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Structural and magnetic properties of epitaxial Fe/ CoO bilayers on Ag(001)
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We have investigated the magnetic coupling between a metallic ferromagnet and an oxidic antiferromagnet
in epitaxial single-crystalline Fe/CoO bilayers on Ag(001) using x-ray absorption spectroscopy. Absorption
spectra taken from bilayers with different amounts of deposited Fe show only a weak indication for the
formation of Fe oxide at the Fe/CoO interface. From the spectral shape, it is concluded that an FeO type of
oxide is formed. X-ray magnetic circular dichroism (XMCD) measurements exhibit a sizable induced ferro-

magnetic signal at the Co L, 3 absorption edges, corresponding to an interface layer of 1.1 ML of CoO in which
the Co magnetic moments couple with the Fe moments. The angular dependence of the Fe XMCD and Co
x-ray magnetic linear dichroic signals at the L, 3 edges shows that the orientation of the Co and Fe spins is

parallel along the crystallographic (110) directions.

DOI: 10.1103/PhysRevB.77.014411

I. INTRODUCTION

Since the discovery of the exchange-bias effect by
Meiklejohn and Bean! in the 1950s, work in the field of
magnetic coupling phenomena between a ferromagnetic
(FM) and an antiferromagnetic (AFM) material has focused
on the role of the FM/AFM interface. Systems such as oxide-
coated particles, e.g., CoO/Co,! mono- and polycrystalline
ferromagnets deposited on bulk oxides,? and thin-film bi- and
trilayers,>* have been studied and extensive theoretical
work>® has been carried out trying to puzzle out the
exchange-bias mechanism.

Despite this effort, a complete picture of the exchange-
bias mechanism is not yet evident, since it also involves the
understanding of the FM/AFM interface not only from the
structural point of view but also electronically and magneti-
cally. A general theory of the interface cannot be presented
because of its complexity and numerous ingredients such as
roughness, strain effects between layers, spin rotation of the
AFM near the interface,” or layer thickness.'”

It is at the FM/AFM interface where the AFM spins of the
last layer are not fully compensated by their neighbors, so
that they may couple to the FM layer. The so-called uncom-
pensated AFM spins play a key role in the exchange-bias
process and have been identified as the origin of the
exchange-bias field,'! the increase in the coercive field of the
FM layer,'? and training effects.'>!* Depending on the par-
ticular materials involved and on the specific microstructure,
they might be parallelly'” or antiparallelly'®~'? coupled to the
FM layer, or even both.?°

Due to their element and chemical specificities,
synchrotron-based techniques such as x-ray absorption spec-
troscopy (XAS) with the magnetic circular’'~2? and linear®*
dichroic effects, x-ray photoelectron emission microscopy,”
and x-ray resonant magnetic scattering®® are extremely pow-
erful techniques for studying FM/AFM interfaces. They have
provided vital information on the interfacial properties,?>’~30
revealing, for example, the presence of AFM spins coupled
ferromagnetically to the FM layer at the interface.?

Recent experiments had revealed that for CoO films
grown on different substrates, a strong dependence exists
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between the magnitude and orientation of the magnetic mo-
ments and the substrate-induced strain in the system.> A CoO
film sandwiched by MnO layers shows an out-of-plane spin
axis, but when in direct contact with the Ag(001) substrate,
the spins are in plane.

In this paper, we focus on the properties of ultrathin
Fe/CoO bilayers grown onto Ag(001), which were studied
by means of polarization-dependent XAS at the Fe and
Co L, 5 edges (2p-3d transitions). The transition-metal—-oxide
CoO, like its equivalents MnO and NiO, forms an antiferro-
magnetic, rocksalt crystal structure in such a way that two
transition-metal (TM) electrons occupy the O 2p shell lead-
ing to an 0% ion and a TM?* ion. The antiferromagnetic
order of bulk CoO is a type-II antiferromagnet: following the
[100] direction of the face-centered-cubic (fcc) lattice, the
Co spins (separated by oxygen atoms) are coupled antiferro-
magnetically. Furthermore, within the {111} planes, the spins
are parallel, whereas moments of neighboring {111} planes
have their spins antiparallelly aligned to the previous ones.
In the case of bulk CoO, accompanying the paramagnetic-
antiferromagnetic transition at the Néel temperature T
=289 K,3! the system also undergoes a crystallographic
phase change from a cubic lattice structure to a monoclinic
one.??

