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Oxidation of the Fe(110) surface: An Fe;0,(112)/Fe(110) bilayer
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The oxidation state and magnetic behavioirositu oxidized F€110) surfaces has been studied using x-ray
absorption spectroscopy and magnetic circular dichrdi8t@D). Low-energy electron diffraction has been
used to monitor the surface atomic structure. At high oxygen exposures, the system is unambiguously identi-
fied as an Fg,(111)/Fe(110) bilayer. The MCD results show that the@zeoverlayer is magnetically
coupled(antiparalle) to the Fe substrate. This picture is in contrast to a previous report, which claims the
formation of an Fe@.11) overlayer with a reconstructed magnetic surfeebys. Rev. Lett77, 3921(1996)].

Recent years have seen great development in the researconstruction of the FeO layer, leading toferromagnetic
on magnetic thin films and multilayers, due to potential tech-surface, a sort of R©®,(111) surface termination. Surpris-
nical applications in magnetic devices such as magnetidgly, this surface was found to b@ntiferromagnetically
memories and sensors. The two-dimensional geometry afoupled to the underlying Fe substrate, suggesting a new
these systems is at the origin of various unusual magnetitdirect magnetic coupling mechanism between two different
phenomend;® such as, for example, magnetic size effectsmagnetic materials—R©;"" and FE*SLvia a nonmagnetic
and magnetic couplings in multilayers. insulating spacer (Fe€©s).

This research has been chiefly confined to “simple” su- Unfortunately, none of the previous measurements pro-
perstructures in which the building blocks are single-elemenvide direct information on either the oxidation state or the
materials. However, it has often been suggested that by usirgxygen stoichiometry, in spite of the fact that these are most
compounds, one could perhaps take advantage of their coraritical for understanding of the magnetic coupling mecha-
plex properties to engineer new magnetic structures. Confimism. Indeed some of the oxides can be transformed into a
ing the discussion to the important subcategory of transitiorierromagnetic or ferrimagnetic or even antiferromagnetic
metal oxide (TMO) systems, various interesting magnetic state by varying the oxygen stoichiometry.
behaviors can be expected. Most of the TM oxides have the Here we report on a detailed study of the oxidation of
antiferromagnetic ground state. However, along a certaifre(110) performed with a combination of surface sensitive
crystallographic direction, these oxides are often magnetitLEED) and rather bulk sensitive x-ray absorption spectros-
cally polar: i.e., the magnetic moment is aligned ferromag-copy (XAS) with magnetic circular dichroisn®MCD) tech-
netically within a plane but antiferromagnetically betweenniques. The XAS spectréat both the Fe_, 3 and the OK
adjacent(oxygen separat@drM planes. Often the magnetic edge$ display a characteristic multiplet structfifewhich
polarity is accompanied by a chemical polarity, due to thereflects the ionic state. The MCD spectra instead uniquely
sequence of TM-layer/O-layer. Magnetism and chemistryprovide the element-specific magnetic informatfofthus
may then be combined to produce unusual situations. XAS with MCD measurements is a powerful tool to deter-

For example, in an antiferromagnetic TMO, chemical po-mine the ionic state and the magnetic information. Further-
larity could induce a surface reconstruction such that themore, this technique has a comparable probing depth to the
ground state of the reconstructed surface becomes ferromatypical thickness of oxidized Fe, and thus provides informa-
netic. In this case, above the &letemperature, the oxide tion on the whole oxide layer.
layer could become paramagnetic in the bulk, yet maintain- The XAS and MCD results unambiguously identify the
ing a (reconstructed ferromagnetic surface. Obviously the magnetic oxide overlayer as . In the second oxidation
situation can become even more interesting when such stage, the entire oxide overlayer igferrimagneti¢
TMO material is used inside a multilayer structure contain-Fe;O,—not only its surface layer, as previously propo8ed.
ing pieces of the type--TMO/TM- - -, thus allowing both The whole FgO, overlayer is coupled antiferromagnetically
surface and interfaces effects. to the underlying Fe substrate. Therefore, the magnetic cou-

