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Thesis Outline

Interfaces between ferromagnetic and antiferromagnetic layers have shown a variety
of intriguing features like unidirectional anisotropy leading to exchange bias, enhance-
ment of coercivity, rotational hysteresis etc.. When an antiferromagnet is sandwiched
between two ferromagnetic layers a nonvanishing exchange interaction between the
two ferromagnets has been observed. Theoretically, the existence of a non-collinear
magnetic structure in the antiferromagnetic spacer has been proposed. Previous inves-
tigations deduced a linear dependence of the turn-angle between the magnetization of
the ferromagnetic layers on the thickness of the antiferromagnet from bulk magneti-
zation measurements. These experiments provided indirect evidence for a spiraling of
the moments within the antiferromagnetic spacer.

The aim of the present work is to investigate the role of an antiferromagnet in me-
diating exchange interaction between two adjacent ferromagnetic layers as a function
of the thickness of the antiferromagnetic spacer layer. In contrast to previous work,
we probed directly the magnetization reversal of individual ferromagnetic layers using
polarized neutron reflectometry with polarization analysis in order to obtain an insight
into the mechanism of interlayer coupling.

For this purpose, we prepared samples of FeCoV (20 nm)/NiO (tNiO)/FeCoV (20 nm)
trilayers with FeCoV as the ferromagnet and NiO as the antiferromagnet. The tri-
layer series covers a range of NiO thickness from 1.5 to 100 nm. Additionally, NiO
and FeCoV single layers and FeCoV/NiO and NiO/FeCoV bilayers were produced to
investigate systematically the individual properties of the layers and interfaces, which
constitute the trilayer samples. All samples were deposited using DC magnetron sput-
tering while a reactive Ar:O2 atmosphere was used to deposit NiO from a Ni metal
target. In the series of NiO layers the composition of the sputter atmosphere was var-
ied to find optimum conditions to obtain stoichiometric NiO with (111) out-of-plane
texture. The stoichiometry and the texture were determined from the critical angle of
X-ray total reflection and the X-ray diffraction pattern, respectively. Based on these
results, NiO-FeCoV bilayers and FeCoV/NiO/FeCoV trilayers were prepared.

X-ray diffraction and reflectometry were applied to characterize the structure of the
samples. The X-ray diffraction measurements show that the out-of-plane texture of the
NiO layers depends on the underlying material. Predominant (111) texture is found for
the NiO layers deposited on glass substrates as expected from the chosen preparation
conditions. When NiO is grown on top of FeCoV, grains with (200) texture are present
in addition. The out-of-plane texture of FeCoV layers is always (110). X-ray reflectiv-
ity measurements were employed to probe the chemical depth profiles of the multilayer
samples. A detailed layer structure of the samples was deduced from the refinement
of models of the depth profile. The models were developed systematically from FeCoV
single layers to trilayers via NiO-FeCoV bilayers. Due to this systematic procedure,
finer details about layer thickness, interface roughness, interfacial layers and surface
oxidation were unraveled. The structural characterization confirms the consistent and
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high quality of the samples prepared by DC magnetron sputtering.

Bulk magnetic properties of FeCoV single layers, bilayers and trilayers were obtained
from DC magnetization measurements. Hysteresis loops were measured along differ-
ent directions in the plane of the samples in order to determine coercive fields and
to obtain any net magnetic in-plane anisotropy. In addition to experiments at room
temperature, measurements were performed at temperatures T = 2, 400 and 530 K
as well, for the investigation of the temperature dependence of magnetization reversal.
At T = 530 K (> TN), in the paramagnetic state of NiO, the magnetic properties of
ferromagnetic layers in bilayers and trilayers were obtained without the contribution
of interfacial exchange from antiferromagnetic NiO.

The single layers of FeCoV provide intrinsic magnetic properties of free FeCoV layers
isolated from other magnetic layers. They show isotropic magnetic properties in the
plane of the films with a relatively high coercivity compared to bulk. It is inferred that
the magnetic properties are a consequence of a random distribution of local stress caus-
ing high local magnetic anisotropies because of the large magnetostriction of FeCoV.
In addition, FeCoV layers with different layer thicknesses were investigated to test the
sensitivity of the magnetic properties on the layer thickness. A variation of coerciv-
ity is found, which can be properly explained in terms of the random anisotropy model.

Separate information about the magnetic properties of the bottom FeCoV layer in the
trilayers including the influence of antiferromagnetic NiO on top was obtained from
the series of FeCoV/NiO (tNiO) bilayers. At room temperature, the hysteresis loops
of the bilayers are very similar to that of the FeCoV single layers indicating that the
magnetic properties of the FeCoV/NiO bilayers are governed by the intrinsic properties
of the ferromagnetic layer. Only a weak influence of the antiferromagnet is observed
in the case of a thick NiO spacer layer, which manifests itself as small exchange bias.
The influence of NiO becomes prominent at low temperature enhancing the exchange
bias significantly. It is found that the direction of pinning is defined by the orientation
of the magnetization of the ferromagnet during cooling. This result suggests that the
ferromagnet causes a reorientation of the antiferromagnetic spins, which are stabilized
when samples are cooled to low temperature.

NiO (tNiO)/FeCoV bilayers represent the upper part of the trilayer motif. These sam-
ples show a distinct magnetic anisotropy and rather low coercivity at room tempera-
ture, which is significantly different to FeCoV single layers and FeCoV/NiO bilayers.
Weak exchange bias is observed for thick NiO layers. At low temperatures, significant
exchange bias was measured for all thicknesses of the NiO layer. The unidirectional
anisotropy could be tuned along either direction of the anisotropy axis dependent on
the orientation of the ferromagnet during cooling, similar to the series of FeCoV/NiO
bilayers. For paramagnetic NiO (T > 523 K) the easy axis of magnetization is observed
perpendicular to the direction of the easy axis for antiferromagnetic NiO suggesting
that the anisotropy below TN is induced by the NiO layer and transferred to the FeCoV
layer via exchange coupling across their common interface. From these results, it is
inferred that at room temperature the antiferromagnetic spins are rotated between the
two possible orientations of their uniaxial anisotropy axis initiated by the reversal of
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the exchange coupled ferromagnet. At low temperature, the antiferromagnetic spins
become stabilized inducing exchange bias.

The MH-loops of FeCoV/NiO (tNiO)/FeCoV trilayers show a strong dependence of
the magnetization reversal on the thickness of the NiO spacer layer. For tNiO ≤ 10 nm,
the reversal occurs via a single gradual transition whereas for tNiO ≥ 20 nm, the MH-
loops exhibit two steps during the magnetization reversal. The first step shifts towards
lower applied fields for increasing thickness of the NiO spacer layer. The second step
remains constant at an applied field similar to the coercive field of the FeCoV single
layer. For tNiO ≥ 40 nm, the intermediate plateau in between the two steps has almost
zero net magnetization. The two step process is present unless NiO becomes param-
agnetic. At T = 530 K the magnetization reversal for tNiO ≥ 40 nm occurs also in a
single gradual process. At T = 2 K, trilayers with tNiO ≥ 40 nm shows exchange bias
similar to the NiO-FeCoV bilayers whereas for trilayers with tNiO ≤ 10 nm almost no
exchange bias is observed.

In order to resolve the magnetization reversal of individual ferromagnetic layers of the
FeCoV/NiO/FeCoV trilayers, polarized neutron reflectometry with polarization anal-
ysis was employed. Measurements were performed on selected samples representing
the different regimes observed in bulk magnetic measurements. The obtained reflec-
tivity profiles were modeled, based on the detailed chemical layer structure deduced
from X-ray reflectivity data and adjusting the magnetization vectors of each FeCoV
layer. First measurements were performed at magnetic saturation of the samples pro-
viding the saturation magnetization of the individual FeCoV layers on an absolute
scale. Consistently, for all samples a magnetic moment of FeCoV of 2.1µB per f.u. was
obtained. Of particular interest are the configurations of the magnetization vectors
during the magnetization reversal. Therefore, the polarization dependent reflectivity
profiles were measured at selected fields during the magnetization reversal. The ob-
tained layer resolved magnetization shows that at small thicknesses of the NiO spacer
the magnetization of the FeCoV layers reverse in a combined way, i.e. within an iden-
tical range of applied field. For thick NiO spacer layers the top FeCoV layer reverses
first at a low field, followed by the bottom layer at a higher field. In between these
two switching fields, the magnetization of top and bottom FeCoV layers are aligned
antiparallel to each other.

