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Thin films of V2O3s1120d can exist in metallic and insulating phases with different magnetic properties,
similar as the bulk single crystals. We have used macroscopic magnetometry and x-ray absorption spectroscopy
together with magnetic circular dichroism to show that when these films are combined with thin overlayers of
bcc Fe and hcp Co, this has a pronounced impact on the electronic and magnetic properties of the interfaces.
While the uncovered oxide is metallic at room temperature, both ferromagnets induce an insulating phase near
the surface of the oxide, presumably due to hybridization effects at the interface. Remarkably, the electronic
interaction across the interface is significantly different for the two systems. This is reflected in a magnetically
“dead” atomic layer in the Fe films at the interface, a property not observed in the Co films. As a consequence
the magnetic anisotropy of the two ferromagnets is dissimilar. In the antiferromagnetic phase of V2O3, at T
,TN<160 K, the hysteresis loops of the Co films exhibit a significant exchange bias; the effect is absent for
Fe. The faceted surface structure of the V2O3s1120d layers induces a uniaxial magnetic anisotropy with
magnetocrystalline and magnetostatic contributions in both ferromagnetic overlayers.
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I. INTRODUCTION

Understanding the chemical-physical properties at the in-
terface of a ferromagnetic metal and an insulating oxide in
thin-film structures is a central topic of current research
activity.1 The knowledge of interfacial interactions and spin
configurations at the microscopic level is of high interest for
a variety of magnetic phenomena as, for example, in the
context of spin tunnel2 or exchange biased3–5 structures,
which have potential applications in magneto electronics.6

Interfacial signatures may be weak, and to detect and isolate
them from bulk properties generally is a great challenge. In
the last decade progress in the techniques of growth and
characterization of thin-film sandwiches that are structured
on nanometer length scales has considerably advanced the
field; concomitantly, valuable information was gained from
the study of systems with increasing complexity.7

Here we report on the electronic and magnetic properties
of bilayers combining the ferromagnets Fe or Co with single-
crystalline V2O3s1120d. The large variety of unusual physi-
cal properties of this oxide has a long history,8 and is a rich
ground for basic research. Strong electron correlations lead
to a complex interplay of magnetism, structure, and transport
that poses major problems for a theoretical modelling.9–11

Hybridization of the V 3d with the O 2p orbitals competes
with strong Coulomb interactions within the 3d shell sformal
configuration 3d2d. Small perturbations in the balance of
these effects induce drastic modifications of the electronic
properties. This is manifest in a very rich phase diagram.12

Stoichiometric V2O3 is in a paramagnetic metallicsPMd
phase at room temperature and undergoes a first-order tran-
sition to an antiferromagnetic insulatingsAFId phase atTMI
=TN<160 K, with a band gap of,0.6 eV. Concomitantly,

the lattice symmetry transforms from rhombohedral to
monoclinic. At temperatures sufficiently aboveTMI, substitu-
tion of V ions by Cr results in the formation of a paramag-
netic insulatingsPId phase, which changes to the AFI mono-
clinic phase near 180 K. The magnetic ordering pattern in
the AFI phase is very peculiar and not that of a simple two-
sublattice Néel configuration.13 In the hexagonal basal plane
s0001d exchange coupling for each V3+ ion is ferromagnetic
with one of the neighbors and antiferromagnetic with the
other two. This translates to ferromagnetic alignment of the
magnetic moments within thes1120d planes with antiferro-
magnetic coupling of adjacent planes. The moments
s,1.2 mB/V iond form an angle of,70° with the c axis
located in thes1120d plane. Combining this material with Fe
and Co in bilayers offers the unique possibility to study the
variation of the interfacial properties of a ferromagnet/oxide
system when the oxide is tuned to the metallic, insulating,
paramagnetic and antiferromagnetic phases.

We have shown recently that V2O3 films of high quality
can be grown epitaxially ons1120d-oriented sapphire
substrates.14 These films exhibit bulk like properties with
good stoichiometry. The surface has a faceted microstruc-
ture, which results from the anisotropic lattice mismatch be-
tween film and substrate. In this paper, we shall demonstrate
that due to this morphology thin films of Fe and Co depos-
ited on the V2O3s1120d layers display a pronounced in-plane
uniaxial magnetic anisotropy at room temperature. Upon
cooling in a magnetic field across the Néel temperatureTN of
V2O3, the two bilayer systems show a remarkable difference
in their magnetic behavior: while the magnetization loops of
Co on V2O3s1120d exhibit a significant exchange bias
effect—i.e., are centered about a nonzero magnetic field
HEB—this effect is absent for Fe on V2O3s1120d. This obser-
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vation adds another aspect to the ongoing debate over the
microscopic origin of the unidirectional exchange anisotropy
in ferromagnets in contact with an antiferromagnet. We use
soft x-ray absorptionsXA d spectroscopy combined with
measurement of x-ray magnetic circular dichoismsXMCDd
for electronic and magnetic characterization of the interfaces
between Co or Fe and adjoining V2O3, taking benefit from
the elemental and magnetic sensitivity of this technique and
from the interfacial sensitivity of the electron-yield detection
mode employed. The XMCD spectra suggest that the ab-
sence of the exchange anisotropy in Fe/V2O3s1120d may be
related to the formation of a magnetically “dead” Fe layer at
the interface, a property not observed in the case of
Co/V2O3s1120d. The XA spectra reveal that both ferromag-
netic overlayers induce the PI phase in the adjoining V2O3
near the interface. This remarkable effect is observed at room
temperature where the bare oxide layer is metallic compliant
to the phase diagram.8