Some TMO/TM systems can be obtained by directly oxi-pling must be interpreted as a direct coupling at the interface,
dizing clean TM surfaces. Recently, one such case has beeather than a new type of indirect magnetic coupling through
reported on an Fe-oxide/Fe system, obtained by exposure gononmagnetic insulating spacer.
oxygen of an FEL10) surface* By a combination of struc- The experiments have been performed at the renewed
tural low-energy electron diffractioflLEED) and magnetic U4B circular-polarized beamline at the National Synchrotron
(secondary electron spin-polarizatjomeasurements, it was Light Source located at the Brookhaven National Laboratory.
found that the formation of this oxide layer proceeds via twoThe base pressure in the measurement chamber was about
distinct stages. The first stage, identified as an (E&D 1x 10 1° Torr. Thick F&110) films [ >100 monolayers and
layer, was not magnetic. However, the second stage, reach#uerefore well representative of @40 single crystal have
at higher oxygen exposures, was interpreted as a surface rieeen obtained by epitaxial growth on a(W0 substrate.
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FIG. 1. LEED patterns during the oxidation of the (E&0)
surface.
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The Fe films have been prepared by e-beam evaporation a —

room temperature, followed by 1 min annealing to about

400°C. All the oxygen doses have been donepgt;=5 . . : . . . . .
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X107 Torr with the sample annealed to 250 °C. The XAS Photon Energy (eV) Photon Energy (eV)

spectra have been collected in the sample current mode.

Sample current from a reference Fe was monitored simulta- FIG. 2. (8) FeL;3 XAS from 1500 L oxygen exposed Fe film
neously, and the photon energy uncertainty was minimizedop, solid ling and from Fe metaltop, dotted ling. The Fe-

to be less than 20 meV. The MCD data were obtained byubtracted spectrum)c_)tto_m, open circlgsis compared to the bulk
switching the sample magnetization at each photon energy®Qs one(bottom, solid ling. (b) Same asa) for MCD curves. For

relative to the fixed photon helicity. A 300 Oe pulse mag-convenience of comparison, the sign of the MCD of theCze

netic field, which is large enough to saturate the magnetizaPUlk) has been inverted.

tion, was applied along thie-plane[001] magnetic easy axis measurement covers the entire oxide layer.
of the thick Fe/W110) film.° The photon helicity was setto  The spectra of the bare oxide layer are obtained by sub-
be 85% at a 300 meV photon energy resolution, and theracting the Fe-metal contributions as estimated mainly from
incident angle was off by 45° from the magnetization direc-the MCD spectrunt! In the bottom of Figs. @) and 2b),
tion. The XAS spectra were normalized by the photon fluxthese bare oxide specttaircles are directly compared to
monitored with a gold mesh, and the experimental geometryhose of a bulk Fg0, sample(lines).*? Even considering the
and the degree of the helicity were taken into account for themall uncertainty in the estimation of the Fe-metal contribu-
MCD signal. tion, the agreement for both XAS and MCD spectra is ap-
The LEED patterns corresponding to the different stageparently so good over the entire energy range that the oxida-
of the oxidation reaction are reported in Fig. 1. Figufe)1 tion state can be obviously identified as;Bg
shows the (X 1) rectangular LEED pattern characteristic of  Indeed the F¢0, XAS exhibits a complicated line shape,
the clean FEL10) surface. After oxygen exposure to 300 L, and the MCD spectrum an even more complicated one.
the pattern is qualitatively modified. It is now hexagonal Fe;0, is a mixed valent system with three different Fe sites,
[Fig. 1(b)], indicating the formation of &111) surface. By Fe*" tetrahedral and octahedral sites and Féoctahedral
further exposing the system to additional 300 L of oxygensites. Hence, the XAS and MCD spectra correspond to an
the LEED undergoes a second transformation, marked by theverlap of three different sets of multiplet structures. At this
appearance of half-order diffraction spots with respect to théigh oxidation stage, the estimated MCD anisotropy of the
primitive hexagonal latticdFig. 1(c)]. Further increase of oxide layer is as high as 86% of the bulk FgO,. This
the oxygen exposuréup to 1500 1) does not produce any result suggests that the ferrimagnetigBgoxidation state is
appreciable modification of the LEED pattern. present nearly in the entire oxide layer. Indeed one has to
As previously proposetf* the LEED patterns shown in consider that even if this oxide layer was pure®g there
Fig. 1 are consistent with the formation of an R&D1) sur-  still remain regions at the Fe-oxide/Fe interface and the ox-
face (first oxidation stagefollowed by the formation of an  ide surface where departures from the ideafJzestoichiom-
Fe;0,(111) surfacesecond oxidation stageHowever, due etry are likely.
to the surface sensitivity, the LEED results cannot identify  Furthermore, the sign of the MCD spectrum of the oxide
the oxidation state of the entire oxide layer. The questioniayer is inverted with respect to that of the bulk ;6g
remains open if this second LEED pattern indicates a surfaceample; i.e., it is coupled antiferromagnetically to the under-
reconstruction of an underlying F€O11) layer or rather the lying Fe metal, whose magnetization direction is determined
formation of a new oxide with a different stoichiometry. The by the applied field direction. This implies that the energetics
XAS measurements, which are rather bulk sensitive and disat the interface favors an antiparallel coupling between the
play spectroscopic fingerprints, provide a clear answer to thigvo magnetic layers.
question. The evolution of the oxidation reaction is shown in Fig. 3
Fe L,z edge XAS and MCD spectra for this second oxi- and Fig. 4. The XAS and MCD spectra are presented as
dation stage of the K&10) are shown in Fig. 2. At 1500 L, measuredleft panels, solid lingsand after subtraction of the
the highest @ exposure examined in this work, the absorp-Fe-metal contributiongright panels, open circlgsClearly
tion spectrum(top, solid ling is dominated by the thick ox- the Fe-metal contribution decreases with oxygen exposure,
ide overlayer. Yet the contribution from the underlying Fe showing that the thickness of the oxide layer continuously
substrate is considerabi®p, dotted ling, indicating that the increases up to 1500 ¥.
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FIG. 3. Left: FelL, 3 XAS spectra as a function of the oxygen O K-edge XAS

