface spectra
of Fig. 1(b) to show the contribution from the initial ox-
ide only. The binding energies of the substrate iron Fe
as well as the chemically shifted' Fe + and Fe'+ are in-

dicated. It is evident from Fig. 4(a) that the majority-
spin spectrum of the oxide shows the presence of
predominantly Fe + with some contribution from Fe +.
The minority spin, on the contrary, indicates the pres-
ence of predominantly Fe + and a small contribution
from Fe + ions. The relative intensity of the majority
and minority components is such that there is no net po-
larization in the Fe +, and a substantial positive polar-
ization in the Fe + component of the oxide. There is no

majority or minority intensity at the position of the iron
metal, which, in these difference spectra, indicates that
the magnetization of the iron substrate after the oxida-
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FIG. 4. Spin-resolved spectra of Fe 3p oxide component ob-
tained by subtracting the clean-surface spectrum for (a) expo-
sure of the surface to 16 L of O., and (b) the same as in (a)
after subsequent annealing to 650 C.

tion stays the same.
In Fig. 2(b) we show the spin-resolved spectra ob-

tained from the oxygen-exposed surface after annealing
to 650 C. The spectra still show the presence of emis-
sion from the substrate core level, but they are now dom-
inated by an unpolarized component shifted approxi-
mately 3.0 eV from the clean-surface core level. The
lack of polarization in this new feature may be taken as
evidence of either a paramagnetic or antiferromagnetic
phase. The oxide contribution is highlighted in the
difference spectra shown in Fig. 4(b). It is evident from
this figure that the main contribution to the annealed ox-
ide phase comes in Fe + form with only a small Fe +

component.
The spin analysis in the present study provides impor-

tant new information on the chemically shifted com-
ponents and hence the oxide formation. For the initial
oxide the Fe + shows a net polarization whereas the
Fe + component shows no polarization. The opposite or-
der of polarization would be expected for Fe304 since as
discussed earlier the Fe + octahedral sites carry the net
moment. ' Further, the presence of antiferromagnetic
a-Fe203 can also be ruled out on the basis that no polar-
ization would be expected. Thus the polarization in the
Fe + component points to the presence of ions with the
coordination appropriate to that found in ferrimagnetic
y-Fe~03. Fe' ions possess a high magnetic moment of
5pq. This should result in a large exchange-induced
splitting for the rnultiplets in core-level photoemission
with, as already noted, the dominant peak at lower bind-

ing energy being the minority-spin component on that
site. This we believe is the component observed in the
experiment, with no other exchange-split components be-
ing observed. This is probably a reflection of the relative
intensities of the two components and, indeed, earlier
spin-integrated Fe 3p photoemission spectra ' of Fe +

ionic compounds have found that the P final states at
higher binding energy have much smaller spectral weight
as compared to the P component.

The initial oxide spectra shown in Fig. 4(a) contains in

addition to the Fe + peaks (reAecting )'-Fe20i) a small-
er unpolarized Fe + component. This observation indi-
cates the coexistence of an antiferromagnetic Fe,O
phase. Following annealing, the spectra, shown in Fig.
4(b), indicate that the initial oxide converts almost com-
pletely to this Fe,-O phase. This is supported by our ob-
servation of the unpolarized Fe + component and is in

agreement with the earlier EELS study.
In summary, the polarization studies of the initial oxi-

dation of Fe(001) indicate the presence of a mostly ferri-
magnetic, y-Fe203-like oxide with some contribution
from an antiferromagnetic Fe,-O-like phase. However,
this initial oxide represents only 1-2 atomic monolayers
and it is therefore difticult to make direct comparison
with the bulk iron oxides. It is more likely that the ini-
tial oxide in fact represents a unique oxide phase as was
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suggested in the earlier EELS study. This possibility is

confirmed by our observation of an antiparallel align-
ment of the oxide and the metal substrate moments, an
indication of strong coupling between the two. The most
obvious way of inducing this antiferromagnetic coupling
is a superexchange interaction between the outer Fe +

ions and the substrate atoms mediated by an oxygen ion

between. Indeed such an interaction is responsible for
the diA'erent magnetic structures found in the iron and
other oxides. Thus our observations are consistent with

the suggestion that during the initial oxidation, following
the chemisorption phase, there is a site reversal of an ad-
sorbate oxygen atom with an underlying iron atom.
Lanyon and Trapnell proposed such a site exchange
mechanism as the commencement of Mott-Cabrera-
type ' kinetics of the oxidation of iron. Our observation
of antiparallel coupling between the oxide and substrate
iron moments strongly supports this model.

In our study we have been able to characterize the
magnetic properties of the unique iron oxide phase that
follows the initial chemisorption stage by combining pho-
toemission from core levels for chemical selectivity with

spin analysis for probing the magnetic properties. In this
way it proved possible to examine the magnetism of thin
oxide layer as distinct from that of the metal substrate
despite the fact that both involve the same element.
Furthermore, we were able to differentiate between
diAerent phases of the oxides. Such a spin-polarized
electron spectroscopy for chemical analysis should prove
a useful tool for the examination of local magnetic prop-
erties.
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