In summary, the experimental results provide evidence for interfacial coupling across
the interfaces between NiO and FeCoV layers. In particular, the observation of ex-
change bias at low temperature and the reorientation of the anisotropy axis in
NiO/FeCoV bilayers when NiO becomes paramagnetic support this. The absence of
exchange bias at room temperature can be explained because the antiferromagnetic
spins rotate irreversibly with the magnetization of the ferromagnetic layer. At low
temperatures, the antiferromagnetic spin structure becomes more rigid and exchange
bias sets on. The contribution of the internal spins of the antiferromagnet is inferred
from the comparison of trilayers and bilayers with tNiO ≤ 10 nm at T = 2 K. In con-
trast to bilayers, exchange bias is not observed for these trilayers. This observation
is understood as that the reversal of both ferromagnetic layers drags also the spins of
the antiferromagnet at both interfaces leading to a rotation of all antiferromagnetic
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spins along the layer thickness as a unit and erasing the mechanism for exchange bias.
An exchange coupling of the ferromagnetic layers for tNiO ≤ 20 nm is evident from
the results of polarized neutron reflectometry. These reveal that the magnetization
of the bottom FeCoV layer is further reversed compared to FeCoV single layers and
FeCoV/NiO bilayer at identical applied field. For tNiO ≥ 40 nm, the magnetization
of the ferromagnetic layers can be tuned to an antiparallel orientation by applying a
adequate magnetic field manifesting a dependence of the interlayer exchange coupling
on the thickness of the NiO spacer layer.

The experimental observations can be understood within the framework of theoretical
postulations of Xi and White who discuss the interlayer exchange coupling between
two ferromagnetic layers separated by an antiferromagnetic layer. They predict a twist
of the antiferromagnetic spins when one ferromagnetic layer reverses while the other
remains rigid. Depending on the strength of interfacial coupling with respect to the
domain wall energy of the antiferromagnet and the ratio of thickness and domain wall
width of the antiferromagnet, different scenarios are possible for the evolution of a
spin twist in the antiferromagnetic spacer. Applying the ideas of Xi and White with a
qualitative extension by introducing different but finite rigidity of both ferromagnetic
layers, can explain the experimental observations on FeCoV/NiO/FeCoV trilayers in
the present work. For thin NiO spacer layers the antiferromagnetic spins are rigid me-
diating a strong coupling between the ferromagnetic layers. When the thickness of NiO
increases, a twist of the antiferromagnetic spins is created during the magnetization re-
versal of the ferromagnetic layers. For tNiO ≥ 40 nm, a complete 180◦ domain wall can
be accommodated in the NiO spacer facilitating the observed antiparallel configuration
of the magnetization of the ferromagnetic layers.
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Chapter 1

Introduction

Interlayer exchange coupling between two ferromagnetic layers mediated by materi-
als like metals, semiconductors, insulators etc. has been a fascinating topic in the
recent years. The properties of such nanostructures often cannot be predicted from
the individual properties of their bulk counterparts. Furthermore, the combination
of materials in multilayers can result in different properties than expected from the
cumulative properties of the constituent materials as a thin layer. It is even possible
to tailor the properties of nanostructures in a wide range, which provides interesting
physics and innovative ideas for a new generation of magnetic storage devices, magnetic
field sensors and state of the art spintronic devices [1].

In general, the nature of interlayer exchange coupling depends on the type of spacer
material and its thickness. In combinations of ferromagnetic and non-magnetic metals,
exchange coupling was clearly first demonstrated by Grünberg et al. in multilayers of
Fe/Cr [2]. Subsequently, Parkin et al. found an oscillatory behavior between ferro- and
antiferromagnetic coupling dependent on the thickness of the non-magnetic spacer layer
[3]. The interaction between the ferromagnetic layers is mediated by the itinerant elec-
trons of the spacer layer and the oscillatory behavior is explained quite satisfactorily
in terms of the Ruderman-Kittel-Kasuya-Yosida (RKKY) type of exchange interac-
tion and the critical spanning vectors of the Fermi surface of the spacer layer [2, 4].
In addition, these multilayers show a significant difference of the electrical resistance
depending on the relative orientation of the magnetization of adjacent ferromagnetic
layers, which is known as giant magneto-resistance (GMR) [5]. Usually, the resistance
is low for a parallel configuration of magnetization of the ferromagnetic layers but
it is relatively high for an antiparallel alignment. In combination with the oscillatory
nature of the exchange interaction, ferro/non-magnetic multilayers have found applica-
tion in GMR read-heads which have had a significant impact on magnetic data storage.

Later, it was discovered that the use of insulating spacer layers (like MgO, Al2O3, etc.)
in the tunneling regime (layer thickness ≈ few Å), would lead to a further enhancement
of the magneto-resistance [6, 7]. The mechanism of exchange coupling across insulators
can be understood as spin-polarized tunneling [8]. The tunneling occurs only for a very
small thickness of the spacer layer since the tunneling current decays exponentially as
the spacer thickness increases. The strength of the exchange coupling correspondingly
decays exponentially with increasing spacer thickness. Faure-Vincent et al. found in
Fe/MgO (tMgO)/Fe/Co tunnel junctions with tMgO = 0.45 − 1.7 nm that the nature
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of coupling changed with increasing thickness of the spacer layer at tMgO ≈ 0.8 nm
from an antiferromagnetic to a ferromagnetic type [8]. However, no oscillatory type
of exchange interaction has been observed in insulating spacer layers. Devices based
on the tunneling magneto-resistance (TMR) are envisaged for being implemented in a
magnetic random access memory (MRAM), which is non-volatile and thus expected to
bring significant improvements over the conventional RAM.

An intermediate scenario is realized in a semi-conducting spacer layer. Using Fe1−xSix
as a spacer layer, Grünberg et al. found a mixed type of exchange interaction between
two Fe layers [9]. With increasing Si concentration the exchange coupling changed from
an oscillatory behaviour to an exponentially decaying one. The study of ferromagnet-
semiconductor interfaces and dilute magnetic semiconductors (DMS) is currently a hot
topic as such systems are envisaged to play a key role in prospective spintronic devices
that make use of the electron’s charge and spin degree of freedom [10].

Another class of materials are antiferromagnets, which are of enormous interest be-
cause of the phenomenon of exchange bias when a ferromagnet is interfaced to an
antiferromagnet, e.g. as thin films. Antiferromagnets can be either insulators like NiO,
CoO or metals, e.g. FeMn, IrMn. Exchange bias was discovered in 1956 by Meikle-
john and Bean on small Co particles with a CoO shell [11]. They reported ‘A new
type of magnetic anisotropy has been discovered which is best described as an exchange
anisotropy. This anisotropy is the result of an interaction between an antiferromagnetic
material and a ferromagnetic material ’. The most typical feature of exchange bias is
a shifted or biased hysteresis loop, i.e. the loop is not centered at zero field.

Phenomenologically, exchange bias is described as follows: Starting from the para-
magnetic phase of the antiferromagnet above its Néel temperature TN , the system of
ferro-/antiferromagnet is cooled while the magnetization of the ferromagnet (TC > TN)
is saturated by an applied magnetic field. When the antiferromagnetic spin structure
establishes itself, the spins of the antiferromagnet at the interface are forced to align
parallel to the adjacent spins of the ferromagnet. Due to the direct exchange coupling
between the interfacial moments of ferro- and antiferromagnet, the moments of the an-
tiferromagnet introduce a torque and hinder the rotation of the ferromagnetic moments
during the magnetization reversal when the applied field is opposite to the cooling field
direction. When the ferromagnet is rotated towards the direction of the cooling field,
this torque assists the external field, resulting in an early reversal of the magnetization
of the ferromagnet. As a result, the MH-loop of the ferromagnet is shifted along the
field axis opposite to the cooling field direction. This is known as negative exchange
bias and is characterized by the bias field Heb. This phenomenological model assumes
ideally flat, epitaxial films with a fully uncompensated spin structure of the antifer-
romagnet at the interface, i.e. all interfacial spins of the antiferromagnet are aligned
parallel forming a ferromagnetic sheet. Perpendicular to the plane of the layer adjacent
ferromagnetic sheets in the antiferromagnet are ordered antiparallel. Usually, the onset
of exchange bias is observed below a temperature TB (blocking temperature), which is
lower than TN of the bulk antiferromagnet. It is suspected that TB < TN is related, at
least partially, to finite size effects, introduced by small layer thickness and grain size of
the antiferromagnet [12]. Exchange bias of the ferromagnet/antiferromagnet interface
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is exploited to pin one ferromagnetic layer in the artificially engineered GMR heads
(spin-valves), while the other layer is free to align with the external magnetic field.

Even after four decades since its discovery, the quantitative description of the ex-
change bias phenomenon remains a theoretical challenge. A quantitative prediction
of the bias field from the phenomenological model of direct exchange at the interface
yields values, which are two orders of magnitude larger than the experimental values
[13]. In order to account for this discrepancy, the formation of domain walls in the
ferromagnet or in the antiferromagnet was postulated. According to this view, not
only interface moments of the layers are involved but also the internal spin structure
is affected during magnetization reversal.