II. EXPERIMENT

V2O3 films were grown epitaxially ons1120d-oriented
sapphire substratesfa-Al2O3s1120dg at 600 °C by reactive
dc magnetron sputtering, as described elsewhere.14 Self-
organized growth leads to a stripe-shaped microstructure at
the surface. Scanning tunneling microscopesSTMd images
revealed atomically flat terraces of typical size 200
320 nm2, elongated perpendicularsin good approximationd
to thec axis of the rhombohedral corundum structure in the
s1120d plane. The overall root-mean-squaresrmsd roughness
varies somewhat with the thickness of the films and is about
1 nm. The surface topology is stable upon repeated cycling
of the films across the metal-insulator transition.

For the preparation of the bilayers, Fe and Co were de-
posited at normal incidence on the V2O3s1120d films at am-
bient temperature, eitherin situ by ion-beam sputtering with
Ar in the preparation chamber of our laboratory for super-
conducting quantum interference devicesSQUIDd magne-
tometrysthicknesstFe,Co above 2.5 nmd or ex situby thermal
evaporation under UHV conditionsspressure,10−10 mbard
using effusion cells in the preparation chamber of the syn-
chrotron beamline for XA spectroscopystFe,Co up to 1 nmd.
The growth rates were approximately 0.5 Å/s in the first
case and 1 Å/min in the second case. The thickness was
controlled by a quartz microbalance and, in the case of XA,
by the edge jump with an estimated accuracy of 5%. In the
latter case, before Fe and Co deposition, a thin overoxidized
surface layer of the V2O3 films resulting from air exposure
was removed by Ar-ion etching, and subsequent annealing at
800 °C restored an ordered V2O3s1120d surface. For the
ex situ magnetization measurements the Fe/V2O3 and
Co/V2O3 bilayers were covered with a
,40-Å-thick protective layer of Al before air exposure.

X-ray Bragg scans recorded along the normal of the bi-
layers with thicknesstFe,Co.2.5 nm reveal textured growth
of Fe with bccs110d orientation and of Co with hcps0001d
orientation on the V2O3s1120d films. Laue oscillations
around the related Bragg peaks indicate structural coherence
across the entire thicknesssFig. 1d. The interfaces are sharp.

The lattice is slightly expandeds,1%d along the growth
direction. This is not surprising in view of the smaller atomic
distances in the ferromagnets and points to the presence of
compressive strain at the interfaces. Information on the early
stage of Fe and Co growth in the ultrathin limit, fortFe,Co
ø1 nm, is only indirectly available from the evolution of the
XMCD signals with thickness. The data indicate that the Fe
layers grow in a predominantly layer-by-layer mode; they do
not permit to draw a definite conclusion on the growth of the
Co layersssee belowd.

The XA spectra were acquired at the soft x-ray beamline
SU23 of the SuperACO storage ring at the synchrotron ra-
diation facility LURE in Orsay, France. The beamline sup-
plies a monochromatic beam by a grating spectrometer with
a resolution of,0.6 eV in the energy range of interest
s500–900 eVd; it results from an asymmetric wiggler and is
65% circularly polarized. Electronic transitions from the V
2p and O 1s as well as Fe and Co 2p states into dipole-
allowed unoccupied states withd and p character, respec-
tively, were studied. The spectra were obtained in an UHV
systemsbase pressure,10−10 mbard by measuring the total
electron yieldsTEYd and are estimated to sample the top
,2.5 nm of the layers. XMCD experiments probe the ab-
sorption cross section at a core-level threshold of a material
with a net magnetic moment for two opposite relative orien-
tations of the magnetization and helicity of circularly polar-
ized photons. The difference of the spectra measures the net
magnetic moment through transfer of the x-ray angular mo-
mentum vector in the absorption process. Due to the creation
of a core hole, this technique is site and orbital selective.
Here, the XMCD spectra of the Fe and Co layers were re-
cordedin situ after their deposition at constant beam helicity
by scanning the photon energy across a given absorption
edge for two opposite directions of the saturation magnetiza-
tion induced by applying an external magnetic fields1 Td
parallel and opposite to the x-ray propagation direction; it
was oriented at an angle of 45° with respect to the layer
normal and reversed at each energy point. The XMCD signal

FIG. 1. X-ray diffraction diagramsCu Ka radiation,u-2u geom-
etryd measured on a bilayer of 10 nm Fe and 80 nm V2O3s1120d
around thes110d reflection of Fe ands1120d reflection of V2O3.
Dotted curves: Simulation of the superstructure reflections using the
kinematical scattering theorysinterfacial rms roughness: 0.6 nmd.
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is the difference between the normalized absorption coeffi-
cients for the two field directions. It is important to note that
the applied magnetic field is sufficiently strong to warrant
magnetic saturation of the Fe and Co layers along its direc-
tion in the ultrathin limit,tFe,Coø1 nm. This was ascertained
by measuring hysteresis curves of the overlayers in situ by
using the XMCD technique:15 a loop recorded at the energy
of the peak of the dichroic signal at the Fe and CoL3 edge,
respectively, by varying the external field between ±1 T was
corrected for thesmagnetic-field dependentd nonmagnetic
contribution to the TEY signal by a loop measured just be-
low the edge where no magnetic dichroism is present. We
note further that corrections due to saturation effects, in most
cases mandatory for XA spectra detected by TEYsRef. 16d
sin particular if orbital magnetic moments are deducedd are
not required here; as the thickness of the Fe and Co layers
studied was limited to 1 nm, the electron escape length is
small compared to the x-ray absorption depth for the chosen
experimental geometry. In fact, XA spectra recorded on the
1-nm-thick overlayers for different angles of incidence of the
x-ray beam confirmed that saturation effects are negligible
here.

