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Thin films of V203(11§O) 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
bcec 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 phag@faV/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 thQOg(lﬁO) layers induces a uniaxial magnetic anisotropy with
magnetocrystalline and magnetostatic contributions in both ferromagnetic overlayers.
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[. INTRODUCTION the lattice symmetry transforms from rhombohedral to
monoclinic. At temperatures sufficiently aboVg,, substitu-
Understanding the chemical-physical properties at the intion of V ions by Cr results in the formation of a paramag-
terface of a ferromagnetic metal and an insulating oxide irmetic insulating(Pl) phase, which changes to the AFI mono-
thin-film structures is a central topic of current researchclinic phase near 180 K. The magnetic ordering pattern in
activity.! The knowledge of interfacial interactions and spinthe AFI phase is very peculiar and not that of a simple two-
configurations at the microscopic level is of high interest forsublattice Néel configuratiof?.In the hexagonal basal plane
a variety of magnetic phenomena as, for example, in thé0001) exchange coupling for each®Vion is ferromagnetic
context of spin tunnélor exchange biasé® structures, With one of the neighbors and antiferromagnetic with the
which have potential applications in magneto electrofics.other two. This translates to ferromagnetic alignment of the
Interfacial signatures may be weak, and to detect and isolat@agnetic moments within thel120) planes with antiferro-
them from bulk properties generally is a great challenge. Irmagnetic coupling of adjacent planes. The moments
the last decade progress in the techniques of growth and~1.2 ug/V ion) form an angle of~70° with the c axis
characterization of thin-film sandwiches that are structuredocated in thg1120) plane. Combining this material with Fe
on nanometer length scales has considerably advanced thad Co in bilayers offers the unique possibility to study the
field; concomitantly, valuable information was gained from variation of the interfacial properties of a ferromagnet/oxide
the study of systems with increasing compleXity. system when the oxide is tuned to the metallic, insulating,
Here we report on the electronic and magnetic propertieparamagnetic and antiferromagnetic phases.
of bilayers combining the ferromagnets Fe or Co with single- We have shown recently that,@; films of high quality
crystalline \,05(1120). The large variety of unusual physi- can be grown epitaxially on(1120)-oriented sapphire
cal properties of this oxide has a long histdrgnd is a rich  substrate$* These films exhibit bulk like properties with
ground for basic research. Strong electron correlations leagood stoichiometry. The surface has a faceted microstruc-
to a complex interplay of magnetism, structure, and transpotture, which results from the anisotropic lattice mismatch be-
that poses major problems for a theoretical modeffilg. tween film and substrate. In this paper, we shall demonstrate
Hybridization of the V 8 with the O 2 orbitals competes that due to this morphology thin films of Fe and Co depos-
with strong Coulomb interactions within thel3hell (formal  ited on the MMO3(1120) layers display a pronounced in-plane
configuration 8?). Small perturbations in the balance of uniaxial magnetic anisotropy at room temperature. Upon
these effects induce drastic modifications of the electronicooling in a magnetic field across the Néel temperafiyroef
properties. This is manifest in a very rich phase diagtam. V,0s, the two bilayer systems show a remarkable difference
Stoichiometric O; is in a paramagnetic metalli¢PM) in their magnetic behavior: while the magnetization loops of
phase at room temperature and undergoes a first-order traGo on \,05(1120) exhibit a significant exchange bias
sition to an antiferromagnetic insulatifgFl) phase afly, effect—i.e., are centered about a nonzero magnetic field
=Ty=160 K, with a band gap 0f0.6 eV. Concomitantly, Hgg—this effect is absent for Fe on,@5(1120). This obser-
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vation adds another aspect to the ongoing debate over the 3 substrate
microscopic origin of the unidirectional exchange anisotropy
in ferromagnets in contact with an antiferromagnet. We use
soft x-ray absorption(XA) spectroscopy combined with
measurement of x-ray magnetic circular dichoiMCD)

for electronic and magnetic characterization of the interfaces
between Co or Fe and adjoining,®;, 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 FeO¥1120) may be
related to the formation of a magnetically “dead” Fe layer at
the interface, a property not observed in the case of L ——
Co/V,04(1120). The XA spectra reveal that both ferromag- 30 32 34 36 38 40 42 44 46 48 50
netic overlayers induce the PI phase in the adjoinin®y 26 (deg)

near the interface. This remarkable effect is observed atroom -~ X-ray diffraction diagraniCu K radiation, -26 geom-
temperature where the bare oxide layer is metallic complianétry) measured on a bilayer of 10 nm Fe and 80 }1505(1150)

to the phase d|agraﬁ'1. around the(110 reflection of Fe ano[11§0) reflection of \,Os.
Dotted curves: Simulation of the superstructure reflections using the
Il. EXPERIMENT kinematical scattering theorynterfacial rms roughness: 0.6 nm