Mauri et al. [14] and Kiwi et al. [15] predicted the formation of planar or partial
domain walls parallel to the interface (figure 1.1a) in both, antiferromagnet and ferro-
magnet, respectively. In such a case, the potential barrier to overcome for the mag-
netization reversal is determined by the energy of the antiferromagnetic domain wall.
Hence, the exchange energy between ferro- and antiferromagnet is lowered since it is
spread over several spins of the planar domain wall instead of only two spins as in the
phenomenological model. In contrast to the previous models, Malozemoff considered
that the interfacial spin structure of the antiferromagnet to be not fully uncompen-
sated [16]. He proposed a random field model where the interface is only partially
uncompensated due to roughness and defects. These interfacial inhomogeneities give
rise to random fields acting at the interface. The random fields initiate the formation of
lateral domains (figure 1.1b) in the antiferromagnet to minimize the interfacial energy.
The interfacial energy decreases with increasing domain size, which is in competition
with in-plane anisotropies of the antiferromagnet confining the domain size. As a result
of this competition, domains of particular size are stabilized. In addition, the random
field theory explains the training of exchange bias, i.e. the decrease of the bias field
with increasing number of field cycles, as an annihilation of domains. In both models,
either the formation of the domain wall parallel to the plane of the layers or the for-
mation of lateral domains predict a reduction of the interface energy yielding exchange
bias fields of the same order as obtained in experiments.

However, until recently, there was no experimental evidence for the formation of antifer-
romagnetic domain walls at the ferro-/antiferromagntic interfaces. Scholl et al. using
X-ray magnetic linear dichroism technique (XMLD) in Co/NiO [17] demonstrated that
indeed the antiferromagnetic spins would be twisted internally and that the twist angle
could be varied by rotating the magnetization of the Co layer by applying an external
magnetic field. These experiments hint at the fact that the internal spin structure of
the antiferromagnet is affected by the interface exchange coupling between the ferro-
and antiferromagnet.

In the extended system of trilayers, the antiferromagnet is sandwiched between two
ferromagnetic layers, being the subject of the present work. Previous investigations
using various ferromagnets (Fe, Co, Py etc.) and antiferromagnets (CoO, NiO, FeMn)
revealed a rich variety of phenomena [18, 19, 20, 21, 22]. Both metallic and insulating
antiferromagnets showed a non-vanishing exchange interaction between the two ferro-
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Figure 1.1: Illustration of the domain formation in the antiferromagnetic layer (AF) during
the magnetization reversal of the ferromagnet (FM): a) planar (partial) domain wall and b)
lateral domains.

magnetic layers.

Liu and Adenwalla investigated trilayers of [Pt/Co]3/NiO/[Co/Pt]3 in a regime of thin
NiO layers 0.9 < tNiO < 2.3 nm [22]. The [Pt/Co]3 multilayer blocks of this system
had an out-of-plane anisotropy with different coercivities of the block on top and at
the bottom of NiO. They deduced the strength of the interlayer coupling by measuring
minor MH-loops of the layer block on top of NiO. The bias of the minor loop indicates
the strength of the coupling. They observed an oscillation of the coupling as function
of NiO thickness between a ferromagnetic and a antiferromagnetic type with a period
of ≈ 0.5 nm. In addition, they found that the strength of the coupling decreases with
increasing NiO thickness. Due to the (111) out-of-plane texture of their NiO layers,
uncompensated sheets with opposite directions of magnetic moments alternate along
the thickness of the NiO spacer. The observed oscillation period is roughly the same as
twice the distance of NiO (111) planes. Subsequently, it was inferred that the relative
orientation of the magnetization of the ferromagnets and therefore the type of coupling
is defined by the relative orientation of the terminating spins at either side of the an-
tiferromagnet [23]. These results indicate a rigid spin structure of the antiferromagnet
during the magnetization reversal of the ferromagnetic layers and exchange coupling is
described only as confined to the interfacial spins.

Further, Ernult et al. examined the coupling of ferromagnetic Co layers across a
larger range of thickness of the NiO spacer [20]. In their work, one Co layer was part
of Co/Cu/NiFe spin valve structure. They measured MH-loops and the magnetoresis-
tance on a series of samples with varying NiO thickness up to tNiO = 20 nm. From the
combined analysis of MH-loops and magnetoresistance measurements, they deduced
the orientation of magnetization of individual Co layers. They found that the Co lay-
ers are coupled ferromagnetically across the NiO spacer in the whole range of thickness.

Theoretical investigations on the role of an antiferromagnet in mediating interlayer
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exchange in ferro-/antiferro-/ferromagnetic thin films are available in literature pre-
dicting interesting features [24, 25, 26]. The formation of a planar antiferromagnetic
domain wall during the reversal of an adjacent exchange coupled ferromagnetic layer
was treated by Stiles and McMichael [27] and by Xi and White [28]. Both discussed
possible scenarios in dependence on the energy of the interfacial coupling relative to
the energy of the antiferromagnetic domain wall as well as on the thickness of the anti-
ferromagnetic layer relative to its domain wall width. Xi and White consider in [26] the
configuration of two ferromagnetic layers exchange coupled across an antiferromagnetic
spacer. The authors constructed magnetic phase diagrams characterizing the response
of the internal spin structure of the antiferromagnet on the magnetization reversal of
one ferromagnetic layer while the other remains rigid. In all phases a twist of the anti-
ferromagnetic spins occurs, at least to a certain extent. The maximum twist depends
on the strengths of the coupling at either interface, on the domain wall energy of the
antiferromagnet and the thickness of the antiferromagnet relative to its domain wall
width. It may occur that the coupling at one interface is weak and it breaks up when
the twist of the antiferromagnetic spins would exceed a certain limit. In such a case,
the antiferromagnetic spin structure can either return to its original equilibrium state
or it springs to a new equilibrium. A particular situation exists for strong interfacial
coupling at either side, i.e. the interfacial energies are larger than the domain wall
energy. This configuration allows a twist of the antiferromagnetic spins beyond 180◦.
Hence, the ferromagnetic layers can align antiparallel while a complete planar domain
wall is accommodated in the antiferromagnet.

The dependence of interlayer exchange coupling between adjacent ferromagnetic lay-
ers on the thickness of a metallic antiferromagnetic spacer layer in ferro-/antiferro-
/ferromagnetic trilayers has been investigated by Yang and Chien [19]. A series of
trilayers Py (20 nm)/FeMn (tFeMn)/Co (10 nm) with tFeMn = 5.3 − 15 nm were
field cooled from above the Néel temperature of the antiferromagnet down to room
temperature. Consecutive bulk magnetic measurements revealed a dependence of the
hysteresis loop on tFeMn. They measured MH-loops along various direction, which
enabled them to deduce the angles between the two ferromagnetic layers. In fact, the
authors derived an empirical relation between the relative angle of the magnetization
of the ferromagnet θ and the thickness of the antiferromagnet as θ = 0.176◦/nm ·tFeMn,
for 5.3 ≤ tFeMn ≤ 9 nm. At larger values of the thickness, θ remained constant at 180
◦. This result suggests that the antiferromagnet plays an important role in mediating
the interlayer exchange coupling, presumably by accommodating a spin twist within
the antiferromagnet layer. In addition, they concluded the width of the antiferromag-
netic domain wall of FeMn as 9 nm since beyond this limit the magnetization of the
ferromagnetic layer can be aligned antiparallel applying a proper magnetic field.

Yang and Chien employed a macroscopic and indirect method to establish the in-
terlayer coupling across the antiferromagnet by means of formation of a partial anti-
ferromagnetic domain wall. Moreover, from the theoretical studies mentioned above,
it is evident that formation of a partial domain wall in the antiferromagnet is a more
complex scenario. The domain wall formation critically depends on the strength of
exchange interactions, individually at both interfaces between the antiferromagnet
and the ferromagnetic layers and their strength relative to the energy of the anti-
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ferromagnetic domain wall as well. The observation of Yang and Chien is perhaps
one of the many possibilities foreseen by the theoretical investigations. Therefore,
it becomes necessary for a systematic and quantitative investigation, separately for
antiferro-/ferromagnetic interfaces in bilayers with either sequence of deposition of the
materials, a layer resolved investigation of the magnetization reversal of the ferromag-
nets in trilayers, element resolved magnetic properties of the antiferromagnetic layer
etc. to get an insight into the physical phenomenon and to explain the observed depen-
dence of the magnetization reversal on the thickness of the antiferromagnetic spacer in
ferro-/antiferro-/ferromagnetic trilayer systems.

The aim of the present work is to investigate the role of antiferromagnetic spins in medi-
ating exchange coupling between ferromagnetic layers in ferro-/antiferro-/ferromagnetic
trilayers. It is supposed that the antiferromagnetic spins twist when the magneti-
zation of one ferromagnetic layer reverses but the other remains still in its original
orientation. In order to achieve a high twist angle of the antiferromagnetic spin struc-
ture, strong interfacial coupling is required [26]. Since interfacial coupling between
ferro- and antiferromagnets is high for materials with large magnetic moments and
high ordering temperatures (TC , TN) [28], ferromagnetic FeCoV and antiferromagnetic
NiO are good candidates for our investigations. The interlayer exchange coupling in
FeCoV/NiO/FeCoV trilayers is studied dependent on the thickness of the NiO spacer
to reveal the evolution of the antiferromagnetic spins participating during the magne-
tization reversal of the ferromagnetic layers. Since the domain wall width of NiO as
a thin film is reported to be ≈ 40 nm [29], a range of NiO thickness between 1.5 and
100 nm is covered in the present work. In previous work, the relative orientation of the
ferromagnetic layers was deduced indirectly from bulk magnetic measurements. We
have aimed to retrieve this information directly using polarized neutron reflectometry
with polarization analysis, thus, obtaining an insight into the exchange coupling be-
tween ferromagnetic layers spaced by an antiferromagnet.