III. RESULTS AND DISCUSSION

A. Magnetic anisotropies of Fe and Co overlayers
on V2O3„1120…

The spontaneous magnetizations of Fe and Co on
V2O3s1120d stFe,Co.2.5 nmd measured with a SQUID mag-
netometer agree with the values of the bulk materials; they
vary little with temperature between 4.2 and 300 K. The
shape anisotropy keeps them in the layer plane. The faceted,
stripe-shaped surface structure of the oxide layer is the
source of a pronounced uniaxial in-plane magnetic aniso-

tropy of the ferromagneticsFd overlayers. This is apparent
from the shapes of the magnetization curvesMsHd measured
with the external magnetic fieldH applied parallel and per-
pendicular to the stripes in the layer plane. A representative
set of hysteresis loops of both ferromagnetssfor Fe at room
temperature onlyd is presented in Figs. 2 and 3. The shape of
these loops identifies, at room temperature, the direction par-
allel to the stripes on the V2O3-layer surface—i.e. perpen-
dicular to the rhombohedralc axis—as the easy magnetiza-
tion axis of both F layers. Perpendicular to the stripes, Fe and
Co exhibit a hard-axis loop that is distinctly different for the
two metals. For Fe a split loop with small remanence is
observedsFig. 2d. When the magnetic field applied along the
c axis is increased from zero first a linear behavior is found,
indicating that the magnetization tends to align along the
field direction away from the uniaxial easy direction essen-
tially through coherent spin rotation. At a higher fieldHs it
switches irreversibly to complete alignment with the hard
direction in a single jump. In the case of Co the loop shows
negative curvature and magnetization alignment along the
hard axis is more gradual and governed by spin rotation.

The hard- and easy-axis magnetization curves of the Fe
layers on V2O3s1120d essentially do not vary down to low
temperature. In particular, there is no exchange coupling
across the interface to AF V2O3 that would be manifest in a
displacement of the hysteresis curves on the magnetic-field
axis for the samples cooled through the Néel temperatureTN

FIG. 2. Hysteresis loop of a Fe layersthickness 10 nmd on
V2O3s1120d recorded at 300 K with a SQUID magnetometer. Ex-
ternal magnetic field in the layer plane, perpendicularsdashed
curved and parallelsdotted curved to the V2O3 c axis. Solid curve:
fit of the hard-axis loop by a coherent rotation modelfEq. s1dg.
Insets: topographic STM image of the V2O3s1120d surfaces400
3400 nm2; see Ref. 14d to illustrate the orientation of the external
magnetic fieldsopen arrowsd.

FIG. 3. Hysteresis loop of a Co layersthickness 5 nmd on
V2O3s1120d at different temperatures. External magnetic field in
the layer plane, perpendicularsdashed curved and parallelsdotted
curved to the V2O3 c axis. Sample cooled in a magnetic field of
−50 kOe, parallel to field applied for the measurement. The loops
recorded parallel to the V2O3 c axis at 300 K and 25 K are fitted by
the coherent rotation model of Eq.s1d together withsat 25 Kd Eq.
s2d ssolid curvesd.
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in a magnetic field. In contrast, such bias effect is clearly
visible in the case of the Co/V2O3s1120d bilayers, both for
the easy- and hard-axis loopssFig. 3d. This difference is
intriguing; it points to drastically different interfacial interac-
tions in the two-bilayer systems. This will be further ad-
dressed below. Figure 4slower paneld shows the evolution of
the bias fieldHEB with temperature for the sample referred to
in Fig. 3.HEB is distinctly larger perpendicular to the V2O3 c
axis than parallel to it. Eye-catching features are the pro-
nounced maximum near the onset of AF order in the oxide
layer sFig. 4d and the asymmetry of the hysteresis loop par-
allel to thec axis just belowTN sat T=155 K, Fig. 3d. The
latter effect mirrors different processes in magnetization re-
versal on either side of the hysteresis loop and is a frequent
observation in exchange-bias systems. Varying the cooling
field between 0.5 and 50 kOe had no effect on any of the
results. Worthy of note is that the exchange anisotropy is not
observed for Co layers grown on a V2O3s1120d surface over-
oxidized by exposure to air. BelowTN the exchange aniso-
tropy at the Co–V2O3s1120d interface is superimposed to the
anisotropy induced by the anisotropic surface morphology of
the oxide. A remarkable result is that the hard and easy axes
of magnetization are interchanged: the easy-axis loop at
300 K smeasured perpendicular to the V2O3 c axisd becomes
a hard-axis loop belowTN and vice versa. Concomitantly, the
coercivity parallel to thec axis increases considerably to-
ward low temperaturesFig. 4, upper paneld. As the bias fields
HEB the coercive fieldsHC show maxima aroundTN=TMI.

