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Magnetic couplings and exchange bias in Fe/NiO epitaxial layers
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We report an investigation of the magnetic properties of Fe films epitaxially grown on NiO layers with (001)
orientation. The results are interpreted with the help of a morphological characterization of the system. The
onset of ferromagnetic behavior for the Fe layer is observed at 8 ML and it is ascribed to the coalescence of the
islands, formed by Fe at the first stages of the growth, into larger interconnected islands. At larger Fe layer
thickness the magnetization reversal is explained by taking into account the interplay between a unidirectional
anisotropy, due to coupling with NiO, and the uniaxial growth anisotropy of Fe, which develops around 50 ML
Fe layer thickness. No significant chemical modification of the interface is observed for thermal treatments up
to 540 K. Exchange bias can be induced only for NiO layer thickness above 25 ML and its value can be tuned
by changing the ferromagnetic to antiferromagnetic layer thickness ratio, reaching 220 Oe. No training effect

is observed for this system.

DOI: 10.1103/PhysRevB.81.054431

I. INTRODUCTION

In order to explain and optimize a number of processes
based on the magnetic properties of materials, such as for
example tunneling magneto-resistance or exchange bias
(EB), the use of epitaxial systems has shown to be very
important.!3 In these systems it is possible to obtain an
atomic-scale characterization of the structure and composi-
tion, and consequently, with the help of theoretical models,
to achieve a good control of a large number of parameters. In
particular, the role of the interface in many observed pro-
cesses has been often recognized to be determinant for the
overall behavior of the system.>® Studies of epitaxial sys-
tems thoroughly characterized in the structure, morphology,
and chemistry of the interfaces involved can be therefore of
great help in understanding the properties of more complex
materials.

In the case of the EB effect, i.e., the unidirectional aniso-
tropy occurring at ferromagnetic (FM)/antiferromagnetic
(AF) interfaces,”” a general quantitative explanation is still
not available. This is probably due to the complex atomic
and magnetic configurations of real interfaces, which are dif-
ficult to be taken into account in the different models.'-14

NiO is an appealing AF material for the applications, be-
cause of its Néel temperature (520 K), significantly higher
than room temperature (RT). The NiO(001) surface is a fully
compensated AF surface; the spins are aligned along the
(112) directions with 24 possible domains in the bulk.'?
When NiO is in the form of thin films the influence of the
interface, of the surface and of the possible strain have been
shown to preferentially stabilize some of the domains with
respect to others.”>™!7 In the case of thin NiO films on
Ag(001), domains with the main spin component in the
surface plane have been shown to be preferentially
occupied. 617

NiO has often been used as an AF materia for its
simple rock-salt structure with a small lattice mismatch both
with nonmagnetic materials such as Ag or MgO, used as
substrates for its epitaxial growth,'®2! and with 3d metals
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such as Fe and Co.??>"?8 In particular, good quality epitaxial
Fe layers have been obtained on NiO(001),2%2428 in spite of
the occurrence of some NiO reduction and Fe oxidation at
the interface.??">>28 In previous works we have performed a
multitechnique characterization of the Fe/NiO interface,
which allowed to obtain a detailed atomic scale model of its
structure and composition.>#?>?8 These studies demonstrated
that the oxidized Fe phase remains confined at the interface,
where a FeO-like layer is formed,? while the metallic Ni,
which results from the oxide-substrate reduction, is inter-
mixed within the Fe film, forming an alloy with a distorted
bee structure involving ~3 ML.?8 The observed complex
atomic structure at the interface is expected to have signifi-
cant consequences on the magnetic behavior of Fe in this
epitaxial FM/AF system.

In a 0.9 nm thick Fe film grown on bulk NiO(001) the Fe
spin polarization was found to be in plane and almost per-
pendicular to the easy-spin axis of NiO,? in contrast with the
case of other transition metals on NiO,23%3! where a collin-
ear coupling was observed. A micromagnetic simulation
showed that for compensated FM/AF interfaces the equilib-
rium coupling is perpendicular, but a transition to parallel
coupling is observed as the number of uncompensated mo-
ments at the interface is increased.>> The values of EB field
measured on similar systems, such as for example FM/NiO
bilayers or polycrystalline Fe/NiO are a few tens of Oe at
room temperature.333*

In this study we investigate the magnetic properties of Fe
epitaxial layers on NiO in a wide coverage range for both the
AF and FM layers, and we show that the use of atomic-scale
controlled systems allows achieving a good degree of control
of the magnetic properties and of the dominant mechanisms
which influence magnetization reversal. The good crystal
quality allows obtaining larger values of EB at room tem-
perature, compared to polycrystalline systems of the FM/
NiO type, and no significant training effect.