10°4

Fe(110)

intensity (cps)

V20; films were grown epitaxially or(1120)-oriented  The lattice is slightly expandet1%) along the growth
sapphire substratgse-Al ,05(1120)] at 600 °C by reactive direction. This is not surprising in view of the smaller atomic
dc magnetron sputtering, as described elsewHet®elf-  distances in the ferromagnets and points to the presence of
organized growth leads to a stripe-shaped microstructure aompressive strain at the interfaces. Information on the early
the surface. Scanning tunneling microscd®dM) images  stage of Fe and Co growth in the ultrathin limit, forc,
revealed atomically flat terraces of typical size 200<1 nm, is only indirectly available from the evolution of the
X 20 nn¥, elongated perpendiculdin good approximation ~ XMCD signals with thickness. The data indicate that the Fe
to thec axis of the rhombohedral corundum structure in the|ayers grow in a predominantly layer-by-layer mode; they do
(1120) plane. The overall root-mean-squdrens) roughness  not permit to draw a definite conclusion on the growth of the
varies somewhat with the thickness of the films and is abou€Co layers(see below.

1 nm. The surface topology is stable upon repeated cycling The XA spectra were acquired at the soft x-ray beamline
of the films across the metal-insulator transition. SU23 of the SuperACO storage ring at the synchrotron ra-

For the preparation of the bilayers, Fe and Co were dediation facility LURE in Orsay, France. The beamline sup-
posited at normal incidence on the®;(1120) films at am-  plies a monochromatic beam by a grating spectrometer with
bient temperature, eithém situ by ion-beam sputtering with a resolution of~0.6 eV in the energy range of interest
Ar in the preparation chamber of our laboratory for super-(500—900 eV; it results from an asymmetric wiggler and is
conducting quantum interference devi€@QUID) magne-  65% circularly polarized. Electronic transitions from the V
tometry (thicknesstg ¢, above 2.5 nmor ex situby thermal  2p and O & as well as Fe and Cop2states into dipole-
evaporation under UHV condition@ressure<10'°mba)  allowed unoccupied states with and p character, respec-
using effusion cells in the preparation chamber of the syntively, were studied. The spectra were obtained in an UHV
chrotron beamline for XA spectroscofiigec, Up to 1 nm.  system(base pressure107° mbay by measuring the total
The growth rates were approximately 0.5 A/s in the firstelectron yield(TEY) and are estimated to sample the top
case and 1 A/min in the second case. The thickness was2.5 nm of the layers. XMCD experiments probe the ab-
controlled by a quartz microbalance and, in the case of XAsorption cross section at a core-level threshold of a material
by the edge jump with an estimated accuracy of 5%. In thavith a net magnetic moment for two opposite relative orien-
latter case, before Fe and Co deposition, a thin overoxidizegations of the magnetization and helicity of circularly polar-
surface layer of the ¥O; films resulting from air exposure ized photons. The difference of the spectra measures the net
was removed by Ar-ion etching, and subsequent annealing ahagnetic moment through transfer of the x-ray angular mo-
800 °C restored an ordered,@3(1120) surface. For the mentum vector in the absorption process. Due to the creation
ex situ magnetization measurements the Fgdy and of a core hole, this technique is site and orbital selective.
Co/V,04 bilayers were covered with a Here, the XMCD spectra of the Fe and Co layers were re-
~40-A-thick protective layer of Al before air exposure. cordedin situ after their deposition at constant beam helicity

X-ray Bragg scans recorded along the normal of the bitby scanning the photon energy across a given absorption
layers with thicknessg,c,>2.5 nm reveal textured growth edge for two opposite directions of the saturation magnetiza-
of Fe with bcc(110) orientation and of Co with hc0001)  tion induced by applying an external magnetic fi€ldT)
orientation on the YO5(1120) films. Laue oscillations parallel and opposite to the x-ray propagation direction; it
around the related Bragg peaks indicate structural coherenegas oriented at an angle of 45° with respect to the layer
across the entire thicknegBig. 1). The interfaces are sharp. normal and reversed at each energy point. The XMCD signall

014415-2



MAGNETIC AND ELECTRONIC INTERACTION EFFECTS. PHYSICAL REVIEW B 71, 014415(2005

" / """""""
0 A<
R T =300 K
T T T ¥ T T T T ]
-400 -200 0 200 400
s
s 0
T T T T T T T T T 1 -1 4 o edeT T=155K
-400 -200 0 200 400 T — T L
H (Oe) 1 -400 -200 0 200 400
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fit of the hard-axis loop by a coherent rotation mog@Eg. (1)]. T =
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FIG. 3. Hysteresis loop of a Co laydthickness 5 nm on
is the difference between the normalized absorption coeffiv,04(1120) at different temperatures. External magnetic field in
cients for the two field directions. It is important to note thatthe layer plane, perpendiculédashed curveand parallel(dotted
the applied magnetic field is sufficiently strong to warrantcurve to the V,O3 ¢ axis. Sample cooled in a magnetic field of
magnetic saturation of the Fe and Co layers along its direc=50 kOe, parallel to field applied for the measurement. The loops
tion in the ultrathin limit,tee o<1 nm. This was ascertained recorded parallel to the @5 ¢ axis at 300 K and 25 K are fitted by
by measuring hysteresis curves of the overlayers in situ bjhe coherent rotation model of Efl) together with(at 25 K) Eqg.
using the XMCD techniqué® a loop recorded at the energy (2 (solid curves.