In essence, the different anisotropic features observed in
magnetization reversal of the Fe and Co films on

V2O3s1120d are not newsexcept the absence of exchange
bias in the Fe filmsd. We first discuss the behavior in the PM
regime of V2O3. At T.TN, the pertinent micromagnetic
mechanisms expected are, besides the usual magnetocrystal-
line volume anisotropies of Fe and Co, magnetocrystalline
and magnetostatic dipolar anisotropies related to the rough
anisotropic interface morphology that results from the fac-
eted V2O3s1120d surface. Magnetocrystalline anisotropy
originates intrinsically from a spin-orbit-based mechanism
that depends sensitively on the local lattice symmetry around
the moment-carrying ions. The role of broken symmetry
smissing bondsd at surfaces and interfaces in magnetic
anisotropy17 was extensively explored on F films grown on
stepped surfaces.18–22 It induces a uniaxial anisotropy within
the film plane. This mechanism must be equally relevant for
the present bilayer systems. Strain in the F layers due to the
lattice mismatch at interfaces may be the source of a volume-
type magnetoelastic contribution again with twofold symme-
try about the layer normal.23 Finally, an extrinsic contribu-
tion to the uniaxial in-plane anisotropy comes from magnetic
stray dipolar fields generated by magnetization fluctuations
at the interface with its anisotropic roughness. This mecha-
nism was analyzed by Arias and Mills;24 its observation is
documented in the literature.25,26 In an external field, if we
assume a homogeneous magnetization in the F layers, the
sin-planed anisotropy energetics based on theses mechanisms
are contained, atT.TN of V2O3, in the free enthalpy density

gA = − MH cosw + K1 sin2sa − wd + K2 sin4sa − wd. s1d

Here,M is the saturation magnetization of the ferromagnets,
H is the magnetic field applied parallel to the layer plane at
an anglew with the magnetization,K1 and K2 are twofold
and fourfold anisotropies about the layer normal, respec-
tively, anda is the angle between the applied field and the
magnetic easy axisssee Fig. 5d. K2 may denote a second-
order contribution of the uniaxial anisotropy and/or, in the
case of the cubic Fe overlayers, a magnetocrystalline volume

FIG. 4. Exchange-anisotropy fieldHEB slower paneld and coer-
cive fieldHC supper paneld of the Co/V2O3s1120d bilayer of Fig. 3
as a function of temperature, cooled in a magnetic field of −50 kOe.
HEB opposed the direction of the cooling field. Open symbols: mea-
sured parallel to thec axis of V2O3.

FIG. 5. Angular relations between the directions of the satura-
tion magnetization of the ferromagnetic overlayerssFd, their mag-
netic easy axisslabeled by the anisotropy energiesK1,2d, the easy
axis of antiferromagnet V2O3 sAFd, and the external magnetic field
H.
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anisotropy. Equations1d permits, by minimization ofgA with
respect tow, to model magnetization reversal in the Fe and
Co overlayers along the hard axis—i.e., the V2O3 c axis. As
can be seen in Figs. 2 and 3, the essential features of the
hysteresis loopsMsHd are well described by this Stoner-
Wohlfarth-like coherent spin rotation approach, if slightly
different orientationssa1−wd andsa2−wd of the anisotropies
K1 and K2 with respect toM are chosensa1=92 anda2
=88° for Fe,a1=80° anda2=85° for Cod.27 This difference
may indicate that magnetization reversal is not a simple co-
herent rotation; domain processes are likely to be operative.
Such processes are particularly noticeable in the magnetiza-
tion loop of Fe near the switching fieldHS. The fitted aniso-
tropy constants areK1=7.03105 erg/cm3 and K2=−3.2
3105 erg/cm3 for the Fe layer andK1=1.23105 erg/cm3

and K2= +1.13105 erg/cm3 for the Co layer on
V2O3s1120d. The constants have the same order of magni-
tude for both F layers; the two systems differ essentially in
the sign of the fourfold anisotropy parameterK2, which in
our notation is negative for the Fe and positive for the Co
system. In the case of Fe, the twofold anisotropy parameter
K1 is responsible for the initial linear increase of theMsHd
loop before it switches to alignment along the V2O3 c axis
due to the competing influence of the fourfold anisotropy
K2,0. It is not straightforward to correlate the anisotropyK2
with an intrinsic fourfold symmetry of the two systems—i.e.,
with the volume properties of the F overlayer itself or with
the interface with the V2O3s1120d surface. While in the case
of Fe K2 may be related to the magnetocrystalline volume
anisotropy of cubicsbccd Fe, a similar correspondence is not
possible in the case of the Co overlayers in view of their
hexagonals0001d texture.