II. EXPERIMENTAL

The samples were prepared in a ultrahigh vacuum (UHV)
chamber by means of molecular beam epitaxy using a
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Ag(001) single crystal as a substrate. The Ag surface was
prepared by repeated cycles of sputtering and annealing. The
NiO films were grown on the Ag substrate, kept at 460 K, by
reactive evaporation of Ni from a Knudsen cell in an O,
partial pressure of ~1X 1077 Torr. The Fe films were sub-
sequently grown on the NiO layers at RT, using a Knudsen
cell. Both Ni and Fe evaporation cells were oriented at 45°
from sample normal, while the in plane orientation of the
flux was oriented (by changing the in-plane orientation of the
sample) to have the possible growth anisotropies (observed
on similar systems in the direction perpendicular to the
growth axis) as close as possible to the intrinsic anisotropy
directions of the epitaxial films. This was done in order to
simplify as much as possible the resulting magnetic system
in terms of anisotropy directions. During NiO growth the
in-plane orientation was at ~20° from Ag [010] direction, in
order to align the expected growth anisotropy as close as
possible to the NiO [121]. During Fe evaporation, the in-
plane orientation of the Fe flux was along the NiO [110]
direction, i.e., along the [100] direction of the growing Fe
film, an easy magnetization direction in crystalline Fe films
due to magnetocrystalline anisotropy. The metal flux rate
was calibrated before the growth by a quartz microbalance.
In the following we shall express the amount of NiO and Fe
in monolayers (ML), always referring to the amount of ma-
terial deposited (for NiO 1 ML=2.09 A and for Fe 1 ML
=1.43 A). After the growth in situ x-ray photoelectron spec-
troscopy (XPS) was used to check the film thickness, their
stoichiometry and to measure the evolution of the interface
chemistry during in situ thermal treatments. In situ noncon-
tact atomic force microscopy (nc-AFM) and scanning tunnel-
ing microscopy (STM) were used to image the NiO and Fe
film morphology, respectively. The analysis of the scanning-
probe images has been performed by the WsxM>> program
and other commercial software products. The magnetization
loops were measured by means of a magneto-optical Kerr
effect (MOKE) apparatus, operating either in situ or ex situ.
For in situ MOKE measurements the sample was positioned
in an aluminum end section of the UHV chamber, in turn
placed between the polar expansions of an electromagnet,
and the laser light was let in and out of the UHV chamber
through nonbirefringent, stress-free glass windows. For ex
situ MOKE measurements the samples were capped by a 3.5
nm thick Ag layer and a 3 nm thick MgO layer to prevent
oxidation during exposure of the samples to atmospheric
pressure. The MOKE measurements were performed in the
longitudinal configuration with the laser beam impinging at
22.5° from sample normal. The incident beam polarization in
some of the measurements was varied form s to p, sp, and ps
polarizations (i.e., with the electric field perpendicular, par-
allel, at 45° and at —45° from the incidence plane, respec-
tively). Since for our sample the assumption |n|> 1, where n
is the refraction index of the reflecting medium, is verified,
we could obtain the longitudinal, transverse, and polar com-
ponents of the magnetization M;, M, and M, by linear com-
binations of the reflected intensity in s, p, sp, and —sp
polarizations, I, I,, I, and I_g,, respectively. In particular,
we have [+I,cM; [—[,>M, I+l ,>M, and
I,,—1_,;<M,® The MOKE signal has been normalized to
the saturation value of the magnetization for each sample,
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FIG. 1. MOKE longitudinal hysteresis loops for Fe films of
different thickness [(a) 6 ML, (b) 8 ML, and (c) 25 ML] on 10 ML
NiO/Ag(001) measured with the field along the Fe[100] direction.
Panel (c) also reports the hysteresis loop measured with the field
along the [110] in plane direction.

therefore only relative values of the magnetization are
shown.

