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Fe;0,4(111)/Fe(110 magnetic bilayer: Electronic and magnetic properties
at the surface and interface
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The surface and interface properties of the magnetic bilayg®fFe11)/Fe110 have been studied by
low-energy electron diffraction, spin-polarized photoemission spectroscopy, and magnetic linear dichroism.
The electronic structure at the surface region of the oxide departs considerably from the one of the underlying
bulk layer. Correspondingly, the surface spin polarization is found to be lower than expected for giye Fe
The magnetic bilayer coupling is driven by the formation of a specifi©f@ 11)/Fe(110) interface. The same
interface is also formed when an Fe metal overlayer is deposited on the oxide surface.

[. INTRODUCTION fraction (LEED), spin-polarized photoemission spectroscopy
from the valence band, and magnetic linear dichroism
Transition-metal oxid¢TMO) materials have long been a (MLD) in photoemission from the Fep3core level. These
subject of active researcéhTheir rich physical phenomenol- results indicate that the surface of the thick oxide film does
ogy is an ideal benchmark to test solid-state physics mddelshot resemble a simple, bulk-terminated;®g surface. The
Technologically, these materials are employed in importan¥alence-band spectra are considerably different from those of
industrial processes as catalysts as well as anticorrosives afltgaved FgO, samples. Additionally, the surface spin polar-
furthermore, they are used extensively in magnetic memolzation is smaller than expected in J& (magnetitg. The
ries. Fe;0,/Fe(110) antiparallel magnetic coupling is related to
Until recently, spectroscopic studies of TMO were limited the formation of a unique E©,(111/Fe(110 interface. In-
to bulk properties: the problem of preparing thin films of terestlngly, an antlpara!lel_magnetlc coupling is also found
TMO with well-defined stoichiometryand even more so PY Preparing the opposite interface—Fe/Bg111).
their surfaces seemed unsurmountable. However, recent
works have demonstrated that it is possible to stabilize a few Il. EXPERIMENTAL RESULTS

of these complex structures in the form of ultrathin films, by  The experiments have been performed at the USUA un-
epitaxial growth on appropriate crystalline substrates. Pargy|ator beamline at the National Synchrotron Light Source
ticularly, thin films of Fe oxides have been successfully|ocated at the Brookhaven National Laborat&hBpin- and
grown on different substrates, using different techniquesangle-resolved photoemission spectra have been collected
FeO has been reported to grow or{1Rtl) (Refs. 3 and #  with a commercial VSW 50-mm spherical analyzer coupled
and on Fé110);>° Fe,0, has been grown on @tl1) (Refs. 3 with a low-energy diffuse scattering spin polarimeter. The
and 7 and on F€110 (Ref. 8 as well as on Mg@10  total energy resolutioflight plus electron spectromeleras
(Refs. 9 and 1D and NiO'* thin films of a-Fe,0; and  set to 100 meV and the angular resolution was about 2°. The
y-F&,0;3 have been stabilized on AD;(0001) (Ref. 9 and  pase pressure in the measurement chamber was about
MgO(100),'**%respectively. 5x 10" Torr. Fe films have been prepared webeam
These progresses are remarkable, considering the comavaporation on a \WL10) substrate kept at room temperature.
plex structures of TMO, and open new possibilities to inves-The total pressure increased to about 20~ 1° Torr during
tigate their electronic properties. This is particularly true infiim depositions. After a short post-anneali@pproximately
the case offerromagneticTMO, which, as bulk materials, 1 min long to about 400 °C, the Fe films exhibit a sharp
were essentially out of reach of the most valuable magneti¢1 x 1) LEED pattern.

spectroscopies such as spin-resolved photoemission and Here we will consider the oxidation of thick BeL0) films

spin-resolved inverse photoemission. (>100 ML), whose behavior should, therefore, be compa-
In a recent related paper, we reported on the bulk propefaple to Fé110) single crystal.
ties of epitaxial Fe oxide films formed on the (E&0 The spin-resolved measurement have been performed in

surface®® It was ghovyn that the oxidatio_n_reaction proceedsmagnetic remanence with the sample magnetized along the
through two distinguished phases: an initiparamagnetic  in-plane[001] axis, which corresponds to the easy axis for
FeQ(111) layer is transformed into a stablef®(111) over-  thick Fe film1® All oxygen exposures have been performed

layer at high oxygen dos¢s-600 L (1 L=10"°Torr9]. In g Po,=5% 10”7 Torr, with the sample annealed to 250 °C.
the resultant F€,(111)/Fe(110) bilayer, the magnetizations

of the two materials are coupled antiparallel.