exposures(solid lineg and corresponding estimated metallic Fe . . . .
contributions(dotted line$. Right: Fe-subtracted spectra. The spec- 505 530 535 540 545 550

trum from a bulk FgO, sample is also reported for comparison
(bottom spectra, solid line

Up to about 300 L(first oxidation stage the XAS spec- FIG. 5. OK-edge XAS spectra_during the oxidation reaction of
trum displays a line shape corresponding to something ithe F&110 surface. For comparison the XAS spectra from the
between FeO and F@,, indicating that, at this stage, the F&Cs (top) and FeQlbottom are also shown.
oxide layer is a mixture of these oxides. For example, the
intensity of feature is ~35% intensity of featuré (see Fig.
3), while FeO exhibits about 52% intensityand in FgO,,
the featurea is 26% intensity of the featurb. At this first
stage, the MCD spectrum is dominated by the Fe MCD, ancg

the contribution of the oxide layer is negligible. Thus, in sibly, at 600 L the thickness of the oxide layer is still small

agreement with _the results Of. Ref. 4, we conclude that th%uch that the contributions at the interface and/or surface are
oxide overlayer is nonmagnetic at this stage. The small re-

; - . . i important. However, the relative contributions from the
sidual MCD signal is probably induced from the Interface"nterface/surface diminishes at higher oxygen exposures. At

;Vh:(:t?’ trr1ne Fe metal is expected to contribute a different MC 00 L and 1500 L, the XAS and MCD spectra of the oxide

pectrum. layer are nominally identical to those of J&&. The continu-
T ous evolution of the XAS/MCD spectra as a function of oxy-
gen exposure clearly indicates that during the second stage
the entire oxide layer transforms into a ferrimagnetig@e
Indeed the F¢O, layer grows up at each Qexposure?®

A similar behavior is also observed in thelGedge XAS
measurements. In Fig. 5 these spectra are presented in com-
parison with those from pure K@, and FeO(top and bot-
tom, respectively The spectra are normalized to the same
intensity at the high-photon-energy side. All the spectra in
the second oxidation stagé00 L, 900 L, and 1500 Lare
very similar to that of FgD,, while the 300 L spectrum is
again more like something between those ofzeand FeO.

In conclusion, we have shown that a magneticédlnti-
paralle) coupled FgO,(111)/Fe(110) bilayer is obtained by
in situ oxidation of F€110. Only the initial stage(up to
about 300 L} contains appreciable amounts of FeO. At
higher oxygen exposurg¢600, 900 L), the oxide overlayer is
gradually converted into ferrimagnetic J&(111). Further
increase of the oxygen exposure only results in the formation
of a thicker FgO,(111) overlayer. The observed antiparallel
FIG. 4. Same as Fig. 3 for MCD curves. magnetic coupling therefore originates from the direct con-

Photon Energy (eV)

At the second oxidation stagabove 600 [, the extracted
XAS and MCD spectra of the Fe-oxide layer are instead very
omparable to those of E@,. One may notice that there are
ome disagreements, especially in the MCD spectrum. Pos-
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