of the peak of the dichroic signal at the Fe and IGedge, tropy of the ferromagneti¢F) overlayers. This is apparent

respectively, by varying the e.xternal field between £1 T. WaSom the shapes of the magnetization curi@d) measured
corrected for the(magnetic-field dependennonmagnetic un the external magnetic fieldl applied parallel and per-

contribution to the TEY signal by a loop measured just be,engicular to the stripes in the layer plane. A representative
low the edge where no magnetic dichroism is present. Weet of hysteresis loops of both ferromagnéts Fe at room
note further that corrections due to saturation effects, in mosemperature onlyis presented in Figs. 2 and 3. The shape of
cases mandatory for XA spectra detected by TIRef. 18  these loops identifies, at room temperature, the direction par-
(in particular if orbital magnetic moments are deduca[ﬁ allel to the Stripes on the 203_|ayer surface—i.e. perpen-
not required here; as the thickness of the Fe and Co layegicular to the rhombohedral axis—as the easy magnetiza-
studied was limited to 1 nm, the electron escape length igon axis of both F layers. Perpendicular to the stripes, Fe and
small compared to the x-ray absorption depth for the chosegg exhibit a hard-axis loop that is distinctly different for the
experimental geometry. In fact, XA spectra recorded on thgyo metals. For Fe a split loop with small remanence is
1-nm-thick overlayers for different angles of incidence of theobservec{Fig. 2). When the magnetic field applied along the
x-ray beam confirmed that saturation effects are negligible; axis is increased from zero first a linear behavior is found,
here. indicating that the magnetization tends to align along the
field direction away from the uniaxial easy direction essen-
Ill. RESULTS AND DISCUSSION tially through coherent spin rotation. At a higher fief 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
The spontaneous magnetizations of Fe and Co oihard axis is more gradual and governed by spin rotation.
V,03(1120) (tpeco>2.5 Nm measured with a SQUID mag- The hard- and_easy-axis magnetization curves of the Fe
netometer agree with the values of the bulk materials; theyayers on \,05(1120) essentially do not vary down to low
vary little with temperature between 4.2 and 300 K. Thetemperature. In particular, there is no exchange coupling
shape anisotropy keeps them in the layer plane. The facetedcross the interface to AF, @5 that would be manifest in a
stripe-shaped surface structure of the oxide layer is theélisplacement of the hysteresis curves on the magnetic-field
source of a pronounced uniaxial in-plane magnetic anisoaxis for the samples cooled through the Néel temperdiyre

A. Magnetic anisotropies of Fe and Co overlayers
on V,05(1120)
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L T V,05(1120) are not new(except the absence of exchange

oo 120-,-(:(6)0 20 240 20 bias in the Fe films We first discuss the behavior in the PM
regime of \LO;. At T>Ty, the pertinent micromagnetic
FIG. 4. Exchange-anisotropy fieldgg (lower panel and coer- ~mechanisms expected are, besides the usual magnetocrystal-
cive field He (upper panelof the Co/\,05(1120) bilayer of Fig. 3 line volume anisotropies of Fe and Co, magnetocrystalline
as a function of temperature, cooled in a magnetic field of -50 kOeand magnetostatic dipolar anisotropies related to the rough
Heg opposed the direction of the cooling field. Open symbols: meaanisotropic interface morphology that results from the fac-
sured parallel to the axis of V,0s. eted WL05(1120) surface. Magnetocrystalline anisotropy
originates intrinsically from a spin-orbit-based mechanism
Yihat depends sensitively on the local lattice symmetry around
the moment-carrying ions. The role of broken symmetry