Here we reconsider the same system but we focus on the
electronic and magnetic properties at the surface and inter- The LEED patterns corresponding to the different stages
face. We study them by means of low-energy electron dif-of the oxidation are displayed in Fig. 1.

A. Atomic structure: LEED
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FIG. 3. (a) Spin-summed andb) spin-resolved valence band
FIG. 1. LEED pattern from clean FELO (bottor), and after photoemlssw? speptra ;aken in normal emission with 40 eV photon
oxygen exposure to 300 (middle) and 600 L(top). energy, as a function of oxygen exposure.

exposures, one can directly observe a sort of contraction of
The F&110 LEED (bottom, rectangular patterninder-  the |LEED picture(with respect to the Fe spotsorrespond-
goes a first modification after exposure to 300 L of oxygening to thein-planelattice expansion, needed to accommodate
(middle, hexagonal patterand a second one after additional the oxide layer.
300 L (top, hexagonal 2 pattern. Further increase of the  Thjs favorable epitaxial condition explains the growth of
oxygen exposuréup to 1500 Ll does not produce any ap- ell-ordered(111) Fe oxide layers on the FEL0) substrate
preciable modification of the LEED. _ but does not give any clear preference to any of the three
The appearance of the hexagonal symmetry in the LEERaple Fe oxides mentioned above. However, in the hypoth-
suggests the formation of(@11) surface. In th¢111) direc-  esijs of ideal bulk-terminated 11) surfaces, previous studies
tion, the three Fe oxides, stable in normal cond|t|ons—Feosuggest that one should find a hexagonalx(l), a
Fe;0,, andaFe,0;—have similar atomic structures, consist- (2x2), and a ¢3xv3)R30° LEED pattern corresponding
ing of pure(hexagona_)l oxygen planes separated by pure Fetq the formation of FeO, RO, anda Fe,0,, respectively’
planes. The lateral dimensions of the hexagonal oxygen lafrhese considerations would then lead us to attribute the FeO
tice are very close in the three cagsee Fig. 2 There is a  gtojchiometry to the first oxide phageetween 100 and 300
good lattice match along the substrft@0] direction(—1%, | oxygen exposurésand the FgO, to the second phase
1.7%, and—1.3% for FeO, Fg0, and a-F&0;, respec- (00 L). In other words, the initial layer of FeO is forced to
tively). Along the substratd 110] direction, the oxygen oxidize to FgO, by additional oxygen exposure.
hexagon is slightly expanded with respect to the Fe lattice

(21.2%, 24.6%, 7.1%, respectivglyindeed, upon oxygen B. Electronic structure: Valence band

The presence of two distinct phases can be clearly distin-
guished also in the photoemission data. Representative
valence-band spectra are reported in Fig. 3 as a function of

e Fe(110)plane

o 0(111) plane _ 0oXygen exposure.
[110] The F€110 spectrum(bottom lef) shows the 8 emis-
e o 9 o L sion, extended over the first 3 eV below the Fermi level and
¢ &0 s [100] a small feature at about 8 eV, due to thestates:® The first
1_=284A o 5::?'3 i oxidation stage is characterized by the development of the O
FeO o e 00 o

. /9N . 2p-derived emission at about 6 eV beldw , accompanied
1 =292A ec#ceDe a =287A P . P

Fe 0, o o 0l o Fe by a smooth decr_e_ase_ in the intensity of t_he lEeskates. A

] =951A ® ® o ® pronounced modification in the electronic structure takes

Fe, O, e o 0 0 @ place above 600 [second stageas indicated by the appear-
ance of a new feature in the spectra, at about 2 eV binding
energy.