In situ thermal treatments were performed by using an
electron beam heater, while field cooling (FC) treatments
were performed ex situ in a low-vacuum (5% 1073 Torr) re-
sistive heating furnace. During FC treatments the sample was
kept at the desired temperature for 5 min and then slowly (20
K/min) cooled in an external magnetic field of 3000 Oe ap-
plied along the Fe [100] direction on the sample surface and
perpendicular to the direction of the projection of the Fe
growth axis.

III. RESULTS AND DISCUSSION
A. Onset of ferromagnetism

We first investigated the variations of the hysteresis loop
as a function of the Fe layer thickness. This investigation
was possible due to the availability of MOKE magnetometry
operating in situ, since the magnetic properties of ultrathin
Fe deposits may be influenced by the presence of capping
layers. Figure 1 reports the hysteresis loops measured in situ
in p polarization on samples of variable Fe thickness grown
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FIG. 2. (Color online) STM images measured for Fe layers of
(a) 1.4 ML, (b) 4.2 ML, (c) 7 ML, (d) 11 ML, and (e) 15 ML on 10
ML NiO/Ag(001) (I=0.2 nA, V=1 V). The evolution of the aver-
age cluster diameter with Fe thickness is shown in (f), where the
error bars are the standard deviation of the size distribution of the
clusters measured on 80X 80 nm? images.

on a 10 ML NiO film. In systems where a zero or a very
small component of the magnetization in the polar direction
is expected, MOKE hysteresis cycles in p or s polarization
represent the longitudinal magnetization component. The
magnetization loops showed no hysteresis at 6 ML and be-
low [Fig. 1(a)]. Above 8 ML the magnetization loops show
hysteresis with coercive field of approximately 300 Oe [Fig.
1(b)]. The loop shape does not change significantly for larger
Fe thickness and for different in-plane orientation of the ap-
plied magnetic field [Fig. 1(c)]. Although the system is epi-
taxial, magnetocrystalline anisotropy effects on the hyster-
esis cycles could not be detected as long as the Fe thickness
is small enough (below~50 ML). These are probably
masked by the coupling between Fe and NiO, as discussed in
Sec. III B.

We rule out the possibility that the absence of hysteresis
loop below 6 ML can be due to the formation of non mag-
netic Fe phases at the interface. Although we know from our
previous characterization of the system that the interface is
not chemically sharp,?*?>?8 the formation of the FeO-like
layer cannot be the only factor responsible for the absence of
hysteresis up to 6 ML, since it is extended over no more than
1 or 2 atomic layers.” The bct Fe—Ni alloyed phase extends
in thickness up to a few atomic layers,”® but we demon-
strated that already a few ML above the interface the mag-
netic properties are very similar to the ones of pure metallic
Fe.’” Therefore, we considered the possibility for the ob-
served onset of FM behavior to be due to growth morphol-
ogy. It has to be noted that on a system very similar under the
structural point of view, i.e., the Fe/MgO system, the onset of
FM behavior has been ascribed to a partial coalescence of the
islands at similar coverages.’® Similarly on the Fe/NiO sys-
tem we investigated the evolution of the growth morphology
with Fe thickness by STM. Figure 2(a) shows an STM image
of 1.4 ML Fe deposited on a 10 ML NiO film. At this low
coverage Fe forms small clusters with an almost round shape
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FIG. 3. Coercive fields measured on MOKE longitudinal loops
for a 10 ML Fe film and a 50 ML Fe film as a function of NiO
thickness.

and average lateral size of approximately 2.5 nm. The low-
density highest round structures (white in the image) are as-
cribed to inhomogeneities in the Ag sample surface. With
increasing Fe deposition to 4.2 ML [Fig. 2(b)], the islands
tend to grow in size. By further increasing the deposition to
7, 11 and 15 ML [Figs. 2(c)-2(e)] not only the cluster size
increases [Fig. 2(f)], but the islands also tend to change
shape and become more interconnected. This change in mor-
phology is probably responsible for the onset of FM behav-
ior. At low coverage, the particles are too small to have a
stable ferromagnetic coupling at RT. By increasing the de-
posited Fe amount the particles are large enough to have a
blocking temperature above RT. A quantitative evaluation of
the blocking temperatures by the Néel relaxation formula
requires an evaluation of the volumes of the particles (which
can be obtained from the STM images) and the determina-
tion of their magnetic anisotropy. This last parameter is dif-
ficult to be estimated, being largely influenced by the surface
contribution, by the shape of the particles, by their mutual
interaction and by the coupling with NiO.