In order to investigate the effect of these strain-induced
changes of the CoO spin direction on the Fe magnetization,
well-defined interfaces are needed. Hence, we have studied
epitaxially deposited thin Fe/CoO films on Ag(001) by
means of x-ray magnetic circular dichroism (XMCD) and
x-ray magnetic linear dichroism (XMLD). These techniques
allow us to determine the orientation of the magnetic spin
axis in both layers and to study in detail the chemical and
magnetic characters of the interface.

II. EXPERIMENT

The experiments were performed in ultrahigh vacuum
chambers equipped with facilities for growth, structural, and
magnetic characterizations of samples. The sample can be
rotated about both the polar (6) and azimuthal (¢) axes with
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1° and 5° accuracies, respectively. A Ag(001) single crystal
was used as a substrate, which was cleaned by Ar* sputtering
(750 eV) successively at 300 and 380 K, followed by an-
nealing at 750 K for 10 min. The sputter-anneal sequence
was repeated until the low energy electron diffraction
(LEED) image showed sharp (1X 1) spots.

Starting from a base pressure of 3 107!° mbar in the
preparation chamber, CoO layers were prepared by electron-
beam evaporation of Co (purity of 99.99%) in an oxygen
atmosphere of 1.3 X 10~ mbar. In order to avoid precursor
formation with different crystallographic orientations** and
to improve the Co oxidation at the surface, the Ag(001) sub-
strate was kept at 450 K during the deposition. Postannealing
of the CoO/Ag(001) films was done under oxygen atmo-
sphere (107 mbar) for 30 min at T=750 K. The Fe layer
was deposited onto the CoO film at room temperature. The
deposition rates for Fe and Co were 1 and 0.5 ML/min, re-
spectively. The slower Co deposition ensured a complete
oxidation and avoided cluster formation on the Ag(001) sur-
face. Layer thicknesses were checked by means of Auger
electron spectroscopy and the XAS edge jump intensities.
LEED patterns provided information on the in-plane struc-
ture of the CoO film. We used a kinematic theory*—3% to
analyze the energy dependence of the (00) LEED spot inten-
sity in order to obtain information about the average vertical
interlayer distance.

In situ thickness- and temperature-dependent magneto-
optical Kerr effect (MOKE) measurements in longitudinal
geometry were performed to study the magnetism of the bi-
layer system with the external magnetic field applied along
the [110] direction of the substrate, i.e., along the [100] Fe
magnetization easy axis.

X-ray absorption spectroscopy experiments with total
electron yield detection were performed at beamline UES56/
2-PGM2 at BESSY. We used this undulator and plane grating
monochromator beamline to produce circularly and linearly
polarized photons with an energy resolution of about
100 meV in the 650—850 eV energy range. The measure-
ments were done in magnetic remanence after saturating the
samples in a magnetic field of 32 kA/m applied along the
[110] direction of the substrate. The spectra were normalized
to the incoming photon flux using the drain current from the
last refocusing mirror before the measuring chamber. Unless
indicated in the text, the spectra were then normalized to
zero and 1 in the pre- and postedge energy regions, respec-
tively.

In order to study separately the magnetization of both
layers, different measurement geometries were used. The Fe
L, 3 XMCD signal was measured using left and right circu-
larly polarized light at grazing incidence, with an angle 6
=70° between the wave vector k and the surface normal n,
as shown in Fig. I(a). Since it is a direct measure of the
expectation value of the magnetization (M), XMCD was em-
ployed to determine the direction of magnetic moments in
the ferromagnetic Fe layer.