In order to characterize the exchange interaction between magnetic layers, one of the
most desirable information is the knowledge of the magnetization vectors of individual
layers. Neutron reflectometry using polarized neutrons enables to probe the depth pro-
file of the magnetization in magnitude and direction. In general, neutron reflectometry
measures the chemical depth profile of thin films and multilayers similar to X-ray re-
flectometry but with sensitivity to the nuclei, in contrast to the electron density as in
the case of X-rays. The interaction strength for neutrons shows no systematic variation
within the periodic table, even isotopes of the same material may have very different
scattering strengths (e.g. hydrogen vs. deuterium). This enables to tailor the neutron
reflectivity by isotope substitution while maintaining the electronic structure, e.g. the
chemical properties. Due to their magnetic moment, neutrons also interact with mag-
netic fields, e.g. the magnetization of ferromagnetic layers. Using polarized neutrons
adds additional sensitivity to measure the magnetization in magnetic thin films and
multilayers as a function of depth.

For a non-collinear configuration of neutron polarization and magnetization of the
sample two types of the scattering process are distinguished. First, the orientation
of neutron polarization is conserved (non-spin flip) providing information about the
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component of the magnetization parallel to the polarization. Second, during the scat-
tering process the polarization of the neutron is inverted (spin flip) due to the torque
acting on the magnetic moment of the neutron from the component of the magnetiza-
tion perpendicular to the neutron polarization. Hence, the reflectivity of the spin flip
process is sensitive to the perpendicular component of the magnetization. The infor-
mation about the reflectivities of non-spin flip and spin flip is obtained by the analysis
of the polarization of the reflected beam. In total, four cross-sections are probed in
polarized neutron reflectometry with polarization analysis, according the four possible
combinations of the polarization of the incident and the reflected beam with respect
to the applied magnetic field. The combined information enables to deduce magnitude
and direction of the magnetization of individual layers.

Polarized neutron reflectometry has been used to measure the absolute value of the
magnetic moment per atom in films of thickness not exceeding a few atomic planes
[30, 31], the penetration of magnetic fields in micron-thick superconductors [32, 33, 34]
and the detailed magnetic coupling across non-magnetic spacers in multilayers and
superlattices [35]. Recent reviews on polarized neutron reflectometry [36, 37, 38] con-
tain compilations of experiments demonstrating the capability of this technique. We
performed polarized neutron reflectivity with polarization analysis to probe the mag-
netic configurations of FeCoV/NiO/FeCoV trilayers during the magnetization reversal.

This work is structured in the following way: Chapter 2 describes the preparation
of the samples (NiO, FeCoV single layers, NiO-FeCoV multilayers) using DC mag-
netron sputtering. It includes a brief presentation of the bulk properties of FeCoV
and NiO. The sputtering facility TIPSI is described and a summary of the investi-
gated samples is given at the end of the section including definitions of particular
directions in the films, which will be references throughout this work. Chapter 3 is
dedicated to the experimental methods and instruments used in this work. First, it
describes the magnetometers used to measure bulk magnetic properties. Second, since
reflectometry using X-ray and polarized neutrons finds large application in the present
work, a brief introduction to the theory of reflectivity is given with a separate sec-
tion focusing on polarized neutron reflectometry. Then, the instruments for X-ray
reflectometry/diffraction and polarized neutron reflectometry are described. Chapter
4 presents the structural characterization of the samples. It shows the results from the
series of NiO single layers, which provide the information about proper conditions for
the reactive sputtering of NiO. FeCoV single layers and NiO-FeCoV multilayers are
analyzed regarding their crystalline orientation out-of-plane using X-ray diffraction.
Further, chemical depth profile of the films, i.e. layer thickness, interface roughness
etc. is deduced in detail from X-ray reflectivity measurements. Chapter 5 presents
the results of DC magnetometry and polarized neutron reflectometry including the
discussion of the specific features of FeCoV single layers and NiO-FeCoV bilayers. The
magnetic properties of FeCoV/NiO/FeCoV trilayers are discussed in chapter 6 focusing
on the role of antiferromagnetic NiO in exchange coupling the ferromagnetic layers, as
it appears to be consistent with the experimental observations. This work ends with
the conclusions inferred from our investigations and an outlook on the scope of possible
experiments to answer outstanding questions.
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Chapter 2

Materials and sample preparation

For the investigation of the properties of ferro-/antiferro-/ferromagnetic trilayers, we
prepared samples of FeCoV/NiO (tNiO)/FeCoV trilayers with FeCoV as the ferromag-
net and NiO as the antiferromagnet. Additional series of NiO and FeCoV single layers
and FeCoV/NiO and NiO/FeCoV bilayers were deposited to investigate systematically
the individual properties of the layers and interfaces, which constitute the trilayer
samples. The single layers provide information about the intrinsic properties of the
materials as thin layers while the bilayers allow a separate analysis of the properties of
FeCoV and the NiO-FeCoV interfaces dependent on the sequence of the materials. All
samples were prepared using DC magnetron sputtering in which reactive sputtering
was used for the deposition of NiO layers.

This chapter reviews briefly bulk properties of FeCoV and NiO. A description of the
principles of DC magnetron sputtering and of the sputtering facility TIPSI, which was
used for the production of the samples, follows. Finally, an overview of the samples,
prepared for this project, is given including details about the sputter parameters used
for the different materials.

2.1 Physical properties of the materials

This first section shall provide a brief overview on the bulk properties of the materials
FeCoV and NiO, which were used in the present work as the ferromagnet and the
antiferromagnet, respectively. Among other aspects, both materials are characterized
by their high ordering temperatures. Therefore, they are good candidates for tech-
nical applications at elevated temperatures. Some details about their crystalline and
magnetic structure are given in the following.

2.1.1 FeCoV

Fe-Co alloys are of technical interest because of their high Curie temperature of TC =
1223 K, high saturation magnetization [39] and low magnetocrystalline anisotropy.
These properties are beneficial for applications in devices, which are operated at high
temperatures, e.g. for electrical devices in turbine engines or recording media [40, 41].
Moreover, Fe-Co alloys have a large positive magnetostriction coefficient λs making
their magnetic properties very sensitive to internal strain, e.g. for bulk Fe50Co50
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λs = 8.34 · 10−5 [42].

For concentrations around Fe50Co50 the crystalline structure is body-centered-cubic
(bcc) where Fe and Co occupy different sublattices (B2-phase) [43]. At T = 1000 K
an order-disorder transition takes place and Fe and Co are randomly distributed on
the bcc lattice sites (A2-phase). A structural phase transformation from bcc to fcc
occurs at T = 1223 K and the ferromagnetism disappears [43, 44]. The dependence
of magnetic properties on the crystalline microstructure has been studied in detail for
bulk Fe-Co alloys [45, 46].

For technical applications small amounts of vanadium are added because of metal-
lurgical reasons. In addition, it increases alloy resistivity and therefore eddy current
losses are reduced. The FeCoV alloy, which is used as the target material for the de-
position of the ferromagnetic layers in this project, is of composition Fe50Co48V2. It is
commercially available in large quantities with a well defined composition. The FeCoV
targets are supplied by Vacuumschmelze GmbH, Hanau, Germany under the product
name Vacoflux50. Specifications of that product can be found in [47], e.g. the coercive
field Hc (≈ 1 Oe), the saturation magnetization Js (= 2.35 T), etc..

Magnetic properties of such FeCoV thin films spaced by non-magnetic titanium are
reported previously [48, 49, 50, 51]. In general FeCoV in these multilayers exhibits
semi-hard ferromagnetic properties. In particular, a dependence of the coercivity on
the FeCoV layer thickness and a dependence of the mechanism of magnetization rever-
sal on the preparation conditions are observed.

2.1.2 NiO

NiO is an antiferromagnetic insulator with a face-centered-cubic (fcc) crystal structure
(figure 2.1). The antiferromagnetic order of the Ni magnetic moments is established via
the oxygen atom by means of super exchange. The Néel temperature TN of bulk NiO
is 523 K. As the Néel temperature is relatively high, NiO is considered as a potential
material for the pinning layer in spin valve structures [52]. Above TN , the crystal struc-
ture is perfectly fcc (rocksalt structure). Below TN , a small rhombohedral contraction
(∆l/l ≈ 4.53 ·10−3 [53]) of the crystal along different 〈111〉 axes exists and is accompa-
nied by an anisotropy (K1 ≈ 1 · 106 erg/cm3 [54]), which forces the Ni moments to lie
in {111} planes. Within these easy planes, Ni moments are aligned ferromagnetically,
whereas between neighboring {111} planes, they are ordered antiferromagnetically with
respect to each other. As four equivalent 〈111〉 directions exist, the contraction axis
and therefore the planes of ferromagnetic sheets may vary spatially in a NiO crystal
forming antiferromagnetic domains (T domains). Within antiferromagnetic domain
walls the anisotropy axis varies gradually from one 〈111〉 direction of the crystal to
another. A second three fold anisotropy (K3) exists within the {111} planes with spins
along three possible directions (S domains), e.g. [211], [121] and [112]. K3 is roughly
three orders of magnitude smaller than K1. Consequently domain walls are larger here
than those between anisotropy axes along different 〈111〉 directions as the domain wall
width δ is proportional to

√
AAF /Ku [55] where AAF and Ku are the exchange coeffi-

cient and the uniaxial anisotropy constant of the antiferromagnet, respectively.
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Figure 2.1: Crystal structure of NiO. Ni and O order in a rocksalt structure. The mag-
netic order is ferromagnetic between magnetic moments of Ni within {111} planes and is
antiferromagnetic between neighboring {111} planes.