B. Magnetization reversal mechanism

The hysteresis loops shown in Figs. 1(b) and 1(c) have a
coercivity of a few hundreds Oe, which does not change
significantly with Fe thickness up to 25 ML. This value is
markedly larger than the one measured on Fe layers with
comparable structure, morphology, and thickness grown on
MgO/Ag(001) films with very similar procedures,’® namely,
10-20 Oe. The large values of coercivity are due to coupling
with the NiO, and are frequently observed on other FM/AF
systems.>33%40 We investigated the evolution of the coerciv-
ity with NiO thickness for Fe layers of fixed thickness. Fig-
ure 3 shows its behavior for a 10 and 50 ML Fe film. In the
first case the coercive field increases from about 300 Oe at
NiO thickness below 25 ML to values around 1000 Oe for
NiO thickness above 50 ML. For the 50 ML Fe film the
coercivity values are lower than the corresponding ones for
the 10 ML Fe film and they increase with NiO thickness also
in this case. We investigated the possibility that this effect
can be due to morphological variations: an increased rough-
ness of the thicker NiO films would imply a larger contact
area at the interface with Fe and NiO and possibly also a
different morphology of the Fe layers, which may cause the
observed increase in coercivity. In order to elucidate this
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FIG. 4. (Color online) Nc-AFM images of (a) 10 ML and (b) 50
ML NiO films on Ag(001). STM images of (¢) 11 ML Fe/10 ML
NiO and (d) 10 ML Fe/50 ML NiO as grown and (e) 11 ML Fe/10
ML NiO after annealing at 530 K (I=0.05 nA, V=3 V).

aspect we used nc-AFM to measure the morphology of NiO
films of different thickness. Figure 4 a shows the topography
of a 10 ML NiO film, where irregular structures not uniform
in size are present. The average surface roughness is below 2
atomic layers. We did not observe any morphological aniso-
tropy in spite of the oblique incidence growth of the NiO
films, in analogy with previous works.3* A few highest round
structures (white in the image), approximately 5 nm large
and 2-2.5 nm high, are ascribed, as already mentioned, to
inhomogeneities in the Ag sample surface, acting as nucle-
ation centers for NiO growth. The surface topography of the
50 ML NiO film [Fig. 4(b)] and the 10 ML film are compa-
rable in terms of roughness and irregularity of the structures.
Figure 4(c) and 4(d) report the morphology of a Fe film of
similar thickness, 11 and 10 ML, grown on the 10 and 50
ML thick NiO films, respectively. As expected, the Fe mor-
phology is not significantly affected by the thickness of the
NiO film underneath. In both cases interconnected islands of
round shape with average lateral size of 3—4 nm and height
of 1-2 nm can be observed. Having excluded morphology
dependent effects, in order to explain the coercivity of our
system and, more in general, magnetization reversal, we
have to investigate the intrinsic magnetic couplings that
come into play. In the literature different models have been
proposed to explain the coercivity of FM/AF systems. In
general, two different mechanisms are invoked: instabilities
in the antiferromagnet*'*> and/or inhomogeneous magnetiza-
tion reversal.>* The first mechanism occurs close to the
blocking temperature of the system because the AF material
reverses its spins due to the coupling with the FM material
and its contribution increases with increasing weight of the
interface coupling and decreases with increasing AF aniso-
tropy. The second mechanism is due to irreversible processes
in the ferromagnetic layer, occurring due to the presence of
antiferromagnetic grains with different orientations. Both ef-
fects may come into play in our system, and both may have
an increasing weight with increasing AF layer thickness, due
to an increase in its magnetic anisotropy.
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FIG. 5. (Color online) Linear combinations of MOKE longitu-
dinal hysteresis loops in different polarizations, giving the (a) lon-
gitudinal, (b) transverse, and (c) polar components of the magneti-
zation for a 10 ML Fe film on 50 ML NiO. (d) Main anisotropy
directions for the system and schematic view of the mechanism for
magnetization reversal.