The linear dichroism effect probes the anisotropy of the
local charge density distribution in the system.* In contrast
to XMCD, XMLD spectroscopy measures the expectation
value of the magnetization squared (M?),%° so that it can only
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FIG. 1. (Color online) Experimental geometries used for the
x-ray absorption measurements. The angle 6 is defined as the angle
between the surface normal n and the k vector of the light. ¢ is the
angle between the [100] crystal axis of the substrate and the E
vector of horizontally polarized light. (a) Geometry for XMCD
measurements, with the sample at grazing incidence (6=70°), and
(b) geometry for XMLD experiments.

determine the orientation of the spin axis. The geometry used
in this case is shown in Fig. 1(b).

III. RESULTS AND DISCUSSION
A. Growth and structural studies

Figure 2 shows the LEED patterns of a clean Ag(001)
surface [panel (a)] and of a 9 ML CoO film on Ag(001)
prepared as described in Sec. II [panel (b)]. To illustrate the
effect of the substrate temperature on the quality of the CoO
layer, we show the corresponding LEED patterns for 10 ML
CoO grown on Ag(001) at 300 K (c) and at 450 K and after
annealing at 750 K for 30 min (d). The clear improvement in
the spot sharpness confirms the better quality in the second
case. From these LEED results, we conclude that ultrathin
CoO layers on Ag(001) keep the in-plane fcc structure from
the bulk.

The LEED-I(E) curves of the specular (00) spot of the
clean Ag(001) substrate and those of CoO/Ag(001) samples
of different film thicknesses are shown in Fig. 2(e). From the
evolution of the energies and intensities of the three peaks
labeled as 4, 5, and 6, we calculate an average interlayer
distance a/2=2.17 A for thicknesses below 10 ML. Direct
comparison with the bulk value (a/2=2.13 A) evidences a
vertical expansion of the oxide in the thin-film regime.

In order to check if the predicted crystallographic mono-
clinic distortion of the bulk CoO below Ty (Ref. 32) is also
evident in the ultrathin-film regime, low-temperature LEED
measurements were carried out, showing no difference when
compared to the room-temperature images.

Upon evaporation of Fe at room temperature, the corre-
sponding LEED image (not shown) proves the epitaxial
growth of Fe onto the CoO layer. Since the bec Fe unit cell is
rotated by 45° with respect to the CoO unit cell, the (100) Fe
easy magnetic axes correspond to the (110) substrate crystal
directions.

B. Magnetism

Figure 3 shows the temperature dependence of the Fe co-
ercive field for several CoO thicknesses extracted from
MOKE loops. The CoO thickness ranged from 3 to 10 ML,
whereas the Fe thickness was kept constant at 7 ML. The
samples were cooled in zero magnetic field from the as-
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FIG. 2. (Color online) LEED patterns for (a) the clean Ag(001)
substrate, (b) CoO(9 ML)/Ag(001), and CoO(10 ML)/Ag(001) (c)
as prepared and (d) after annealing. (e) Energy dependence of the
LEED (00) spot intensity for CoO films grown on Ag(001). I(E)
curves are obtained at #=5° electron incidence with respect to the
surface normal.

grown state; thus, no hysteresis loop shift was present. How-
ever, a clear increase in the coercive fields is visible for all
CoO thicknesses at temperatures lower than 293 K, when the
antiferromagnetic order is established. Beyond that point,
steeper slopes are observed for thicker CoO layers, indicat-
ing that the magnetic losses’’ of the CoO layer increase with
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FIG. 3. (Color online) Temperature dependence of the coercive
field H,. of the 7 ML Fe layer for different CoO underlayer thick-
nesses (lines are guides to the eye). The inset shows typical MOKE
hysteresis loops for 7c,o=6 ML.

the thickness, although the coercivity enhancement as a func-
tion of thickness is not yet saturated for 10 ML CoO. Fur-
thermore, the resulting ordering temperature for thin films
roughly agrees with the bulk Néel temperature 7,=290 K.
Similar values have been found for sputtered CoO/Fe
bilayers* (Tz,;,=289 K) and on evaporated CoO thin layers
on Ag(001) and MnO/Ag(001) (Ref. 3) (T4z3,=310 K).