In exchange bias systems it is desired that the terminating crystal plane of the an-
tiferromagnet has an uncompensated order of magnetic moments at the interface to
the ferromagnet. In this configuration all moments point towards the same direction
and it is expected that the highest exchange interaction is promoted between the anti-
ferromagnet and the ferromagnet. As discussed above, in NiO the {111} planes are spin
uncompensated. Thus, for thin film exchange bias systems the NiO layers shall exhibit
a vertical (111) texture resulting in a termination with perfectly uncompensated spins
when the interfaces are ideally smooth.

2.2 The DC magnetron sputtering facility TIPSI

DC magnetron sputtering is a widely used technique for thin film deposition. It is a
rather fast process compared to molecular beam epitaxy using electron beam evapora-
tion or pulsed laser deposition. Usually, thin films prepared by sputtering are vertically
(out-of-plane) textured but grains have a random distribution of their crystal orien-
tation in the plane of the films. The texture depends on the crystal structure of the
bulk material and originates from the preference to grow with highest in-plane area
density of the atoms [56], e.g. for bcc crystals the vertical texture will be (110) and for
fcc (111), respectively. However, in sputtering the growth of thin films and therefore
their crystalline orientation can be controlled by using adequate sputter conditions and
single crystal substrates or special seed layers. DC magnetron sputtering is suited to
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Figure 2.2: Scheme of TIPSI including basic components of the facility. Up to three targets
can be mounted. Substrates are translated at a constant velocity alternately below the targets
according to the desired sequence of layers. The sputter gas is supplied via a central gas inlet
(not shown here).

deposit films with a very homogeneous thickness over a large area. In particular, this is
beneficial when neutron reflectometry is intended for investigation, like in the present
work, since the beam size on the sample under grazing incidence is typically 5 - 10 cm2.

In sputtering, a target consisting of the material of the desired thin film is bombarded
by ions, which are generated in a glow discharge. Normally argon is used as the sputter
gas due to its inert properties and relatively high mass, which is beneficial to obtain
high sputtering rates. In magnetron sputtering a magnetic field in front of the target
confines the electrons there. They are forced to be on spiral trajectories around the
magnetic field lines, which effectively increases the length of their path in the plasma.
Therefore the glow discharge can be even preserved at relatively low pressure (typ.
≈ 10−3 mbar). The applied voltage for the glow discharge is typically several 100 V.
When a gas ion hits the target, momentum transfer from the ion to the atoms of the
target occurs. Target atoms are released when the transferred energy is higher than
their binding energy. The emitted target atoms lose kinetic energy by elastic scatter-
ing at atoms of the sputter gas. Finally, they condense at surfaces of the environment,
respectively the substrate as well. Using DC magnetron sputtering, thin films of pure
metals and metallic alloys can be sputtered from their respective targets. For the
latter, the composition of the target material is usually maintained in the film. In
DC sputtering, the target represents the cathode, thus it is not possible to use insula-
tors. Thin films of insulating materials can be deposited using RF sputtering. In DC
magnetron systems, it is possible to prepare certain insulator films (e.g. NiO) from a
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metallic target by reactive sputtering (see section 2.3). More details on sputtering are
well described in [57, 58, 59].

For this project, we deposited series of NiO and FeCoV single layers and NiO-FeCoV
multilayers as well using TIPSI, the small DC magnetron sputtering facility at the
Paul Scherrer Institute (PSI) in Villigen, Switzerland. A schematic representation of
TIPSI is shown in figure 2.2. TIPSI is equipped with three target stations. The tar-
gets are discs, which are mounted on a water cooled support of copper. The copper
support also contains the arrangement of magnets, which provides the magnetic field
in front of the target. Sputter gas flows into the sputter chamber via a central inlet.
Reactive gases can be mixed with argon. The mixture as well as the total pressure are
adjusted using mass flow controllers. A single power supply provides the voltage for
the glow discharge. The desired target is connected by means of a toggle switch. Clean
substrates are placed on a small transportation table and are translated at a constant
velocity below the target for the deposition of layers. At a constant deposition rate,
the layer thickness is controlled by the velocity of the translation. A constant veloc-
ity of translation assures homogeneous layers along the direction of translation. For
a homogeneous layer thickness perpendicular to the translation an aperture is placed
in front of the target. Thus, the variation of the layer thickness along the width of
the samples is below 3% [60]. For the preparation of multilayers, power is supplied
alternately to the desired targets and the substrate is translated below. The complete
process is computer controlled. For the evacuation of the sputter chamber a turbo
pump in combination with a membrane pump is installed.
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2.3 Summary of prepared samples

We investigate the role of an antiferromagnetic layer sandwiched between two ferro-
magnetic layers on a series of FeCoV/NiO/FeCoV trilayers. The magnetization reversal
of the FeCoV layers is studied dependent on the NiO thickness. Experiments on ad-
ditional series of single layers and bilayers provide a separate information about the
individual properties of the constituents of the trilayers. In summary, we prepared the
following series:

1. Series NiO single layers - single layers of NiO at various sputter conditions:
glass/NiO (≈ 100 nm)

2. Series FeCoV single layers - single layers of FeCoV:
glass/Ti (5 nm)/FeCoV (tFeCoV )/Ti (5 nm), tFeCoV = 5, 20, 40 nm

3. Series FeCoV/NiO bilayers - bilayers with NiO on top of FeCoV:
glass/Ti (5 nm)/FeCoV (20 nm)/NiO (tNiO), tNiO = 5, 60 nm

4. Series NiO/FeCoV bilayers - bilayers with FeCoV on top of NiO:
glass/NiO (tNiO)/FeCoV (20 nm)/Ti (5 nm), tNiO = 5, 10, 20, 40, 60 nm

5. Series trilayers - trilayers of FeCoV/NiO/FeCoV:
glass/Ti (5 nm)/FeCoV (20 nm)/NiO (tNiO)/FeCoV (20 nm)/Ti (5 nm),
tNiO = 1.5, 5, 10, 20, 40, 60, 80, 100 nm

An illustration of the different series of samples is given in figure 2.3. Since the samples
are differentiated on the basis of their magnetic layers, the Ti layers are not considered
in the nomenclature. Additionally, in the nomenclature the order of the layers follows
the order of deposition starting from the glass substrate.
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Figure 2.3: Schematic illustration of the different series of samples prepared for the systematic
investigation of the properties of FeCoV/NiO/FeCoV trilayers. In addition to the trilayers,
samples of bilayer counterparts and FeCoV single layers are prepared in order to study their
individual properties. Proper parameters for the reactive sputtering of NiO layers are obtained
from a series of NiO single layers.
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Figure 2.4: Representation of the coordinate system as used throughout the text to refer to
particular axes of the sample.

Throughout the text, the presentation of results and the discussion will refer to partic-
ular directions in the samples. These are defined as an ortho-normal system (see also
figure 2.4):

1. x-axis - parallel to the direction of substrate translation during deposition

2. y-axis - perpendicular (in-plane) to the direction of substrate translation during
deposition

3. z-axis - perpendicular to the surface of the sample (out-of-plane axis)

The series of NiO single layers is dedicated to evaluate proper conditions for the prepa-
ration of NiO layers in this project using reactive sputtering. Here, oxygen is added to
the argon sputter gas and causes oxidation of Ni atoms during the growth on the sub-
strate. The stoichiometry of the NiO layers is expected to depend on the availability
of oxygen for the process of oxidation. Regarding interfacial exchange coupling with
adjacent ferromagnetic layers, aspects of the interface spin structure of the antiferro-
magnet have been already addressed in section 2.1.2. An uncompensated spin structure
of the antiferromagnet at an ideally smooth interface is desired in order to promote
highest interfacial coupling between the ferromagnetic and the antiferromagnet layer.
For NiO, such a structure will be achieved if the terminating atomic layer is a (111)
lattice plane. In summary, we aimed the following properties for the preparation of
NiO layers:

i) proper stoichiometry of NiO to establish antiferromagnetism,

ii) texture of (111) along the growth direction for an uncompensated spin structure
of the antiferromagnet at the interface,

iii) flat interfaces in order to preserve the uncompensated spin structure from the
lattice structure of the antiferromagnet layer.