intriguing; it points to drastically different interfacial interac- (m_|ssmg k;ond)s at surfaces and mterface; In magnetic
tions in the two-bilayer systems. This will be further ad- anisotrop}” was “i)gge”.s"’e'y explored on F films grown on
dressed below. Figure @ower panel shows the evolution of stepped surfacé§.. It mducgs a uniaxial anisotropy within
the bias fieldHgg with temperature for the sample referred to the film plane. This mechanism must be equally relevant for
in Fig. 3.Hgg is distinctly larger perpendicular to the,; ¢ the_ pres_ent bllayer_systems. Strain in the F layers due to the
axis than parallel to it. Eye-catching features are the prolatuce mismatch at interfaces may be the source of a volume-
nounced maximum near the onset of AF order in the oxiddyPe magnetoelastic contribution again with twofold symme-
layer (Fig. 4) and the asymmetry of the hysteresis loop par-try about the layer norm&B Finally, an extrinsic contribu-
allel to thec axis just belowTy (at T=155 K, Fig. 3. The  tion to the uniaxial in-plane anisotropy comes from magnetic
latter effect mirrors different processes in magnetization restray dipolar fields generated by magnetization fluctuations
versal on either side of the hysteresis loop and is a frequerst the interface with its anisotropic roughness. This mecha-
observation in exchange-bias systems. Varying the coolingism was analyzed by Arias and Mill§;its observation is
field between 0.5 and 50 kOe had no effect on any of thelocumented in the literatuf&28 In an external field, if we
results. Worthy of note is that the exchange anisotropy is nodssume a homogeneous magnetization in the F layers, the
observed for Co layers grown on 3®3(1120) surface over-  (in-plane anisotropy energetics based on theses mechanisms

oxidized by exposure to air. BeloWy the exchange aniso- are contained, &> Ty of V,0;, in the free enthalpy density
tropy at the Co—Y05(1120) interface is superimposed to the

anisotropy induced by the anisotropic surface morphology of ~ ga=-MH cose + K, sirf(a - ¢) + K, sinf(a—¢). (1)
the oxide. A remarkable result is that the hard and easy axes ) ) o
of magnetization are interchanged: the easy-axis loop dtiere,M is the saturation magnetization of the ferromagnets,
300 K (measured perpendicular to the® ¢ axis) becomes H is the magnetic field applied parallel to the layer plane at
a hard-axis loop belowWy, and vice versa. Concomitantly, the an anglee with the magnetizationiK; and K, are twofold
coercivity parallel to thec axis increases considerably to- and fourfold anisotropies about the layer normal, respec-
ward low temperaturéFig. 4, upper panglAs the bias fields tively, and « is the angle between the applied field and the
Heg the coercive field$d: show maxima around@y=Ty,. magnetic easy axissee Fig. 5. K, may denote a second-

In essence, the different anisotropic features observed iarder contribution of the uniaxial anisotropy and/or, in the
magnetization reversal of the Fe and Co films oncase of the cubic Fe overlayers, a magnetocrystalline volume