Inspection of Figs. 2 and 3fMsHd loop at 300 Kg suggests
that magnetization reversal in the Fe and Co overlayers along
the easy axis—i.e., parallel to the stripes on the V2O3-layer
surface—essentailly proceeds via domain nucleation and
domain-wall propagation processes. No attempts were made
to model this behavior. Furthermore, magnetization loops re-
corded for representative samples with the external magnetic
field applied along various different azimuthal angles re-
ferred to the stripessnot shown hered display a complex
shape due to the superposition of such domain processes and
magnetization rotation.28 Hence such loops do not help to
understand magnetization reversal on the Fe and Co overlay-
ers more in detail. It is important to note that the Fe overlay-
ers present almost identical magnetization loops if they are
deposited onto the surface of V2O3s1120d overoxidized by
air exposure, with essentially the same faceted morphology.
This means that the direct electronic contact with the sto-
ichiometric oxide is not involved in generating the magnetic
anisotropy. This is at variance with the Co adlayers for which
the anisotropy is considerably reduced if they are grown on
the overoxidized V2O3s1120d surface. Hence the anisotropy
of the Co layers must be linked basically to the direct elec-
tronic interaction at the interface with stoichiometric V2O3.

With the advent of AF order in V2O3, at T,TN, the mag-
netic easy axis of the Co overlayers is tilted toward thec axis
of the oxide, away from the easy direction of the antiferro-
magnetsFig. 3d. This rotation, as the bias of the hysteresis

loop, must be attributed to the exchange coupling across the
interface now dominating the magnetic anisotropy. In fact, as
first shown by Koon29 via numerical simulations, exchange
coupling of a ferromagnet to the compensated interface of an
antiferromagnetsi.e., with zero net momentd leads to a per-
pendicular orientation between the F/AF easy-axis direc-
tions, except for a small canting of the AF spins that gener-
ates a net moment in the antiferromagnet parallel to the F
magnetization. This is similar to the spin-flop state of a bulk
antiferromagnet in an external magnetic field. The coupling
gives rise to a uniaxial anisotropy in the ferromagnet.30 A
key issue for the additional appearance of exchange bias—
i.e., of a unidirectional anisotropy—in such systems is the
formation of a partial domain wall in the antiferromagnet
near the interface upon rotation of the F magnetization.31,5 In
the present system, the ideally uncompensateds1120d sur-
face of AF V2O3 is likely to be compensated or partially
compensated on average, since because of the faceted sur-
face of the layers both sublattices of the antiferromagnet will
be exposed. Hence, similarly as in the model of Koon,29 the
spins in the interface region are frustrated by competing ex-
change interaction between the two sublattices of the antifer-
romagnet and the ferromagnet. The F/AF exchange coupling
adds a contribution

DE = + JF/AF cossaAF − wd + J1,F/AF cos2saAF − wd s2d

to the free enthalpy of the F layers in Eq.s1d, whereJF/AF
and J1,F/AF are constants denoting the unidirectional and
uniaxial exchange-induced anisotropies andaAF is the angle
between the applied field and the AF easy axis. The quadratic
term competes with the uniaxial term in Eq.s1d. The free
enthalpy in Eq.s1d with the supplement of the contribution in
Eq. s2d is used to model magnetization reversal in Co on
V2O3s1120d at 25 K with the magnetic field applied along
the c axis of the oxide. A good representation of the mea-
sured MsHd loop is obtainedsFig. 3d with the anisotropy
parametersK1, K2, a1, and a2 determined by the fit to the
room-temperature loop and F/AF exchange-induced
anisotropies JF/AF=−4.53104 erg/cm3 and J1,F/AF=3.8
3105 erg/cm3 and the angleaAF=90°. Let us note that de-
tailed magnetization processes are not in the focus of this
study. Hence domain processes and a possible temperature
dependence ofK1 andK2 are ignored. The essential result is
that exchange coupling of Co to the surface of adjacent AF
V2O3s1120d favors the Co magnetic moments being perpen-
dicular to the magnetic moments of V2O3. This perpendicu-
lar coupling dominates the magnetic response. In fact, com-
parison with theMsHd loop perpendicular to the V2O3 c axis
illustrates that the Co magnetic easy axis switches by,90°
if T is varied acrossTN. A similar rotation of the F easy axis
was previously observed for an exchange-biased Fe film on
Crs001d where the uncompensated Crs001d surface can be
partially compensated by the presence of random steps.32

B. Microscopic properties of Fe, Co, and V
in Fe„Co… /V2O3„1120… bilayers

We now focus on the spontaneous magnetic moments of
the Fe and Co overlayers on V2O3s1120d in the ultrathin
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regimestFe,Coø1 nmd, measured by XMCD. Typical XA and
XMCD spectra measured at theL2,3 edges of these elements
are shown in Fig. 6sright panelsd. The isotropic XA spectra
clearly reveal the character of Fe and Co metal; i.e., we can
exclude an eventual formation of Fe oxide or Co oxide at the
interface with V2O3, which would impose their signature on
the spectral shape.33 This is an important point. The
magneto-optical sum rules34 were used to extract the spin
and orbital magnetic moments from the XMCD spectra. In
order to separate the transition to empty 3d statess“white
line”d from other allowed transitions, a simple two-step func-
tion was subtracted from the isotropic XA spectra normal-
ized before the edge. The number of 3d holes was set to 3.39
for Fe and 2.49 for Co.35 The left panel of Fig. 6 presents the
thickness variation of the mean magnetic spin moment per
Fe and Co atom,mSstFe,Cod, at room temperature. No signifi-
cant variation of these moments was noticed when the tem-
perature was decreased to 10 K even for the lowest thick-
ness, indicating that the Curie temperature of the layers is
higher than room temperature. We note that the orbital mag-
netic moments amounts to roughly 5% and 10% of the spin
moments of Fe and Co, respectively, and follow the same
trend in the variation with the overlayer thickness as the spin
moment. But because of the relatively large error bars, de-
tails will not be regarded here. Furthermore, the dipolar mag-
netic contribution to the spin moment is neglected, presum-
ing that in cubiclike structures it is generally small, as found,
for example, for thin Ni films.36 The different evolution of
the average spin momentmSstFe,Cod for the Fe and Co layers
is remarkable; it indicates that their interface with the
V2O3s1120d layers is distinctly different. Let us recall that
element-resolved hysteresis-loop measurements testify to
magnetic saturation of these moments projected onto the ex-
ternal field parallel to the beamsSec. IId, for all thicknesses
tFe,Coø1 nm addressed in Fig. 6. In view of its modest value
sB=1 T, oriented at 45° to the layer normald compared to the
demagnetization fields of the ferromagnetic overlayers this
points to the presence of a magnetic anisotropy in these lay-
ers, presumably of the Néel interface type due to symmetry
breaking,17 which competes with their shape anisotropy by
favoring out-of-plane magnetization orientation.