These properties could be controlled by the total pressure and the Ar:O2 ratio of the
sputter gas. In order to find the best conditions to achieve the properties mentioned
above, NiO single layers at different total pressures (ptot = 4, 6, 8 µbar) and various
mixtures of Ar and O2 were prepared. The mixture of Ar and O2 was set by the flow
rates of the individual gases and the Ar:O2 ratios, as given below, correspond to the
ratio of flow rates. The desired total pressure was adjusted by varying the flow rates of
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FeCoV NiO Ti

P [W] 200± 2 200± 2 200± 2
U [V] 480± 10 440± 10 355± 10
Ar flow rate [sccm] 5± 0.1 19± 0.1 4± 0.1
O2 flow rate [sccm] - 3.1 -
ptot [µbar] 3.5± 0.1 6.0± 0.1 3.1± 0.1

Table 2.1: Typical sputter parameters for the deposition of the different materials of the
multilayers. The flow rates are controlled by mass flow controllers. ptot is the total pressure
of the sputter gas as detected by a pressure gauge attached to the sputter chamber.

Ar and O2 but maintaining their ratio. The analysis of NiO single layers using X-ray
reflectivity and diffraction (section 4.1) showed that the desired properties would be
achieved with an Ar:O2 ratio of 86:14 and a total pressure of ptot = 6 µbar. Thus, these
parameters were used for the preparation of NiO-FeCoV multilayers.

The magnetic properties of free FeCoV layers i.e. without the proximity of NiO lay-
ers, are studied on the series of FeCoV single layers. The results for tFeCoV = 20 nm
are of particular interest because this thickness is chosen for the bilayer and trilayer
series. The series FeCoV/NiO bilayers and NiO/FeCoV bilayers can be envisaged as
constituents of the trilayer motif. Here, properties of FeCoV layers and their common
interfaces with NiO layers are investigated depending on the sequence of the layers.
These series allow to discriminate the individual properties of FeCoV layers in the
trilayers. Finally, FeCoV/NiO/FeCoV trilayers were prepared for the investigation of
a possible interaction between ferromagnetic FeCoV layers mediated by antiferromag-
netic NiO layers and its dependence on tNiO.

As mentioned above, NiO layers were prepared in a reactive Ar:O2 atmosphere by
sputtering from a pure Ni target. FeCoV layers were sputtered from an alloy target of
composition Fe50Co48V2 (see section 2.1.1) in a pure argon atmosphere. In addition,
titanium layers were deposited on top of FeCoV layers in order to prevent oxidation
of these layers when samples were exposed to ambient atmosphere. Titanium was also
used as buffer layers between substrate and FeCoV layers since a profound knowledge of
the magnetic properties of Ti/FeCoV layers has been acquired in our previous projects
[48, 49, 50, 51]. Ti layers were sputtered from a pure Ti target in an argon atmosphere.
Table 2.1 summarizes typical sputter parameters for the deposition of the different
materials.

All samples were deposited on float glass of typical size of 50 x 100 mm2 and thick-
ness of 1 mm. The size of the glass substrates was chosen taking into consideration
neutron reflectometry experiments with polarized neutrons (see section 3.4). Prior to
the preparation of the films, the sputter chamber was evacuated until a base pressure
better than 3 · 10−5 mbar was reached.



Chapter 3

Experimental techniques

In magnetic nano-structures like thin films or multilayers, often only a few atoms,
respectively magnetic moments, introduce specific magnetic properties. In exchange
bias systems, e.g., only a few atomic planes at the interface between a ferromagnet
and an antiferromagnet are responsible for the effect of exchange bias. For a direct
investigation of such details, no unique technique exists. Therefore, a combined anal-
ysis using different techniques is required to elucidate the fundamental background of
experimental observations. This chapter is dedicated to the various experimental tech-
niques, which we employed in this project for the structural characterization and the
measurement of magnetic properties. It describes the principles of the experimental
techniques, the instruments with their features and particular aspects of the experi-
ments.

In the present work, we have obtained bulk magnetic properties of the samples from DC
magnetization measurements, which probe the static response of the sample magnetiza-
tion to an external magnetic field. The structure of the samples has been characterized
using X-ray reflectometry and diffraction. X-ray reflectometry probes the variation
of the chemical composition vertical to the surface of the sample. The thickness of
individual layers and the roughness of interfaces and surfaces are deduced from the
reflectivity profile. X-ray diffraction measures the distance of the lattice planes of
crystalline structures and the full diffraction pattern provides information about the
crystal structure. In the present work, we employed X-ray diffraction to investigate
the texture along the growth direction of the layers. Details on the magnetic configu-
rations are unraveled using polarized neutron reflectometry. It enables to measure the
magnetization vectors of individual layers at a particular magnetic state.

The first section of this chapter is dedicated to the instruments for DC magnetom-
etry. Since complementary X-ray and polarized neutron reflectometry found large
application in the present work, a brief introduction to the theory of reflectometry is
given in the second section. The first part of the second section introduces the com-
mon formalism to describe the reflection of X-rays and neutrons from thin films and
multilayers using refractive indices. Then, specialities using polarized neutrons are dis-
cussed. The third sections presents the facility for X-ray diffraction and reflectometry.
The fourth section describes the basic setup of the neutron reflectometer, the general
functioning and the option using polarized neutrons. A correction of the obtained data
is necessary because of only finite polarization of the incident neutron beam and finite
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Figure 3.1: Geometry for DC magnetometry. The applied magnetic field ~H is in the plane
of the sample, e.g. parallel to the y direction of the sample. The experiment measures the
projection ~Mmes of the net magnetization ~Mnet onto the field direction.

analysis of the polarization of the reflected beam. Here, the formalism is included,
which is applied for data correction when, in particular, remanent supermirrors serve
as beam polarizing and analyzing devices.

3.1 DC Magnetometry

We measured bulk magnetic properties of NiO-FeCoV multilayers using DC magnetom-
etry. The experiments probed the component of the vector of the net magnetization
parallel to the applied magnetic field. Complete hysteresis loops were recorded while
sweeping the field from positive to negative saturation and vice versa. Samples were
mounted in such a way that the applied field was along a defined direction in the plane
of the samples. Figure 3.1 depicts the sample configuration with respect to the applied
magnetic field and the measured magnetization.

Experiments were performed on commercial systems with dedicated options. For
measurements at room and low temperature the magnetometer option of a Phys-
ical Property Measurement System was used (Institut E21, Technische Universität
München). As the maximum temperature of this instrument was limited to T = 350 K
for magnetization measurements, experiments at higher temperatures were conducted
at the SQUID magnetometer at the Walther-Meissner-Institut (Technische Universität
München). The principles of these instruments and general details about the measure-
ments are described in the following sections.

3.1.1 The Physical Property Measurement System PPMS

The Physical Property Measurement System PPMS from Quantum Design (San Diego,
USA) is a versatile instrument to perform a variety of experiments in an environment
of precisely controlled temperature and external magnetic field. All experiments can
run fully automated. The basic platform is a helium cryostat in a nitrogen-jacketed
dewar with a superconducting coil to provide magnetic fields. The available temper-
ature ranges from 1.9 to 400 K and magnetic fields up to ±9 T are possible. Several
dedicated experimental options are available to perform magnetic, electro-transport,
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Figure 3.2: ACMS option for PPMS [61]. On the left side the ACMS insert is shown, which is
introduced into the probe chamber of the cryostat. The coil set is magnified. In the detection
coils a voltage is induced when a magnetic sample is moved through in DC magnetization
measurements. The AC drive coils are used to apply a small alternating magnetic field. The
response of the sample is again measured using the detection coils. The plug at the bottom
connects the ACMS insert to the standard wiring of the basic platform.

or thermo-electric measurements. Each option is designed to be easily installed on the
basic platform and ready for operation.

Magnetization measurements are conducted using the ACMS option, which combines
AC susceptibility measurements and DC magnetometry in one setup. The hardware
of this option consists of the ACMS coil set (figure 3.2) and on top of it a servo motor,
which translates the sample through the coils. The coil set is inserted into the probe
chamber of the cryostat, in the region of homogeneous magnetic field. The servo motor
is attached externally.

The DC magnetometer option of PPMS is an extraction technique. In a constant, ho-
mogeneous field the sample is quickly moved (≈100 cm/s) by the servo motor through
the detection coils of the ACMS coil set. Thereby the magnetization of the sample
induces a voltage in the detection coils according to Faraday’s Law. The amplitude
of the induced voltage is proportional to the magnetic moment and the velocity of ex-
traction of the sample. A voltage profile versus the position of the sample is recorded
during the translation (figure 3.3). The magnetic moment of the sample is obtained by
evaluating the detected signal. In order to minimize the statistical error the extraction
can be repeated. Table 3.1 summarizes specifications of the DC magnetization option



28 CHAPTER 3. EXPERIMENTAL TECHNIQUES

Figure 3.3: DC extraction signal. The sample is moved at a high velocity through the detection
coils inducing a voltage, which is proportional to the rate of change of magnetic flux φ within
the coils. Therefore the detected voltage profile is the time derivative dφ/dt of the magnetic
flux, respectively dφ/dx because of v = dx/dt with v = const. The magnetic moment of the
sample is obtained by integrating the voltage profile numerically and fitting the measured data
with the known waveform for a dipole moving through the coils [62].

of the PPMS.