in a magnetic field. In contrast, such bias effect is clearl
visible in the case of the Co/D5(1120) bilayers, both for
the easy- and hard-axis loofEig. 3). This difference is
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anisotropy. Equatioil) permits, by minimization ofj, with loop, must be attributed to the exchange coupling across the
respect top, to model magnetization reversal in the Fe andinterface now dominating the magnetic anisotropy. In fact, as
Co overlayers along the hard axis—i.e., thgOd ¢ axis. As  first shown by Koof® via numerical simulations, exchange
can be seen in Figs. 2 and 3, the essential features of thgupling of a ferromagnet to the compensated interface of an
hysteresis loopsVi(H) are well described by this Stoner- antiferromagneti.e., with zero net momepieads to a per-
Wohlfarth-like coherent spin rotation approach, if slightly pendicular orientation between the F/AF easy-axis direc-
different orientationga; - ¢) and(a, - ¢) of the anisotropies  tions, except for a small canting of the AF spins that gener-
K; and K, with respect toM are chosena;=92 anda, ates a net moment in the antiferromagnet parallel to the F
=88° for Fe,a;=80° anda,=85° for C9.?” This difference  magnetization. This is similar to the spin-flop state of a bulk
may indicate that magnetization reversal is not a simple coantiferromagnet in an external magnetic field. The coupling
herent rotation; domain processes are likely to be operativeyives rise to a uniaxial anisotropy in the ferromagifeA
Such processes are particularly noticeable in the magnetiz&ey issue for the additional appearance of exchange bias—
tion loop of Fe near the switching fields. The fitted aniso- i.e., of a unidirectional anisotropy—in such systems is the
tropy constants areK;=7.0x 10° erg/cn? and K,=-3.2  formation of a partial domain wall in the antiferromagnet
X 10° erg/cn? for the Fe layer and;=1.2x10° erg/cn?  near the interface upon rotation of the F magnetizatiorin
and K,=+1.1x10°erg/cn? for the Co layer on the present system, the ideally uncompens#ig@0) sur-
V,03(1120). The constants have the same order of magniface of AF \,0; is likely to be compensated or partially
tude for both F layers; the two systems differ essentially incompensated on average, since because of the faceted sur-
the sign of the fourfold anisotropy parameté€s, which in  face of the layers both sublattices of the antiferromagnet will
our notation is negative for the Fe and positive for the Cobe exposed. Hence, similarly as in the model of Kébdthe
system. In the case of Fe, the twofold anisotropy parametespins in the interface region are frustrated by competing ex-
K, is responsible for the initial linear increase of thEH)  change interaction between the two sublattices of the antifer-
loop before it switches to alignment along thgQ4 c axis  romagnet and the ferromagnet. The F/AF exchange coupling
due to the competing influence of the fourfold anisotropyadds a contribution
K,<0. Itis not straightforward to correlate the anisotréfy
with an intrinsic fourfold symmetry of the two systems—i.e., AE= +Jejar COSanr = ¢) + i piar COS(ane = ¢) - (2)
with the volume properties of the F overlayer itself or with to the free enthalpy of the F layers in E@), whereJq e
the interface with the ¥05(1120) surface. While in the case and J, ¢/, are constants denoting the unidirectional and
of Fe K, may be related to the magnetocrystalline volumeuniaxial exchange-induced anisotropies ang is the angle
anisotropy of cubi¢bco Fe, a similar correspondence is not between the applied field and the AF easy axis. The quadratic
possible in the case of the Co overlayers in view of theirterm competes with the uniaxial term in E@). The free
hexagonal000Y) texture. enthalpy in Eq(1) with the supplement of the contribution in
Inspection of Figs. 2 and[3V(H) loop at 300 K suggests  Eq. (2) is used to model magnetization reversal in Co on
that magnetization reversal in the Fe and Co overlayers along,05(1120) at 25 K with the magnetic field applied along
the easy axis—i.e., parallel to the stripes on th®©¥layer  the ¢ axis of the oxide. A good representation of the mea-
surface—essentailly proceeds via domain nucleation angured M(H) loop is obtained(Fig. 3) with the anisotropy
domain-wall propagation processes. No attempts were madgarameter,, K,, o;, and a, determined by the fit to the
to model this behavior. Furthermore, magnetization loops reropom-temperature loop and F/AF  exchange-induced
corded for representative samples with the external magnetignisotropies Jgjar=—4.5x 10* erg/cn? and Jirar=3.8
field applied along various different azimuthal angles re-x 10° erg/cn? and the anglexa==90°. Let us note that de-
ferred to the stripegnot shown heredisplay a complex tailed magnetization processes are not in the focus of this
shape due to the superposition of such domain processes agglidy. Hence domain processes and a possible temperature
magnetization rotatiof Hence such loops do not help to dependence df, andK, are ignored. The essential result is
understand magnetization reversal on the Fe and Co overlayhat exchange coupling of Co to the surface of adjacent AF
ers more in detail. It is important to note that the Fe overlayvzo3(11§0) favors the Co magnetic moments being perpen-
ers present almost identical magnetization loops if they argjicular to the magnetic moments of®;. This perpendicu-
deposited onto the surface of,¥3(1120) overoxidized by  |ar coupling dominates the magnetic response. In fact, com-
air exposure, with essentially the same faceted morphologyarison with theM(H) loop perpendicular to the D5 ¢ axis
This means that the direct electronic contact with the stoj|ystrates that the Co magnetic easy axis switches-199°
ichiometric oxide is not involved in generating the magneticif T js varied acrosdy. A similar rotation of the F easy axis
anisotropy. This is at variance with the Co adlayers for whichyas previously observed for an exchange-biased Fe film on
the anisotropy is considerably reduced if they are grown orcr(001) where the uncompensated (®1) surface can be

the overoxidized YO5(1120) surface. Hence the anisotropy partially compensated by the presence of random $feps.
of the Co layers must be linked basically to the direct elec-

tronic interaction at the interface with stoichiometrigQ4. B. Mi . fies of Fe. C qv
With the advent of AF order in O3, at T<Ty, the mag- - Microscopic properties ot -e, 0, an

netic easy axis of the Co overlayers is tilted towarddfaeis In Fe(Co)/V204(1120) bilayers

of the oxide, away from the easy direction of the antiferro- We now focus on the spontaneous magnetic moments of

magnet(Fig. 3). This rotation, as the bias of the hysteresisthe Fe and Co overlayers on,®;(1120) in the ultrathin
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regime(tge co<1 nm), measured by XMCD. Typical XA and As can be seen in Fig. 6, the Co overlayers are ferromag-
XMCD spectra measured at thg ; edges of these elements netically ordered from the very beginning of their growth,
are shown in Fig. Gright panel$. The isotropic XA spectra €ven at room temperature, albeit with a reduced magnetic
clearly reveal the character of Fe and Co metal; i.e., we cafmoment at the lowest thicknesses: the magnetic spin moment
exclude an eventual formation of Fe oxide or Co oxide at th?€r atom,ms, increases linearly with thickness up to about
interface with 04, which would impose their signature on 1 M to arrive at(1.6+0.15ug, the value of bulk hcp Co.
the spectral shap€. This is an important point. The The final observation of this value confirms the conclusion
magneto-optical sum rul@were used to extract the spin drawn from the shape of the XA spectra that Co does not
and orbital magnetic moments from the XMCD spectra. Inform an oxide at the interface with,@s. In the case of Fe,
order to separate the transition to empty States(“white  the spin part of the spontaneous magnetic moment of the
line”) from other allowed transitions, a simple two-step func-layers,msxtg., plotted as a function of their thickness,