As can be seen in Fig. 6, the Co overlayers are ferromag-
netically ordered from the very beginning of their growth,
even at room temperature, albeit with a reduced magnetic
moment at the lowest thicknesses: the magnetic spin moment
per atom,mS, increases linearly with thickness up to about
1 nm to arrive ats1.6±0.15dmB, the value of bulk hcp Co.
The final observation of this value confirms the conclusion
drawn from the shape of the XA spectra that Co does not
form an oxide at the interface with V2O3. In the case of Fe,
the spin part of the spontaneous magnetic moment of the
layers,mS3 tFe, plotted as a function of their thicknesstFe
follows accurately a straight line, which extrapolates to zero
at tFe

* =s0.21±0.02d nm. In other words, the spin moment per
Fe atom,mS, varies asmSstFed=2.15mB−0.45mB nm/tFe and
vanishes at a thicknesstFe

* , which corresponds to 1 mono-
layer sFig. 6d. This is observed over the whole temperature
range from 10 to 300 K within the experimental error. The
result permits to conclude thatsid the first atomic layer of Fe
on the V2O3s1120d surface is nonmagnetic;sii d as more Fe is
deposited, the magnetically “dead” layer persists and the ad-
ditional Fe contributes with the full bulklike moment per
atom of the bcc phase,s2.15±0.03dmB, to the spontaneous
magnetization of the layers;siii d Fe forms a smooth continu-
ous film on V2O3s1120d already for monolayer coverage;
i.e., growth in the ultrathin limit proceeds essentially via the
layer-by-layer mode. We note that this is not in contradiction
to the morphology of the V2O3s1120d surface, considering
the large extension of the atomically flat terraces. The most
probable epitaxial relationship is FesRefs. 1–10d parallel to
the V2O3 c axis for Fe-layer growth withs110d orientation.
The existence of the interfacial magnetically dead Fe layer
provides a natural explanation for the absence of the ex-
change anisotropy in the Fe/V2O3s1120d bilayers. Even at
the low thickness of 1 atomic layer it is expected to largely
reduce, if not suppress, exchange coupling across the inter-
face. Then the interfacial exchange does not exceed the en-
ergy required to form a domain wall in the antiferromagnet,
a prerequisite to generate a bias in the magnetization curve of
the overlayer, as pointed out by Stamps.5 For Co, on the
other hand, the variation of the average magnetic spin mo-
ment per atom,mSstCod, as tCo→0 suggests that there is no

FIG. 6. Right panel: XA and XMCD spectra
fL2,3s2p→3dd edgesg of ultrathin Fe and Co lay-
ers on V2O3s1120d: left panel: average magnetic
spin moments per Fe and Co atom,mS, as a func-
tion of coveragetFe,Co at 290 K. The same values
of mS are observed at 10 K within the experimen-
tal error. The dotted curves are a guide to the eye
sCod or represent the functional form given in the
text. Dashed horizontal lines: values of the bulk
spin moments of Fe and Co.
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magnetically dead layer at the interface and that the entire
film is ferromagnetic. Let us point out that the different mag-
netic behavior of Co as compared to Fe displayed in Fig. 6
cannot be related to different interface anisotropies that
might be present in these ultrathin layers layers, as the mag-
netic moment projections,mSstFe,Cod, are saturated in the ex-
ternal field applied. It is difficult to imagine that in the case
of Co the increase ofmS with tCo at a constant rate up to the
full spin moment of hcp CosFig. 6d might be related to the
morphology of the film in the early stage of growth. In par-
ticular, the initial formation and growth of flat islands that
coalesce at,1 nm is unlikely in view of the very small
temperature dependence of the spin moment between 10 and
300 K. Definite conclusions are difficult to draw. Here, fur-
ther investigations are mandatory.