In order to have a complete picture of magnetization re-
versal for our system, we measured the MOKE hysteresis
cycles in s, p, sp, and ps polarizations and obtained the lon-
gitudinal (M), transverse (M,), and polar (M,) components
of the magnetization by linear combinations of the three
spectra (see Sec. II). For each graphic shown in Figs. 5 and 6
the magnetization is reported in arbitrary units because the
experimental setup does not allow to reach the saturation
magnetization in the polar and transverse directions. In Figs.
5 and 6, we show the behavior of M;, M,, and M, for the
most significant samples, i.e., a 10 ML Fe/50 ML NiO bi-
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FIG. 6. (Color online) Linear combinations of MOKE longitu-
dinal hysteresis loops in different polarizations, giving the (a) lon-
gitudinal, (b) transverse, and (c) polar components of the magneti-
zation for a 50 ML Fe film on 50 ML NiO. (d) Main anisotropy
directions for the system and schematic view of the mechanism for
magnetization reversal.
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layer, in which the FM layer thickness is much smaller than
the AF one, and a 50 ML Fe/50 ML NiO layer, in which the
FM and AF layer thickness are comparable. On the 10 ML
Fe/50 ML NiO bilayer, the longitudinal component of the
magnetization [Fig. 5(a)] shows a loop, but the magnetiza-
tion is not completely saturated even at the largest fields
used. A cycle, though with a lower signal-to-noise ratio than
the one of the longitudinal component, is observed for the
polar component of the magnetization [Fig. 5(c)]. The trans-
verse component instead shows a residual cycle, which is
hardly distinguishable within the noise level [Fig. 5(b)]. As
shown in Fig. 5(d), the NiO[121] direction, which is the
anisotropy direction for NiO closest to the direction of the
applied field (HIIFe[100]INiO[110]), forms an angle of 24°
with the xy plane and its projection in the xy plane forms an
angle of 18° with the H direction. The behavior of the three
magnetization components is interpreted assuming that the
magnetization reversal of the 10 ML Fe/50 ML NiO film
proceeds by nucleation of reversed domains and domain wall
motion. Most of the film has an in plane magnetization
which reverses in the direction of the applied field. A small
part of the domains however seem to reverse their magneti-
zation along the anisotropy direction of NiO closest to the
external field direction.?® These domains would have a com-
ponent along the polar direction and a smaller component
along the transverse direction, even at the largest fields used
in this study. The fact that the MOKE cross section is much
larger for the polar magnetization component than for the
transverse one® can explain the very low signal in the trans-
verse direction. For these domains the interface coupling
dominates over the coupling with the rest of Fe layer and
with the external magnetic field. We expect this phase to be
confined at the Fe/NiO interface, where an epitaxial inter-
mixed phase is present.”>->> The high value of coercive field
measured at low Fe coverages originates from this phase.
The situation for a 50 ML Fe/50 ML NiO bilayer is mark-
edly different, as can be seen in Fig. 6. The longitudinal
component of the magnetization [Fig. 6(a)] shows a loop
with an asymmetry between the ascending and descending
branches. Along the ascending branch the magnetization
switches direction within a relatively small field range. The
descending branch instead shows a more gradual inversion
of the magnetization. The transverse loop [Fig. 6(b)] shows
two peaks at values corresponding to the inversion fields
along the two branches. This indicates that part of the mag-
netization rotates in the plane during reversal. The polar
component shows an open loop [Fig. 6(c)]. Asymmetric loop
shapes have often been observed in systems where an
uniaxial anisotropy and a unidirectional anisotropy not per-
fectly aligned®®4%46-48 cause a different reversal mechanism
along the two branches of the hysteresis loop. In our system
the anisotropy along the NiO[121] direction may be larger
than the other NiO anisotropy directions, due to the limited
film thickness, favoring the occupation of the domains with a
major spin component in plane,'””"!” and to the eventual
growth anisotropy.>? Furthermore, as the Fe thickness is in-
creased to 50 ML a growth anisotropy in the direction per-
pendicular to Fe growth starts to appear. This is reflected in
the steps of the hysteresis loop of Fig. 7, frequently observed
in ferromagnetic films deposited at oblique incidence.*’ This
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FIG. 7. MOKE longitudinal hysteresis loops of a 50 ML Fe/25
ML NiO bilayer, measured with the field parallel and perpendicular
to the projection of the growth direction on the sample plane. A
sketch of the growth geometry is also shown in the inset.