tion was subtracted from the isotropic XA spectra norma|_f0|lgws accurately a straight line, which extrapolates to zero
ized before the edge. The number ofBoles was set to 3.39 attge=(0.21+0.02 nm. In other words, the spin moment per
for Fe and 2.49 for C& The left panel of Fig. 6 presents the Fe atom,ms, varies asmg(te) =2.15u5 - 0.45u5 NM/te, and
thickness variation of the mean magnetic spin moment peyanishes at a thicknedg,, which corresponds to 1 mono-
Fe and Co atommg(tge c9, at room temperature. No signifi- layer (Fig. 6). This is observed over the whole temperature
cant variation of these moments was noticed when the tenfange from 10 to 300 K within the experimental error. The
perature was decreased to 10 K even for the lowest thickiesult permits to conclude théj the first atomic layer of Fe
ness, indicating that the Curie temperature of the layers i§h the \,053(1120) surface is nonmagneti¢ij) as more Fe is
higher than room temperature. We note that the orbital magdeposited, the magnetically “dead” layer persists and the ad-
netic moments amounts to roughly 5% and 10% of the spirglitional Fe contributes with the full bulklike moment per
moments of Fe and Co, respectively, and follow the sam@tom of the bcc phasé2.15+£0.03ug, to the spontaneous
trend in the variation with the overlayer thickness as the spirnagnetization of the layersii) Fe forms a smooth continu-
moment. But because of the relatively large error bars, deous film on \,03(1120) already for monolayer coverage;
tails will not be regarded here. Furthermore, the dipolar magt.e., growth in the ultrathin limit proceeds essentially via the
netic contribution to the spin moment is neglected, presumlayer-by-layer mode. We note that this is not in contradiction
ing that in cubiclike structures it is generally small, as found,to the morphology of the ¥05(1120) surface, considering
for example, for thin Ni films®® The different evolution of the large extension of the atomically flat terraces. The most
the average spin momenig(te ) for the Fe and Co layers probable epitaxial relationship is KRefs. 1-10 parallel to