C. Spectroscopy

Linear dichroic effects may have structural and magnetic
origins, which can be separated by measuring at tempera-
tures higher than T,,. Figure 4(a) shows the room-
temperature XA spectra obtained for 10 ML CoO/Ag(001)
with horizontally polarized light and polar angles §=0°, 45°,
and 70°. The spectra were corrected for saturation effects
present when measuring at grazing angles.*! The difference
spectrum between the normal and grazing XA spectra [dis-
played in Fig. 4(b)] shows a strong linear dichroism. We
attribute this effect to the tetragonal distortion of the unit cell
caused by the vertical lattice expansion of the film, as de-
scribed above. At normal incidence, no linear dichroism was
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FIG. 4. (Color online) (a) XA spectra of CoO(10 ML)/Ag(001)
for 6=0°, 45°, and 70° at room temperature. (b) X-ray linear
dichroic (XLD) spectrum obtained as /(g_gey—/(g=70¢) (full line). The
dotted line shows the XLD at normal incidence under a 90° rotation
of the sample about the surface normal.
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FIG. 5. (Color online) Co L, 3 (a) XAS and (b) XMLD spectra
for Fe(6 ML)/CoO(10 ML)/Ag(001) recorded with E parallel (full
line) and perpendicular (dashed line) to Mg, at 150 K (6=0°, ¢
=45°). The dashed line in (b) is the XMLD signal for ¢=135°.

found between ¢=0° and 90° [Fig. 4(b), dotted line], which
indicates the absence of any in-plane distortion in the CoO
unit cell for this thickness range. The structural dichroism
here is much larger than the one observed in a similar
system,? probably because the films are more epitaxial and
thus more strained in our case.

On the other hand, a large magnetic linear dichroic signal
was found on a 6 ML Fe/10 ML CoO/Ag(001) sample after
applying a saturating magnetic field H=32 kA/m along the
[110] substrate crystallographic direction and cooling down
to 150 K. Figure 5(a) shows the two Co L,; XA spectra
measured with E parallel to [110] (full line) and perpendicu-
lar to it (dashed line). The corresponding XMLD signal [full
line in panel (b)] comprises a negative-positive-negative suc-
cession of sharp peaks at E=775.8, 776.6, and 777.7 €V (L,
edge) and a single broader positive peak centered around
792.0 eV (L, edge). The asymmetry values for these ener-
gies, defined as A=(1,-1,)/(I,+1I,), are A=—14.1%, 3.8%,
-8.8%, and 7.0%, respectively. All the spectral features
found in the XAS and XMLD line shapes are in good agree-
ment with literature results on 8 ML CoO/NiO(100),*?
where no in-plane or out-of-plane lattice distortion was men-
tioned. By the sign inversion of the XMLD signal for ¢
=135° (dashed line), we prove the twofold symmetry of the
CoO antiferromagnetic order.

Recent results on Fe;0, (Ref. 43) and NiO (Ref. 44) have
stressed the relevance that the spin orientation, relative to the
crystallographic directions, has on the XMLD signals. In a
system with octahedral crystal field symmetry, any XMLD
spectrum can be formed by a linear combination of two fun-
damental spectra I, and I,5, not just one as it was previously
used.®> The authors of Ref. 44 represented the XMLD signal
observed as the difference of spectra with E parallel and
perpendicular to M, for MI[100] (/) and MII[110] (4s),
and compared them to atomic multiplet calculations.*® In
particular, it was found that the Ni L, XMLD signal reverses
sign when the AFM NiO spin axis is turned from the (100) to
the (110) crystallographic directions* [I,5(L,)=~—Iy(L,)].
Thus, it was concluded that the coupling between the Co and
NiO layers is perpendicular, in contrast to previous
publications.?® The same sign inversion at the respective L,
edge has been observed*’ for Mn?*. In all these cases, the L,

PHYSICAL REVIEW B 77, 014411 (2008)

90° $[010]

FIG. 6. (Color online) Azimuth-angle dependence of the Fe
XMCD and Co XMLD signals. Full and open circles represent the
Fe L; XMCD signal at 150 and 300 K, respectively; full triangles
represent the measured Co L, XMLD signal (5X). Lines are the
best fits to functions, as described in the text, where the dashed and
dotted sections are for opposite signs of the XMLD and XMCD,
respectively.

sign inversion seems to be a much more robust feature than
the shape of the L; edge, where slightly different features
appear in the I 45 spectra.