FIG. 2. Schematic representation of the lattice match conditions The two reaction stages are even more apparent in the
between the R& 10 surface plangfull circles) and the(111) (hex-  spin-resolved spectf&ig. 3(b)]. These spectra contain infor-
agona) oxygen planes in the Fe oxides stable at normal conditionstmation about the magnetic ordering and the spin character of
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the electronic states. The Fe spectriottom right displays FIG. 5. Fe 3 spectra and MLD signals from the thick oxide

various features, which can be interpreted in terms of the F&IM and after deposition of 1.2 and 4.8 Fe ML.
bulk and surface band$.Initially, the oxygen exposure ef-
fectively reduces the spin polarization. The entire spectrunihis stage the long-range ferromagnetic order is recovered in
is essentially not polarized at 300 L. The small polarizationthe oxide. In the MLD spectra, we can now clearly distin-
nearE is probably due to a residual contribution from the guish a magnetic signal under the oxide region.
Fe metal underneath. The first Fe oxide is then not The Fe 3 spectra confirm the picture we already intro-
ferromagnetic—at least on its surface. Surprisingly, an apduced for the oxidation stages of the (E8) surface:
preciable polarization reappears in the spin-resolved spectfg&110+300 L O,—Fe(Q(111)+300 L O,—Feg;0,(111). In
above 600 L. In the second stage, the oxide overlayer—or &t€O, Fe is present only in one oxidation state’(Fevhile
least its surface—has regained a long-range magnetic ordere;04 contains both F& and Fé' sites!® The observed
However, notice that the reappearance of a spin polarizabroadening of the core-level spectra with increasing oxygen
tion is accompanied by a change of its sign: i.e., the Fe metaixposures is then consistent with the initial formation of FeO
and the thick oxide overlayer have opposite magnetizationfollowed by FeO,. Furthermore, at room temperature, FeO
In other words, there is an antiparallel magnetic coupling inis paramagnetic and accordingly, no MLD signal is detected
the FgO,(111)/F&(110) bilayer. in the first stage. In the second stage instead, with the for-
This antiparallel coupling appears to be independent fronmation of ferrimagnetic F©,, a magnetic signal has to be
the thickness of the oxide layer. The spectra simply mainexpected.
tains the same overallnegative”) spin polarization during It is interesting to note that as a result of the core level
the growth of a thicker oxide laygpxygen doses from 600 shifts during the oxide formation, the MLD spectra of the
to 1200 L).!8 This behavior suggests that the origin of this TMO/TM bilayers can be used to detect the sign of the mag-
coupling is related to the interface between the Fe metal andetic coupling. In the case of k®,/Fe, the antiparallel cou-
the oxide overlayer. pling is reflected in the opposite signs of the MLD spectra at
the lowest binding energy side: positive for [see Fig. 4b)
bottom, about 53 eYand negative for F®, [Fig. 4(b) top,
about 54 eV. In Fg;0O, the net magnetic moment is carried
Additional information on the surface electronic structureby the F&" ions, which are located at the lowest binding
of this system can be obtained from the Feg Bore-level energy among the three inequivalent Fe ions of this oxide.
spectra and its MLD specti@ee Fig. 4. As already mentioned, the photoemission data and our
The 3p spectrum of Fe shows the well-known, strong previous work® suggest that the antiparallel coupling is
MLD effect.}’ After 300 L, the emission from the Fe metal is closely related to the E©,(111)/Fe110) interface. In
already reduced to only a weak shoulder. The intensity of Ferder to further explore this sort of interface effect,
3p spectrum is dominated by the broad oxide componentwe have also prepared the opposite interface—namely,
peaked about 2.5 eV below the main Fe feature. No dichroFe/FgO,(111)—by evaporating a thin Fe film on top of the
ism signal is detected under this oxide componffig. thick oxide. The corresponding Fep3pectra are shown in
4(b)]. By increasing the oxygen doses above 300 L, the Fé=ig. 5. The onset of the MLD signal changes sign when
3p feature becomes even broader and a new shoulder apvaporating Fe, i.e., the magnetization of the Fe overlayer is
pears about 4.2 eV below the Fe metal. Furthermore, as atoupled antiparallel to the underlying oxide layer. We con-
ready seen from the spin-resolved valence-band spectra, eude that the antiparallel coupling is a property associated to

C. Electronic structure: Fe 3p core level
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the Fe-FgO, interface, independently from the way in which hypotheses are not necessary, if the oxide overlayer is
it is formed, FgO,/Fe or Fe/FgO,. Fe;0, 12

As already mentioned, the valence-band data from the
surface of our oxide on F&10) are quite different from what
one would expect from the bulk-terminated;Bg surface.