is remarkable; it indicates that their interface with thethe V,0; c axis for Fe-layer growth witt{110) orientation.
V,05(1120) layers is distinctly different. Let us recall that The existence of the interfacial magnetically dead Fe layer
element-resolved hysteresis-loop measurements testify forovides a natural explanation for_the absence of the ex-
magnetic saturation of these moments projected onto the exhange anisotropy in the Fe4W;(1120) bilayers. Even at
ternal field parallel to the beaii$ec. 1)), for all thicknesses the low thickness of 1 atomic layer it is expected to largely
tre.co=1 nm addressed in Fig. 6. In view of its modest valuereduce, if not suppress, exchange coupling across the inter-
(B=1T, oriented at 45° to the layer normabmpared to the face. Then the interfacial exchange does not exceed the en-
demagnetization fields of the ferromagnetic overlayers thirgy required to form a domain wall in the antiferromagnet,
points to the presence of a magnetic anisotropy in these laya prerequisite to generate a bias in the magnetization curve of
ers, presumably of the Néel interface type due to symmetrghe overlayer, as pointed out by StanipEor Co, on the
breaking!” which competes with their shape anisotropy byother hand, the variation of the average magnetic spin mo-
favoring out-of-plane magnetization orientation. ment per atommg(tc,), aste,— 0 suggests that there is no
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magnetically dead layer at the interface and that the entirélm at the interface may be attributed to an electronic inter-
film is ferromagnetic. Let us point out that the different mag-action with the oxide—i.e., to a hybridization between the Fe
netic behavior of Co as compared to Fe displayed in Fig. 6d electronic states with the Vd3and/or O  derived states.
cannot be related to different interface anisotropies thaElectron hybridization can give rise to a charge transfer at
might be present in these ultrathin layers layers, as the maghe interface resulting in a change DB(Eg) in Fe at the
netic moment projectionsn(tre co), are saturated in the ex- immediate interface such as to lift the imbalance of the elec-
ternal field applied. It is difficult to imagine that in the case tron spin-state population. Hybridization effects may be dif-
of Co the increase ahg with tc, at a constant rate up to the ferently effective in the two bilayer systems. The differences
full spin moment of hcp CdFig. 6) might be related to the Mmust be associated with the specific electronic band structure
morphology of the film in the early stage of growth. In par- of Fe and Co, making the impact of the interaction with the
ticular, the initial formation and growth of flat islands that Oxide across the interface on the magnetic moments of the
coalesce at~1 nm is un||ke|y in view of the very small FM overlayers dissimilar. This mlght be related to the lower
temperature dependence of the spin moment between 10 afdoner factor of FéRef. 37, making ferromagnetism for this
300 K. Definite conclusions are difficult to draw. Here, fur- metal less stable than for Co. It is obvious that calculations
ther investigations are mandatory. of the electronic structure of the two bilayer systems are
The reason for the presen¢Ee) or absencegCo) of a required to elucidate the question why in Fe layers in contact
magnetically dead layer at the interface of the bilayers is nowith V,05(1120) the spontaneous magnetic moment in the
obvious. Studies dealing with thin films of iron and cobalt first interfacial atomic layer is lost, in contrast to the case of
deposited on various metallic, semiconducting, or insulating=o.
substrates have a long history. It is extensively documented Considering the different magnetic behavior of the ultra-
that the magnetic properties of these films are sensitivel§hin Fe and Co layers on )D5(1120), we looked, by XA
linked to a rich variety of parameters, which basically mirror spectroscopy, at the V@2(L,3) and O k (K) edges, for
the well-known fundamental feature that the spontaneousignatures in the oxide of the electronic interaction with the
magnetization of a ferromagnetic material is closely related=M films at the interfaces. Such spectra represent the density
to the nearest-neighbor coordination number, the interatomiof unoccupied states af and p character at the V and O
bond length, and the nature of chemical bonding between thsites, respectively, admixed into the low-lying conduction
atoms. For itinerant magnets this translates to the form, adands near the Fermi level. Deposition of Fe and Co on
cording to the Stoner model, that the appearance of spontaAzog(1120) clearly modifies the electronic structure of the
neous magnetism is governed by energy gain through exxide close to the interface, in a similar way for both ferro-
change splitting of the majority and minority spin barféd# magnets. This is shown for the-edge part of the XA spec-
magnetic moment exists for a sufficienly large Stoner prodirum of V at room temperature in Fig. (fight pane)] for a
uct D(Eg) X1, where D(Ef) is the density of states at the coverage of 0.5 nm. As a reference, the complete spectra of
Fermi level and, the Stoner factor, represents the essentialljthe uncovered ¥03(1120) layer in the PM metallic and AFI
intra-atomic exchange interaction. The lateral compressivphase are presentéBig. 7, left panel. We have pointed out
strain, suggested to be equally effective in the Fe and Cereviously* that the overall features of the barg®;(1120)
overlayers near the interface ta®; (Sec. I, presumably is layer spectra are in general agreement with those of bulk
to small to reduc®(Eg) by broadening of the bands dueto  V,0; single crystals measured with linearly polarized
a shorter interatomic distance and hence diminish or desta-rays2®° in particular, the modifications of their shape
bilize the spontaneous magnetic moment near the interfacepon crossing the PM-to-AFI phase transition show the same
It is more likely that the magnetically dead layer in the Fetendency. Small dissimilarities must be attributed to experi-
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mental differences—i.e., the use of circular polarization ofbilayer systems. This could modify the balance between the
the x-ray beam, a different sample plane, and the inferioCoulomb interaction within thedshell of V and the hybrid-
photon energy resolutio+0.6 eV compared te-0.16 €\j ization of the V 3l and O 2 orbitals and thus modify the
in our study. electronic properties of the oxide. Interfacial strain resulting