anisotropy is typically dependent both on the Fe thickness
and on the orientation of the growth axis, Y in our case 45°
from sample normal along the Fe[100]. The magnetization
loops in the three directions for a 50 ML film on 50 ML NiO
indicate that magnetization reversal proceeds by a mecha-
nism which is neither a coherent in-plane rotation, in which
case we would not observe an open loop in the polar com-
ponent of the magnetization, nor pure formation of reversed
domains and domain wall motion, due to the shape of the
transverse component of the magnetization. The mechanism
for magnetization reversal is different along the ascending
and descending branches. Along the ascending branch at
fields close to the inversion field of the longitudinal loop
some of the domains rotate toward the [121] direction; for
increasing fields a decrease in transverse magnetization is
observed, indicating a further rotation of most of the do-
mains toward the field direction [Fig. 6(d)]. The polar mag-
netization loop indicates that also on this sample a phase,
probably situated at the interface, remains bound to the [121]
direction and presents a polar net magnetization. For de-
creasing fields, the unidirectionality of the anisotropy along
the [121] direction makes the reversal process more gradual,
although the same two mechanisms (rotation and domain
wall propagation) come into play. The unidirectionality of
the NiO anisotropy direction may come from morphological
effects, since no FC procedure was applied to these samples.
The increasing weight of the noninterfacial Fe phase with
increasing Fe thickness is probably responsible for the de-
crease in coercive field at large Fe thickness (Fig. 3).

The shape of the hysteresis loops is the same after re-
peated cycling, indicating that there are no irreversible ef-
fects in the AF material.

C. Thermal stability

Before performing FC of the samples, we checked the
thermal stability of the interface by XPS, using an § ML
thick Fe sample, in order to have a good compromise be-
tween the signal-to-noise ratio and the sensitivity to the in-
terface layers. The Ni 2p and Fe 2p XPS spectra for different
values of heating temperatures are shown in Fig. 8. Already
at 290 K the Ni 2p spectra show a Ni>* component and a
metallic component, in agreement with previous
works,?>?*28 corresponding to a reduction of ~0.8 ML NiO
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FIG. 8. Evolution of (a) Ni 2p and (b) Fe 2p XPS lineshapes of
an 8 ML Fe/10 ML NiO bilayer with progressive annealing tem-
peratures from RT to 590 K. Reference spectra of a 10 ML NiO film
and of a metallic Ni sample are also shown in the bottom part of
panel (a). A reference spectrum of a metallic Fe sample is also
reported in the bottom part of panel (b).

and an oxidation of ~0.8 ML Fe. In the Fe 2p spectra at 290
K the intensity ratio between the 2ps/, peak at 707 eV and
the broad shoulder at ~710 eV binding energy is slightly
larger than on a bulk Fe film. No significant changes in the
XPS spectra are observed after in situ heating the samples up
to 440 K. At 490 K, a slight increase in the Ni° to Ni2*
component is observed, corresponding to a reduction of 1
ML NiO, while at 590 K the Ni reduction and Fe oxidation
are relevantly increased. The morphology of a 10 ML Fe/10
ML NiO bilayer after heating at 530 K is shown in Fig. 4(e).
The Fe islands are much more interconnected, forming a
network of structures with edges parallel to the Fe[100] di-
rection and holes with an almost rectangular shape.

D. Exchange bias

After checking that the samples are chemically stable at
least up to temperatures of 490 K, we measured the hyster-
esis loops after FC for different values of the Fe and NiO
layer thickness. The results are summarized in Fig. 9. For
NiO films below 25 ML no exchange bias can be observed,
whatever the Fe layer thickness is. This is shown in Fig. 9(a),
in the case of a 12 ML Fe/10 ML NiO bilayer after FC to
490 K. No significant change of the hysteresis loop can be
observed for such bilayers after FC up to temperatures of
540 K (spectrum not shown). This indicates that the morpho-
logical changes after annealing [see Fig. 4(e)] do not imply
significant changes in the magnetic couplings. The Fe grains
are already interconnected and a smoothing of their surface
and of their grain boundaries does not have significant con-
sequences on magnetization reversal. With increasing NiO
thickness to 50 ML, together with the already discussed in-
crease in coercivity of the loops, a negative EB (i.e., in the
direction opposite to the applied field) of a few hundreds Oe
is present after FC [Fig. 9(b)]. No significant variation in
coercivity after FC is observed. The EB field does not
change significantly with increasing FC temperatures up to
540 K. The existence of a critical AF layer thickness for the
onset of EB is a well known phenomenon’' which has been
ascribed to two possible mechanisms. The first is a decrease
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FIG. 9. MOKE longitudinal hysteresis cycles for (a) a 10 ML
Fe/10 ML NiO sample and (b) a 10 ML Fe/50 ML NiO sample as
grown and after FC. (c) Dependence of the EB field on the NiO
thickness for 10 and 50 ML Fe films.