The preparation of thin films of TM oxides by epitaxial Various groups have measured spin-integrated valence-band
growth on a metal substrate has been a subject of considegpectra from bulk F®, cleavedin situto expose &110] or
able research in recent years, driven by fundamental as wedl[100] surface?*??In spite of the different surface orienta-
as technological reasons. Various groups have studied thgyns, the intensity at the Fermi level in the photoemission
oxidation reaction of the k&10 surface, with different ex-  gpectra is consistently lower in the bulk samples than in our
perimental techniques>®?°Their findings should, therefore, fms A larger intensity aEg, even at the highest oxygen

beScompired tl? ourZIY died tha BX0.0 _ exposures, cannot be attributed to the signal from the Fe
mentkowsky and Yates studied the(FH))-O, reaction metal underneath, as it is demonstrated by the absence of Fe

in_the temperature = range 90-920 K using Augermetal in the ® spectra(see Fig. 4 Therefore, the higher
spectroscop§.In good agreement with our data, they also o : AT
photoemission intensity & seems to be an intrinsic feature

concluded that for oxidation at 600 K and at high oxygenOf the films prepared on the BELO) surface. Probably, it

doses, F is the stable oxide formed on the (B&0 sur- o ) .
41 X &e0 su indicates the formation of an oxygen deficiengBgsurface.

face. _
More recently Cappus and co-workers reexamined thdVote that although we performed several attempts exposing

oxidation of the F&110.5 They obtained a (X2) LEED the sample to addi_tio_nal oxygen in a variety of conditions of
pattern, similar to the one shown in Fig(tbp), by exposing bo'th 'temperature/vlthln the range 100-600 kand pressure
the Fé110) surface to 4000 L @at 600 K followed by 4 min  (within the range between 16-10"'° Torr), we did not
annealing at 870 K. On the basis of x-ray photoemissiorfucceed in obtaining a reduced emissioftat
spectroscopy @ data, they concluded that this ¥2) pat- The fact that the surface of these films does not have the
tern did not indicate a bulk-terminated ##g(111) surface Ppure FgO, stoichiometry is also apparent from the small
but rather a reconstructed FEQ1) surface. Furthermore, Ppolarization(16%) observed close t&g . Alvarado and co-
they suggested that the product of the oxidation should deworkers studied bulk R©, by spin-polarized threshold
pend on the thickness of the metal substrate. Particularly, 8Pectroscopy®?* They found a polarization between 40%
different output should be expected whether oxidizing a thirand 60% for the first state ne&i- (°A;4), in good agree-
film or a single crystal. In the case of an Fe single crystal, thénent with the value § predicted by theoretical
Fe supply is larger than in thin films and consequently itconsiderations®
could shift to the right the equilibrium of the reaction  Note that the reduced polarization is confined only at the
Fe,0,+Fe=FeO. Although their argument sounds sensible surface region. Our previous measurements showed that the
it does not seem appropriate for the oxidation of our thick Fébulk magnetization of the oxide overlayer is as high as 80%
films (=100 ML). In our case, the Fe metal layer is always the value for pure F©,.** This suggests that the small sur-
thick; indeed, the spin polarization and the MLD signal re-face polarization could partially be due to inequivalent ter-
main “negative,” even at the highest oxygen absorptionsraces on the R©,(111) surface. As already mentioned,
(see Figs. 3 and )4 Therefore, we tend to attribute the along the[111] direction the FgO, crystal consists of pure
differences—formation of FeO in Ref. 5 and of;Eg in our ~ Oxygen planes separated by pure Fe planes. Therefore, if
case—to the specific conditiongemperature and oxygen different terraces of Fe aton@nd/or of oxygen planes in
pressurgused in the two experiments. It is well known that contact with different Fe plan&sare exposed on the surface,
the various stable Fe oxides can easily transform into onéhe polarization measured by photoemission is effectively
another by varying the preparation conditions. reduced, due to the ferrimagnetic ordering ok®g This
The magnetic properties of the oxide formed on theview is supported by recent scanning tunnel microscope im-
Fe(110 surface have been recently examined by Koike andiges showing that on thél1l) surface of bulk FgO,
Furukawa® using LEED and spin-polarized secondary elec-samples two inequivalent Fe planes are indeed préSent.
tron spectroscopySPSES. Their experimental results are in ~ The[111]-stacking alternating pure-Fe and pure-O planes
good agreement with ours. They observed the<{) to  has also an interesting consequence for the magnetic behav-
(2x2) evolution of the hexagonal LEED pattern as a func-ior of this bilayer. In FgO,, the stacking is of the type
tion of oxygen exposure and the SPSES measurements indi--F&-O-Fe-O-Fe----, where Fgis an Fe plane contain-
cated the antiparallel magnetic coupling. However their coning Fe, and Fe an Fe layer containing both Eg, and
clusions were considerably different from ours. They alsoFel;, (see Fig. 6. The magnetic moments of the Feions
interpreted the (X 2) LEED pattern as a surface reconstruc- (5ug) localized on Feand Fe planeé’ are aligned antipar-
tion of bulk Fe@111). Accordingly, they had to conclude allel and cancel each other. Therefore?Feaites (4ug)
that the reappearance of the magnetic ordering at high oxyalone support the net magnetization. Furthermore, inside the
gen exposures, was confined only to theconstructetlsur-  Fe, planes, F&" and F€" ions are also coupled antiparallel.
face layer. FeO is paramagnetic at room temperatif% It follows that the observed antiparallel magnetic coupling
=198 K). Furthermore, they had to suppose that this reconimplies that between the two possible interfaces—namely,
structed FeO surface was for some readonferromagnetic  Fe, . O-Fg-O---- and Fg,.r O-Fg-O-- - -—only the first one
and (i) magnetically coupled through the paramagnétie  is actually(or preferably realized(see Fig. 6.
sulatoy FeO to the Fe metal substrate. Naturally all these It is difficult to indicate a unique cause of this preference.