In our case, it is observed that the Co spin axis in the CoO
layer below T, is along the (110) directions, either parallel
or perpendicular to Mg, but in any case described by Iys.
Unfortunately, up to date, they are only calculations available
for the Co I, XMLD spectrum in an O, crystal field.’® We
will therefore assume a similar sign inversion between I, and
1,5 at the Co L, edge to discuss the coupling direction in the
Fe/CoO system.

The calculated I, spectrum for Co** displays a negative
peak at the L, edge, with a small positive shoulder at the
right-hand side of the peak. Our experimental CoO XMLD
signal [shown in Fig. 5(b)] resembles rather well these fea-
tures but with the opposite sign. From this sign reversal, we
infer that our XA spectra for horizontal polarization corre-
sponds to parallel alignment of E and the AFM spin axis.
Therefore, we conclude that there is a collinear coupling be-
tween the Fe magnetization and the CoO spin axis.

Focusing now on the azimuthal and temperature depen-
dences of the dichroic signals, we probe the evolution of the
Fe magnetization and the magnetic coupling of the two lay-
ers. Figure 6 shows a polar plot of the Fe L; XMCD and Co
L, XMLD vs ¢, measured at grazing and normal incidences,
respectively. The full lines show best fits of the XMCD and
XMLD data to sin(¢p+ ¢p.) and sin[2(¢+ ¢¢,)] functions.
The dashed and dotted lines are the extrapolations of the fits
for opposite sign. From the fitting of the Fe XMCD at 300 K,
a ¢p(RT)=44.3° angle between Mg, and the [100] axis of
the substrate is obtained, as expected. After the zero-field
cooling, at remanence, the Fe magnetic easy direction does
not change [ @ (LT)=42.5°], agreeing within the error bars
with the MOKE results described in Sec. II. However, a
small decrease in the XMCD intensities is observed, which
can be explained by a partial breaking up into domains or by
a canting of the Fe magnetization concomitant to the devel-
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FIG. 7. (Color online) (a) Co L,3 XA spectra from

Fe(6 ML)/CoO(10 ML)/Ag(001) measured at grazing incidence
with left (o) and right (¢7) circular polarizations; (b) the corre-
sponding XMCD difference spectrum (full line) and the one mea-
sured on Co(10 ML)/Cu(001) (dashed line). For the sake of a better
comparison, the metallic XMCD difference was scaled (0.25X) to
match the L, edge.

opment of the CoO antiferromagnetic order. A similar reduc-
tion of the XMCD signal after cooling an AFM/FM system
has been observed in NiCoO/Co.*® Upon field cooling (data
not shown), the Fe XMCD signal is seen to recover the
room-temperature value.

Furthermore, the azimuthal dependence of the XMLD sig-
nals leads to a ¢,=47.9° angle between the CoO spins and
the [100] crystal direction. Based on our earlier discussion
on the sign of the XMLD, we interpret this as collinear cou-
pling of Mg, and the CoO spin axis, in this case along the
(110) crystallographic axes. In an almost fully compensated
FM/AFM interface, a 90° coupling is the energetically
preferable® and is the case for Co/NiO.* In our case, the
collinear coupling is the result of the common preferable
orientations of the Fe magnetization and CoO spin axis along
the (110) directions of the substrate and of the large amount
of uncompensated Co spins at the interface, as will be dis-
cussed below. A more exotic 45° coupling is present in
Co/FeMn,*° caused by the noncollinear 3Q spin structure in
the FeMn film.