The reason for the presencesFed or absencesCod of a
magnetically dead layer at the interface of the bilayers is not
obvious. Studies dealing with thin films of iron and cobalt
deposited on various metallic, semiconducting, or insulating
substrates have a long history. It is extensively documented
that the magnetic properties of these films are sensitively
linked to a rich variety of parameters, which basically mirror
the well-known fundamental feature that the spontaneous
magnetization of a ferromagnetic material is closely related
to the nearest-neighbor coordination number, the interatomic
bond length, and the nature of chemical bonding between the
atoms. For itinerant magnets this translates to the form, ac-
cording to the Stoner model, that the appearance of sponta-
neous magnetism is governed by energy gain through ex-
change splitting of the majority and minority spin bands.37 A
magnetic moment exists for a sufficienly large Stoner prod-
uct DsEFd3 l, where DsEFd is the density of states at the
Fermi level andl, the Stoner factor, represents the essentially
intra-atomic exchange interaction. The lateral compressive
strain, suggested to be equally effective in the Fe and Co
overlayers near the interface to V2O3 sSec. IId, presumably is
to small to reduceDsEFd by broadening of thed bands due to
a shorter interatomic distance and hence diminish or desta-
bilize the spontaneous magnetic moment near the interface.
It is more likely that the magnetically dead layer in the Fe

film at the interface may be attributed to an electronic inter-
action with the oxide—i.e., to a hybridization between the Fe
3d electronic states with the V 3d and/or O 2p derived states.
Electron hybridization can give rise to a charge transfer at
the interface resulting in a change ofDsEFd in Fe at the
immediate interface such as to lift the imbalance of the elec-
tron spin-state population. Hybridization effects may be dif-
ferently effective in the two bilayer systems. The differences
must be associated with the specific electronic band structure
of Fe and Co, making the impact of the interaction with the
oxide across the interface on the magnetic moments of the
FM overlayers dissimilar. This might be related to the lower
Stoner factor of FesRef. 37d, making ferromagnetism for this
metal less stable than for Co. It is obvious that calculations
of the electronic structure of the two bilayer systems are
required to elucidate the question why in Fe layers in contact
with V2O3s1120d the spontaneous magnetic moment in the
first interfacial atomic layer is lost, in contrast to the case of
Co.

Considering the different magnetic behavior of the ultra-
thin Fe and Co layers on V2O3s1120d, we looked, by XA
spectroscopy, at the V 2p sL2,3d and O 1s sKd edges, for
signatures in the oxide of the electronic interaction with the
FM films at the interfaces. Such spectra represent the density
of unoccupied states ofd and p character at the V and O
sites, respectively, admixed into the low-lying conduction
bands near the Fermi level. Deposition of Fe and Co on
V2O3s1120d clearly modifies the electronic structure of the
oxide close to the interface, in a similar way for both ferro-
magnets. This is shown for theL2-edge part of the XA spec-
trum of V at room temperature in Fig. 7sright paneld for a
coverage of 0.5 nm. As a reference, the complete spectra of
the uncovered V2O3s1120d layer in the PM metallic and AFI
phase are presentedsFig. 7, left paneld. We have pointed out
previously14 that the overall features of the bare V2O3s1120d
layer spectra are in general agreement with those of bulk
V2O3 single crystals measured with linearly polarized
x-rays;38,39 in particular, the modifications of their shape
upon crossing the PM-to-AFI phase transition show the same
tendency. Small dissimilarities must be attributed to experi-

FIG. 7. XA spectrum fV L2,3s2p→3dd
and Os1s→2pd edgesg of a V2O3s1120d layer
sthickness 80 nmd in the PM phases200 Kd and
AFI phases50 Kd, left panel. Right panel: details
of the V L2 edge below and aboveTMI stopd and
at 290 K after coverage with 0.5 nm Cosmiddled
and Fesbottomd. The spectra on the right panel
are normalized to the higher-lying peak of the
L2-edge spectrum.
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mental differences—i.e., the use of circular polarization of
the x-ray beam, a different sample plane, and the inferior
photon energy resolutions,0.6 eV compared to,0.16 eVd
in our study.

In the corundum structure of V2O3 the vanadium ions sit
in an octahedron of oxygen ions. This results in an electronic
structure with a 3d2 V3+ state, with two emptyeg orbitals and
threet2g orbitals occupied with two electrons. A small trigo-
nal distortion causing a splitting of the 3d-t2g manifold into a
nondegeneratea1g orbital oriented along thec axis and two
degenerateeg

p orbitals oriented in the hexagonal plane.
Strong correlations in the electronic structure pose major
problems for the understanding of the oxide, even though
important theoretical progress can be observed since a few
years ssee, for example, Refs. 9–11d; this will not be ad-
dressed here. For an assignment of the different spectral fea-
tures in Fig. 7 to the electronic structure of V2O3 and a more
detailed discussion of the spectra the reader is referred to our
previous publication14 and the references therein. Let us
mention that Parket al.,39 in an analysis of the linear dichro-
ism in their VL2,3-edge XA spectra, conclude that the differ-
ent phases of V2O3 sPM, PI, AFId have different orbital oc-
cupations involvingeg

p eg
p and eg

pa1g initial states with
different relative weight, such that thea1g admixture de-
creases across the transition to the PI and AFI phases. Inher-
ent to this is the spin and orbital dependence of the on-site
3d-3d Coulomb energy, which plays a crucial role in the
metal-insulator transition. The authors argue, as already put
forward by Ezhovet al.,40 that the V3+ ions are in theS=1
ground state favored by the atomic Hund’s rule. Note that the
results of Parket al.39 are well reproduced by the theory of
Held et al.9