Since the sample space is limited, small pieces of 5×5 mm2 were cut from the original
samples and are fixed onto a sample holder. In order to probe the in-plane magneti-
zation the samples were mounted with their surface parallel to the magnetic field (see
figure 3.1). Although the PPMS instrument possesses a high accuracy in controlling
the experimental conditions and has a high sensitivity in measuring sample properties
some details had to be considered in order to utilize its optimum performance. The
low signal of the samples because of their small amount of material required a careful
preparation and conduction of the experiments. We evaluated the systematic errors
during the experiments of this work and developed strategies to minimize those, which
are explained in the following.

range accuracy

temperature 1.9 - 350 K ±0.05%
magnetic field ±9 T 0.02 mT (< 1 T)

0.2 mT (< 9 T)
signal ±5 emu (±5.4 · 1020µB) 2.5 ·10−5 emu (2.7 · 1015µB)
sample size ≈ 5×12 mm2 -

Table 3.1: Specifications for the ACMS option of PPMS [61, 62]. Using the ACMS option
the maximum temperature is limited to 350 K since higher temperatures can cause damage of
the electric insulation of the coil set. Regarding the accuracy of the magnetic field, effects of
remanence of the sample environment must be taken into account additionally (see text).
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Figure 3.4: Sample holder for ACMS option of PPMS. The sample is mounted on one end of
a quartz stick with a flat face. The quartz stick is fixed in an intermediate piece of polyacetal
(Delrin), which allows attaching the ensemble to the standard transportation rod. Samples
are glued on the sample holder using GE varnish.

In first experiments we used a plastic straw as a sample holder. The straw was es-
tablished because it has no magnetic impurities and the ease of use. Unfortunately the
measured signal was unstable, which was manifested in a reduced reproducibility and
inconsistent absolute values for the saturation magnetization at positive and negative
fields. In cooperation with Quantum Design we investigated these problems. Their
origin was eventually found out to be electrostatic charging of the plastic straw from
friction at the inner wall of the ACMS probe chamber during the measurements. In
order to avoid this Quantum Design suggested to use quartz as the material for the
sample holder. First prototypes were provided by Quantum Design and successfully
tested in our laboratory measuring simple bulk Ni, Ni thin films on glass and finally
samples of this project. Identical sample holders were reproduced for our laboratory.
Figure 3.4 shows such a quartz sample holder. Samples are glued to the sample holder
using GE varnish, which is stable down to 1.9 K, the minimum temperature of the
system and exhibits no magnetic signal.

The accuracy of the magnetic field at the sample is influenced by the remanence of
the environment. Especially below 0.1 T the relative error becomes significant. We
studied the contribution from the remanence. As a result, we executed the following
process before every experiment in order to minimize effects from remanence. First the
magnetic field was set to H = 1 T. Then it was set back to zero in oscillatory mode
where the field oscillates around zero reducing the amplitude steadily. Thus the envi-
ronment of the sample in the cryostat became demagnetized. After that process the
sample was installed and the measurement is started. Within a field range of ±0.1 T
highest accuracy could be preserved for low fields. Since the saturation field of the
samples studied here is well within this range no limitations arise. In order to test the
demagnetization procedure we measured the hysteresis of a FeCoV single layer after
demagnetizing once from +1 T and once from -1 T. In each case, the loops showed a
small shift of 2 - 3 Oe opposite to the starting field of the demagnetization process.
As a result of these experiments the absolute accuracy of the magnetic field at the
sample is estimated to be better than 3 Oe. Additional measurements of the zero field
calibration using a separate low field Hall probe were consistent with the estimated
accuracy.
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3.1.2 The SQUID magnetometer

The SQUID magnetometer at the Walther-Meissner-Institut (Technische Universität
München) provides a temperature range up to 800 K to measure DC magnetization.
The hysteresis behaviors of the NiO-FeCoV samples above the Néel temperature of
NiO (TN = 523 K) are of great interest since the magnetic properties are expected to
change significantly at the magnetic order-disorder transition of the antiferromagnet.

The SQUID magnetometer is also a product of Quantum Design, like the PPMS,
which is described in the previous section. In the series of Quantum Design products
it is called Magnetic Property Measurement System (MPMS). It uses a basic plat-
form, which is very similar to the PPMS regarding the cryostat, the superconducting
coil for the magnetic field and the control of the system. The MPMS is a dedicated
magnetometer, which uses SQUID (Superconducting QUantum Interferometer Device)
technology to measure AC susceptibility and DC magnetization with a very high sensi-
tivity. In DC experiments the sample is stepped through the superconducting detection
coils, which are liquid helium cooled. The induced voltage is measured, processed and
the magnetic moment is computed.

An optional sample oven enables the MPMS to measure magnetic moments at high
temperatures up to 800 K. The sample oven is directly installed into the probe chamber
of the MPMS. A vacuum sleeve isolates the environment from the high temperature
area. Thus, the probe chamber of the MPMS remains at ambient temperature. The
residual sample space in the oven has a diameter of 3.5 mm. Therefore, we cut sam-
ples of 2×5 mm2 from the big original pieces. Since the instrument has an excellent
sensitivity (≈ 10−7 emu) it was still possible to measure the magnetization accurately.
Table 3.2 summarizes specifications of the SQUID magnetometer.

Experiments at the SQUID magnetometer are conducted identical to the PPMS. Sys-
tematic errors in the magnetic field due to remanence of the sample environment are
corrected using results from samples exhibiting no exchange bias. Since the corrections
obtained from various references are consistent, this procedure appears correct.

range accuracy

temperature 1.9 - 400 K ±0.5%
temperature with sample oven ambient - 800 K ±0.5%
magnetic field ±7 T 0.02 mT (< 0.6 T)

0.2 mT (< 7 T)
signal ±5 emu < 10−8 emu (< 0.25 T)

≤ 6.7 · 10−8 emu (< 7 T)
sample size (for sample oven) ≈ 3×12 mm2 -

Table 3.2: Specifications of the SQUID magnetometer at the Walther-Meissner-Institut (Tech-
nische Universität München) [63]. An optional sample oven extends the available temperature
range up to 800 K
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3.2 Principles of reflectometry on thin films and

multilayers

Reflectometry using X-rays and neutrons has itself established as a well suited exper-
imental technique for the investigation of thin films and multilayers. Their difference
in interaction with matter provides specific sensitivity and a complementary applica-
tion of both techniques allows to unravel details of the layer structure, in particular
regarding the magnetization vectors in magnetic multilayers.

The X-rays basically couple to the electrons and the scattering strength depends on the
electron density, which varies according to the mass number of the elements. There-
fore, X-rays are suited to distinguish multilayers composed of layers with large contrast
in mass number. Nevertheless, the high brilliance of X-ray sources enables to tackle
systems with only a small difference of the constituents regarding their interaction with
X-rays. Neutrons interact with the nuclei of matter via the strong interaction. The
interaction strength shows no systematic variation within the periodic table, even iso-
topes of the same material may have very different scattering strengths (e.g. hydrogen
vs. deuterium). This can be used to manipulate the scattering length of a material by
isotope substitution while maintaining the chemical properties. Additionally, because
of their magnetic moment, neutrons interact with magnetic fields, e.g. originating from
unpaired electrons in matter. Thus neutron reflectometry enables to probe the mag-
netic structure of thin films and multilayers using a polarized neutron beam.

The specular reflectivity probes the depth profile of the scattering length density
within the coherence length of the probing beam obtaining the layer structure, the
layer thicknesses and the roughness of surfaces and interfaces. Lateral inhomogeneities
of the scattering strength within the coherence length give rise to diffuse scattering,
which is measured in off-specular reflectometry [64, 65]. It provides information about
the in-plane and vertical correlation of lateral structures, e.g. magnetic domains when
using polarized neutrons.

In summary, X-ray and neutron reflectometry are complementary techniques and there-
fore well suited for the investigation of FM/AF/FM trilayers of this project. The
following two sections contain a brief introduction to the principles of specular reflec-
tometry using X-rays and neutrons in general and polarized neutrons in particular.
More detailed descriptions about reflectometry can be found in [64], [65] and [66].
Recent reviews on polarized neutron reflectometry demonstrate its capability for the
investigation of magnetic thin films and multilayers [37, 38, 67]. Although first results
from off-specular X-ray reflectometry are shown in section 4.3 the theoretical approach
for that is not included here as it requires an extensive formalism, which is beyond
the scope of this work. A detailed theoretical treatment of off-specular reflectivity is
presented e.g. in [64] and [65].