The presence of CoO spins ferromagnetically coupled to
the Fe layer has also been studied. Figure 7(a) shows the Co
L, 5 XA spectra for left and right circularly polarized light
measured at grazing incidence and ¢=45° at 150 K, whereas
panel (b) shows the XMCD difference signal. Since no di-
chroism was found on CoO/Ag(001) under the same condi-
tions, we infer that this XMCD signal is completely linked to
the magnetization of the Fe layer. Assuming the presence of
uncompensated Co spins with magnetic moments similar to
metallic Co only at the interface, the considerably large Co
XMCD asymmetry [A(L;) = 3.1%] corresponds to about 1.1
ML uncompensated Co spins. For this calculation, we have
assumed a secondary electron information depth of 2 nm and
we have made use of the Co L; XMCD intensity of an fcc 10
ML Co/Cu(001) layer’! [A(L;)=~18%], the spectrum of
which is also shown in Fig. 7(b) (dashed line). For a nomi-
nally compensated surface of the CoO, such a large amount
of interfacial uncompensated Co spins at the interface sup-
ports the collinear coupling between Fe and CoO spin axes.
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FIG. 8. (Color online) XA spectra for different thicknesses of Fe
deposited on 8 ML CoO/Ag(001). The inset shows the zoomed-in
spectrum for 0.5 ML Fe/8 ML CoO/Ag(001); the oxidic shoulders
on each peak side are emphasized by arrows.

Similar effects have been observed in Co/FeMn,”? CoO/Fe,*
and Co/NiO (Ref. 28) systems, where 0.75 ML uncompen-
sated Ni spins was found.

The smaller branching ratio® of the CoO XMCD spec-
trum indicates a much larger orbital moment (L.) of those
spins, compared to the metallic Co case. It is also interesting
to observe that the four main peak features of the CoO XA
spectrum are reproduced in the XMCD difference signal, in-
dicating that the uncompensated Co spins retain mainly their
oxidic character.

In order to probe the extent of oxidation of the Fe layer at
the interface, XA spectra were recorded for Fe layers with
increasing thicknesses deposited on a freshly prepared 8 ML
CoO/Ag(001) film. In order to stress the spectral features,
these spectra (shown in Fig. 8) have not been normalized to
the same edge jump. The energy shift of the Fe L; edge with
respect to the ionic value is an excellent tool to ascertain the
Fe oxidation state. It has been experimentally determined as
AE=0 and 1.4 eV for FeO and Fe;0,, respectively.” The
only evidence of Fe oxidation can be seen in the case of 0.5
ML Fe thickness (enlarged in the inset). The energy position
of those shoulders (indicated by arrows), together with the
absence of an Fe L; energy shift, indicates the presence of
FeO (rather than Fe;0,) at the interface. The additional
shoulders could also come from the more atomic character of
the Fe atoms,’* depending on how they grow on top of the
CoO layer. However, the atomiclike Fe L, XAS line shape in
Ref. 54 does not show any additional shoulder, contrary to
the measured 0.5 ML Fe XA spectrum, excluding atomiclike
Fe atoms as the main origin for the observed spectral fea-
tures.

The same type of oxidation was found in Fe/NiO
bilayers.> By using a similar analysis of the relative peak
intensities, we calculate the FeO thickness to be 0.3 ML.
This is quite small compared to other studies on Fe/NiO
systems>> and may be explained by the smaller redox po-
tential of Co compared to that of Ni. From this point of view,
the Fe/CoO is a more suitable system to study the FM/AFM
coupling mechanisms.

IV. CONCLUSIONS

A thorough structural and magnetic study of ultrathin ep-
itaxial Fe/CoO FM/AFM systems has been carried out by
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means of LEED, MOKE, XMCD, and XMLD. The vertical
distortion of the CoO layers found by LEED-/(E) results in
an appreciable linear dichroism between spectra for normal
and grazing incidences above the AFM ordering temperature.
At normal incidence and low temperatures, the azimuth-
dependent linear dichroism of the CoO layer is of pure mag-
netic origin and shows a collinear coupling of the CoO spin
axis with the Fe magnetization along the (110) in-plane sub-
strate directions, which coincides with the Fe [100] direction.

PHYSICAL REVIEW B 77, 014411 (2008)

The presence of the Fe layer on top of the CoO layer pins
the direction of some Co spins at the interface, leading to a
sizable XMCD signal at the Co L, ; edge. Assuming a fully
saturated spin moment, a thickness of 1.1 ML is estimated
from XMCD for this layer of uncompensated spins. The
XMCD spectrum also indicates that the Co atoms at the in-
terface retain their oxidic character. Furthermore, a 0.3 ML
FeO layer is observed at the Fe/CoO interface, independent
of the total Fe thickness.
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