It can be seen in Fig. 7sright paneld that the coverage of
the V2O3s1120d surface by Fe and Co at 290K transfers
spectral weight from the higher-lying peak of the double-
peak VL2 white line to the lower-lying one in a similar way
for both ferromagnets, indicating a change in orbital occupa-
tion of electronic states of the oxide close to the interface. It
is not surprising that the influence of the interfacial interac-
tion on the spectral shape is small since the energy involved
must be small compared to the crystal-field and on-site Cou-
lomb interactions, which dominate the line shape of the XA
spectrum.9 The spectral evolution shows the same tendency
as the corresponding spectra of the single crystal in Ref. 39
upon the transitions from the PM to the PI or AFI phases.
These insulating phases have a similar electronic
structure.39,41 A comparable modification of the spectral
shape occurs for the bare V2O3s1120d layer at the PM-to-
AFI phase transitionsFig. 7, left paneld.42 On the basis of this
comparison we may conclude that the Fe and Co overlayers
both induce an electronic structure in V2O3 near the inter-
face, at room temperature, that resembles that of an insulat-
ing phase. This phase must be paramagneticsthe PI phase of
V2O3d since AF order in the layers sets in near 160 K only,
as reflected by the appearance of exchange bias in the
Co/V2O3s1120d bilayersfsee Fig. 4sadg. We suggest that the
existence of the PI phase at the surface of V2O3s1120d may
result from an electronic interaction with Fe and Co—i.e.,
from hybridization of electronic states at the interface in both

bilayer systems. This could modify the balance between the
Coulomb interaction within the 3d shell of V and the hybrid-
ization of the V 3d and O 2p orbitals and thus modify the
electronic properties of the oxide. Interfacial strain resulting
from the lattice mismatch of the constituents is less probable
as an agent since it is expected to be compressive. However,
in bulk V2O3 the transition from the PM to the PI phase
occurring, for example, by the substitution of V by Cr for-
mally is equivalent to negative pressure.12

Our study reveals that exchange coupling of Co to adja-
cent AF V2O3s1120d favors an in-plane perpendicular orien-
tation of the magnetic moments of the two layers. However,
a small canting of the AF spins is expected that should lead
to a net moment—i.e., to uncompensated spins—at the inter-
face in the antiferromagnet parallel to the F
magnetization.29,5According to recent computer simulations,
uncompensated interfacial spins anchored in the
antiferromagnet43 or uncompensated spins in the AF
interior44 are believed to be responsible for the exchange bias
in F/AF-layered systems. There is new evidence for such
link: Ohldaget al.45 performing XMCD experiments on dif-
ferent exchange-bias sandwiches with Co observed uncom-
pensated interfacial spins locked in the antiferromagnet that
do not follow the external field. They constitute only a frac-
tion of a monolayer and are shown, in an extension of the
classical Meiklejohn-Bean model,46 to account for the ex-
change bias effect in these systems. Efforts to resolve a
XMCD signal at theL2,3 edges of V in Co/V2O3s1120d bi-
layers at temperatures belowTN were not successful; i.e.,
uncompensated V 3d spins in AF V2O3 could not be de-
tected. We estimate that a dichroic signals, if existing, must
be below 1% of the isotropic signal. Similarly, searching for
a dichroic signal at the VL2,3 edges aboveTN was just as
negative. Hence there is no evidence of magnetic order on
the V 3d states induced in PI V2O3 by exchange interaction
or electron hybridization at the interface with Co. In fact the
lack of hybridization-induced spin polarization may not be
surprising as the V magnetic moment is almost entirely due
to electrons ineg

p orbitals oriented in thes0001d plane of the
oxide47 while the V orbitals relevant for hybridization with
Co in thes1120d plane are ofa1g symmetry.

IV. SUMMARY

Epitaxial films of V2O3 on s1120d-oriented sapphire are
used as substrates for thin films of Fe and Co. X-ray diffrac-
tion indicates textured growth of the overlayers with bcc
s110d and hcps0001d orientations, respectively. Special prop-
erties of the oxide films are a stripelike surface structure
perpendicular to the c axis of the rhombohedral lattice with
extended atomically flat terraces and a transition from a para-
magnetic metallic to an antiferromagnetic insulating phase at
TMI =TN=160 K. The magnetic properties of both ferromag-
nets are determined by the interaction across the interface
with the oxide and its surface morphology. The faceted V2O3
surface induces a uniaxial magnetic anisotropy with magne-
tocrystalline and magnetostatic contibutions, similarly as ob-
served for ferromagnetic films on stepped surfaces. Cooling
the bilayers in a magnetic field to belowTN produces an
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exchange bias for the hysteresis loops of the Co layers, but
not for the Fe layers. This is a manifestation of a different
interaction at the interface with the adjacent oxide. Measure-
ments of XMCD support the view that this difference be-
tween the two ferromagnets results from a magnetically dead
atomic Fe layer at the interface, which suppresses the F/AF
exchange interaction. The microscopic origin of the dead
layer remains an open question. Remarkably, XA spectros-
copy at the V 2p threshold by TEY detection reveals that
both F overlayers induce a paramagnetic insulating phase in
the V2O3 substrate at the interface. This can be been con-
cluded from a comparison with the corresponding spectra of

bulk V2O3 single crystals doped with Cr. Oxide formation in
the ferromagnets at the interface can excluded.
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