in Ty with AF layer thickness, which for a certain thickness
becomes lower than the measuring temperature and prevents
the occurrence of EB. For our system, since we know that
the Ty of NiO/Ag layers is above RT already for thickness of
6 ML, we exclude the possibility that this effect can play a
role. A second point that has to be considered is the fact that
the anisotropy energy of the AF material has to be larger than
the interface coupling energy for EB to be observed. This is
probably the effect which comes into play for our system.
The increase in anisotropy of the NiO film with thickness is
the origin of the increase in coercive field and of exchange
bias field with NiO thickness. At 10 ML the NiO film aniso-
tropy is large enough to give relatively large coercivities
through coupling with the Fe overlayer, but not enough to
pin it after FC. The measured critical NiO thickness for the
onset of EB in our samples is between 25 and 50 ML and the
EB and coercive fields continue to increase at 150 ML [Figs.
3 and 9(c)], indicating that probably the anisotropy has not
reached its saturation value for such a thickness. The large
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NiO thickness range over which the EB increases is due to
the relatively low value of anisotropy of bulk NiO compared
to other AF materials. As expected, the EB field inversely
depends on the Fe layer thickness, approximately as 1/#g,
indicating that exchange bias is an interfacial effect. The
maximum values for EB are obtained for 10 ML Fe films, to
be largely above the onset for ferromagnetism, on the thick-
est NiO films used for this study, i.e., 150 ML. The maxi-
mum EB field obtained is 220 Oe, largely higher than the
values obtained for polycrystalline Fe/NiO systems,>>3* or
for other FM layers on NiO.3

The decrease in exchange bias field for Fe layers of larger
thickness (Fig. 9(c)) can be correlated with the formation of
a second magnetic phase at larger Fe thickness, discussed in
Sec. III B. This phase is relatively less strongly coupled to
the NiO underlayer than the interface phase and its weight
increases with thickness, thus reducing the net exchange bias
field.

We did not observe a significant training effect, i.e., a
decrease in EB for repeated cycling, not even after several
tens of cycles. The absence of training effect indicates that
the irreversible processes in the AF layer, frequently ob-
served in polycrystalline samples® or in systems grown in
less controlled conditions,”* do not occur in epitaxial NiO
layers.
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IV. CONCLUSIONS

We have investigated the magnetic properties of epitaxial
Fe films on NiO(001) layers. We found that ultrathin
(i.e., below 6 ML) Fe layers do not show a ferromagnetic
behavior, because they are discontinuous. Fe films with in-
termediate thickness (around 10 ML) show hysteresis cycles
with large coercivity, due to a strong coupling with the un-
derlying NiO. The magnetization reversal proceeds via
nucleation of inverse domains and domain wall motion, with
a significant part of the magnetization pinned to the AF layer
anisotropy direction. For thicker Fe layers, the interplay be-
tween unidirectional growth anisotropy and the uniaxial an-
isotropy of NiO induces an asymmetric magnetization rever-
sal with the interfacial layers pinned to NiO and the upper
layers partially rotating in the sample plane. Exchange bias
on this system can be established only if the NiO layer thick-
ness is above 25 ML, probably because the anisotropy of
thinner films is not strong enough to produce the required
pinning. Values of EB field as high as 220 Oe can be
obtained by properly choosing the Fe and NiO layer
thickness. No training effect has been measured on this sys-
tem. This work shows that a detailed characterization of
FM/AF systems can be of great help to unravel the compli-
cated microscopic couplings that determine their magnetic
behavior.
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