In the corundum structure of )0, the vanadium ions sit from the lattice mismatch of the constituents is less probable
in an octahedron of oxygen ions. This results in an electroni@as an agent since it is expected to be compressive. However,
structure with a 82 V3* state, with two emptgg orbitals and  in bulk V,03 the transition from the PM to the PI phase
threet,, orbitals occupied with two electrons. A small trigo- occurring, for example, by the substitution of V by Cr for-
nal distortion causing a splitting of theld,, manifold into a  mally is equivalent to negative pressufe.
nondegenerata,q orbital oriented along the axis and two Our study reveals that exchange coupling of Co to adja-
degeneratee; orbitals oriented in the hexagonal plane. cent AF V,05(1120) favors an in-plane perpendicular orien-
Strong correlations in the electronic structure pose majotation of the magnetic moments of the two layers. However,
problems for the understanding of the oxide, even thougla small canting of the AF spins is expected that should lead
important theoretical progress can be observed since a fetw a net moment—i.e., to uncompensated spins—at the inter-
years (see, for example, Refs. 9911this will not be ad- face in the antiferromagnet parallel to the F
dressed here. For an assignment of the different spectral fearagnetizatiorf®®> According to recent computer simulations,
tures in Fig. 7 to the electronic structure o§® and a more uncompensated interfacial spins anchored in the
detailed discussion of the spectra the reader is referred to oantiferromagné or uncompensated spins in the AF
previous publicatiof and the references therein. Let us interior** are believed to be responsible for the exchange bias
mention that Parlet al.3® in an analysis of the linear dichro- in F/AF-layered systems. There is new evidence for such
ism in their VL, r-edge XA spectra, conclude that the differ- link: Ohldaget al*> performing XMCD experiments on dif-
ent phases of YOz (PM, PI, AFI) have different orbital oc- ferent exchange-bias sandwiches with Co observed uncom-
cupations involvinge; ej and eja,q initial states with  pensated interfacial spins locked in the antiferromagnet that
different relative weight, such that tha,, admixture de- do not follow the external field. They constitute only a frac-
creases across the transition to the PI and AFI phases. Inhdien of a monolayer and are shown, in an extension of the
ent to this is the spin and orbital dependence of the on-sitelassical Meiklejohn-Bean mod#,to account for the ex-
3d-3d Coulomb energy, which plays a crucial role in the change bias effect in these systems. Efforts to resolve a
metal-insulator transition. The authors argue, as already pIX{MCD signal at thel, 3 edges of V in Co/VY03(1120) bi-
forward by Ezhovet al,*° that the \?* ions are in theS=1  layers at temperatures beloVy, were not successful; i.e.,
ground state favored by the atomic Hund’s rule. Note that th&incompensated V dspins in AF \,O5 could not be de-
results of Parlet al3° are well reproduced by the theory of tected. We estimate that a dichroic signals, if existing, must
Held et al® be below 1% of the isotropic signal. Similarly, searching for
It can be seen in Fig. #ight pane) that the coverage of a dichroic signal at the \L, ; edges abovdy was just as
the V,03(1120) surface by Fe and Co at 2%0 transfers  negative. Hence there is no evidence of magnetic order on
spectral weight from the higher-lying peak of the double-the V 3d states induced in Pl 305 by exchange interaction
peak VL, white line to the lower-lying one in a similar way or electron hybridization at the interface with Co. In fact the
for both ferromagnets, indicating a change in orbital occupatack of hybridization-induced spin polarization may not be
tion of electronic states of the oxide close to the interface. Isurprising as the V magnetic moment is almost entirely due
is not surprising that the influence of the interfacial interac-to electrons ireg orbitals oriented in th€000J) plane of the
tion on the spectral shape is small since the energy involvedxide*” while the V orbitals relevant for hybridization with
must be small compared to the crystal-field and on-site Cou€o in the(1120) plane are ofyq symmetry.
lomb interactions, which dominate the line shape of the XA
spectrun?. The spectral evolution shows the same tendency
as the corresponding spectra of the single crystal in Ref. 39 B
upon the transitions from the PM to the Pl or AFI phases. Epitaxial films of \,O5 on (1120)-oriented sapphire are
These insulating phases have a similar electronigsed as substrates for thin films of Fe and Co. X-ray diffrac-
structure®®#t A comparable modification of the spectral tion indicates textured growth of the overlayers with bce
shape occurs for the bare,U;(1120) layer at the PM-to- (110 and hcp(000) orientations, respectively. Special prop-
AFI phase transitioiiFig. 7, left panel.*? On the basis of this erties of the oxide films are a stripelike surface structure
comparison we may conclude that the Fe and Co overlayefserpendicular to the ¢ axis of the rhombohedral lattice with
both induce an electronic structure in,@% near the inter-  extended atomically flat terraces and a transition from a para-
face, at room temperature, that resembles that of an insulataagnetic metallic to an antiferromagnetic insulating phase at
ing phase. This phase must be paramagr#ie Pl phase of T, =T\,=160 K. The magnetic properties of both ferromag-
V,05) since AF order in the layers sets in near 160 K only,nets are determined by the interaction across the interface
as reflected by the appearance of exchange bias in thgith the oxide and its surface morphology. The facete®y
Co/V,04(1120) bilayers[see Fig. 4a)]. We suggest that the surface induces a uniaxial magnetic anisotropy with magne-
existence of the PI phase at the surface g®y1120) may tocrystalline and magnetostatic contibutions, similarly as ob-
result from an electronic interaction with Fe and Co—i.e.,served for ferromagnetic films on stepped surfaces. Cooling
from hybridization of electronic states at the interface in boththe bilayers in a magnetic field to beloW produces an

IV. SUMMARY
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exchange bias for the hysteresis loops of the Co layers, budulk V,05 single crystals doped with Cr. Oxide formation in
not for the Fe layers. This is a manifestation of a differentthe ferromagnets at the interface can excluded.

interaction at the interface with the adjacent oxide. Measure-

ments of XMCD support the view that this difference be-
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