Ill. DISCUSSION
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FeO. Indeed the Fe atoms would all have the same octahe-
dral symmetry as in FeO. The fact that the first phase of the
_____ oxide looks like FeO becomes then quite understandable also
é from this point of view. Indeed it seems to be quite a general
; Fe(110) m —_— fact that the first monolayer of @, grown on metal111)
ONORON® surfaces looks like FeO. It has also been found da®.?
Fe.O oD A quantitative analysis has shown that this 1 ML FeO is,
2 g, o however, quite particular, in that the Fe to O distance is
o~ Fe¥ *8°8 Y .
<o pe 0000 nearly half of the one found in bulk FeD.
“~® Fel o o o o P
S o °99% o~ IV. CONCLUSION
0dod ~ We have investigated the electronic and magnetic proper-
5 6 5 5 i ties at the surface and interface of epitaxial Fe oxide films
Fe,{ v o & © §  +—— nhiom grown on F€110). Two distinct oxide phases as a function of
o580d i the oxygen exposure, are clearly marked by the modification
FE, 5t © 0 0 0 e (5 /atom) of the atomic[LEED, (1Xx1) to (2X2)] and the electronic
O 000 structure (photoelectron spectroscopy, valence-band and
S core-level spectpa The first one(between 100 and 300 L
Fe(110) 0,) is identified as Fe(11); the second as E®, (111).
The photoemission data suggest that the surface of these
Fe;0, (111 thick films are oxygen deficient with respect to a
bulk-terminated surface. This oxygen deficiency together

_ _ with the exposure of inequivaleiii1l) terraces is possibly
FIG. 6. Schematic representation of the;Gg111)/Fe(110  at the origin of the small surface polarization found on these
structure. The arrows indicate the local direction of magnetizatiorfj|ms.

in the Fe planes. In RO, the magnetization is supported by the  The antiparallel magnetic coupling does not depend on
Fe*" ions (continuous arrows while the F&" magnetic moments  he thickness of the oxide layer or the direction of the
cancel(dashed arrows interface—Fe/Fg0, (111) or FgO,/Fe (110). This antipar-

. . . . . allel coupling implies the formation of the F&e (110 in-
However, it seems plausible that an interface with a unifor erface ping imp Fée (110

Fe metal_ §grface tends to prefer_a_nother umfogm Fe layer rhese results should be important in all applications mak-
close to it: i.e., the Fetype containing only F¥,/ rather ing use of the surface and/or interface properties of TMO

than the Fetype containing both Fg;| and Fé.'. Further-  thin fims and/or TMO/TM based multilayef&.
more the formation of a complex Fe layer like the, Reuld

require the development of a full three-dimensional structure
and would consequently be unfavored in the formation of an
interface. The authors gratefully acknowledge insightful discussions

One can also notice that if one would cut the oxide layemwith C. Carbone, J. B. Hastings, and C. C. Kao. NSLS is
only to contain the first Fe plange., Fg,.sO-Fg-O), one  supported by the U.S. Department of Energy under Contract
would actually look at an oxide layer closely resemblingNo. DE-AC02-98CH10886.
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