3.2.1 Specular reflectivity for X-rays and neutrons

In experiments measuring the specular reflectivity of X-rays or neutrons, a well col-
limated beam strikes the surface of a sample under grazing incidence and a detector
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counts the intensity, which is reflected at an exit angle identical to the incident angle
(figure 3.5). For the description of the interaction of X-rays and neutrons under grazing
incidence it is convenient to use optical indices, which makes the formalism to calculate
the reflectivity independent of the type of the probing beam. In the following, first,
the definitions of the refractive indices for X-rays and neutrons are given. Second, the
situation for an incident beam at an interface separating two media is mathematically
described in terms of optical laws. Third, a method, known as matrix formalism is
briefly described to calculate the reflectivity of a stack of layers.

In general the refractive index n is the ratio of wave vectors in matter k and in vacuum
(air) k0:

n =
k

k0

(3.1)

Refractive index for X-rays

For X-rays n is derived from Maxwell’s equations and is given as:

nX−ray = 1− λ2

2π
ρr0(Z + f ′ + if ′′) (3.2)

with r0 the classical electron radius and λ the X-ray wavelength. ρ is the number of
atoms per unit volume and Z is the number of protons per atom of the material. f ′ is
the correction coefficient for dispersion. The imaginary part if ′′ leads to an exponen-
tially decaying pre-factor in the wave function describing the absorption of X-rays.

An atomic scattering length bat for X-ray radiation can be introduced

bat = r0(Z + f ′) (3.3)

and equation 3.2 rewritten as

nX−ray = 1− λ2

2π
ρbat − iλ2ρ

r0f
′′

2π
. (3.4)

The second term describes the scattering strength in terms of the X-ray scattering
length density ρbat. The third term accounts for the absorption of X-rays in the ma-
terial. This form for nX−ray is similar to the common form for the neutron refractive
index (see below) and is added here to emphasize that the formalism for X-ray and
neutron reflectivity is the same.

Refractive index for neutrons

In the case of neutrons their equation of motion is described by the Schrödinger equa-
tion:

4Ψ + k2Ψ = 0 (3.5)
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with the wave vector k defined as:

k =
1

~
√

2mN(E − V ) (3.6)

where E is the total energy of the neutron and V the potential experienced by the
neutron. V = 0 for vacuum (air). In matter, V can be described using the Fermi-
Pseudo potential [68]:

V =
2π~
mN

ρbcoh. (3.7)

bcoh is the coherent scattering length of the material and mN the neutron mass. Then,
the refractive index for neutrons is expressed as:

nneutron = 1− λ2

2π
ρbcoh − iλρ

σa + σinc

4π
. (3.8)

Similar to the case of X-rays (see equation 3.4), the scattering strength is described by
the scattering length density ρbcoh for neutrons (2nd term). The third term includes
absorption and incoherent scattering of neutrons with the respective cross-sections σa

and σinc.

In summary, thin films and multilayers are characterized by their profile of the scat-
tering length density ρb, either for X-rays or for neutrons, neglecting absorption. Vice
versa, reflectometry probes the profile of the scattering length density, thus the sequence
of the layers and their materials. For compound materials ρb is averaged according to
the composition of the compound.

Reflectivity of smooth surfaces

Using refractive indices, the optical laws can be applied to describe phenomena like
refraction, reflection and transmission of X-rays and neutrons when they pass from one
medium into another under grazing incidence. The situation is illustrated in figure 3.5
for the vacuum/matter interface, which is also discussed in the following without loss
of generality. In the case of an interface between two materials, n is the ratio n2/n1 of
the individual refractive indices when the beam passes from material 1 into material 2.

Snell’s law links the directions of propagation in vacuum and in the material:

cos θ0 = n cos θ. (3.9)

Since the refractive index n for X-rays and neutrons is slightly smaller than one (only
few exceptions exist for neutrons, e.g. titanium) total reflection of the beam occurs
when the incident angle θ0 is less than a critical angle θc:

θc = arccos n ≈
√

ρb

π
λ, (3.10)
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Figure 3.5: Scheme of a beam scattered at grazing incidence at an ideally flat surface sepa-
rating two media of different refractive indices. The incident beam (k0) is partially reflected
(k0,r) and partially transmitted (k). In addition, the transmitted beam is refracted at the
interface. In specular reflectometry θ0 = θ0,r.

where ρb is the scattering length density either for X-rays or for neutrons.

The amplitudes of the reflected (αr) and the transmitted (βt) waves at the interface
are given by the Fresnel coefficients [69]1:

αr =
sin θ0 − n sin θ

sin θ0 + n sin θ
(3.11)

βt =
2 sin θ0

sin θ0 + n sin θ
(3.12)

In principle, for the case of X-rays, equations 3.11 and 3.12 are only valid for
s-polarization but at grazing angles of incidence they are also a good approximation
for p-polarization, e.g. α

(s)
r ≈ α

(p)
r ≈ αr.

Finally, in reflectometry experiments the reflectivity R is measured, which is the square
of the modulus of the reflection coefficient:

R = |αr|2 =
I

I0

(3.13)

with I and I0 the intensities of the reflected and the incident beam in the experiment,
respectively.

Reflectivity of multilayers

Up to here only one interface has been considered but already a sample of a single
layer on a substrate contains two interfaces and a multilayer of N layers has N + 1
interfaces. At every interface, the situation as shown in figure 3.5 is repeated plus an
additional k-vector, which represents the wave reflected from the interfaces below. This
configuration of wave vectors is depicted in figure 3.6, exemplarily at one interface.

1Usually, the Fresnel coefficients are denoted by r and t for the reflected and transmitted amplitude.
Since t is devoted for layer thicknesses throughout the text it is decided to use other symbols here but
the original letters for the Fresnel coefficients appear as indices.
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Figure 3.6: Illustration of the configuration of waves at interfaces of a multilayer. In general,
α and β are the amplitudes of waves at an interface propagating up and down, respectively.
The amplitude of the incident wave from vacuum is normalized to unity. αr,0 is the amplitude
of the reflected wave, which is a superposition of all partial waves coming from the multilayer
stack. As the substrate is usually very thick compared with the thin film layers, no wave is
considered coming from the interior of the substrate.

A common way to compute the reflectivity of a stack of layers is based on a ma-
trix formalism [64, 66]. Every interface is represented by a (2 × 2) matrix, which
links the amplitudes of the waves in the two adjacent layers j − 1 and j dependent on
their refractive indices (equation 3.14). The propagation of the waves in layer j − 1 is
included in equation 3.14 by the additional matrix with diagonal elements describing
the propagation towards (−inj−1k0z) and from (+inj−1k0z) the interface j − 1, j. This
matrix links the interfaces.

Mj−1,j =

(
exp(−inj−1k0ztj−1) 0

0 exp(+inj−1k0ztj−1)

)
×

(
nj−1+nj

2nj−1

nj−1−nj

2nj−1
nj−1−nj

2nj−1

nj−1+nj

2nj−1

)
(3.14)

k0z is the perpendicular component of the incident wave vector with respect to the
surface. The complete multilayer is then the product of all matrices Mj−1,j:(

1
αr,0

)
= M0,1M1,2 · · ·Mj−1,j · · ·MN,N+1

(
βt,N+1

0

)
= Mtotal

(
βt,N+1

0

)
(3.15)

with αr,0 being the amplitude of the wave finally reflected from the complete multilayer
and βt,N+1 the amplitude of the wave penetrating into the substrate. The amplitude
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of the incident beam is normalized to unity. Consequently, the reflectivity R obtained
from experiments is calculated as:

R = |αr,0|2. (3.16)

Another way to compute the reflectivity of a multilayer is the summation of partial
waves from all interfaces [66] where the reflection coefficient αr of each interface is
determined in a recursive way known as Parrat formalism [70].

The Fresnel coefficient for the amplitude of the reflected wave (equation 3.11) indi-
cates that the reflectivity depends on the angle of incidence of the probing beam and
its wavelength. Latter is included in the refractive index n and the angle θ of the
refracted beam. Usually, in experiments one of these parameters is fixed while the
other is varied in order to measure a complete reflectivity profile. In principle, there is
no difference between the two possibilities, e.g. in this work X-ray reflectometry was
performed at constant wavelength while polarized neutron reflectivity was measured
in a wavelength dispersive mode. The dependence of the specular reflectivity can be
generalized introducing the wave vector transfer Qz, which is defined as:

Qz = |~k0,r − ~k0| =
4π

λ
sin θ0. (3.17)

For the analysis, experimental data are compared with reflectivities computed from a
proper model of the sample. In the present work, we use the software tool Simulreflec
[71] to compute reflectivities for X-rays and neutrons on the basis of user defined
models. In addition, Simulreflec enables fitting the experimental reflectivities to refine
the model parameters.

3.2.2 Specular reflectivity for polarized neutrons with polar-
ization analysis

The interaction of the magnetic moment of the neutron with magnetic fields makes
neutron scattering experiments sensitive to magnetic structures and dynamics in mat-
ter. One of the most desirable information about magnetic thin films and multilayers is
the knowledge of the magnetization vectors of individual layers. Neutron reflectometry
using polarized neutrons enables to probe these2. Due to the dipolar nature of the
magnetic interaction of neutrons with matter and the reflection geometry, polarized
neutron reflectometry is limited to probe the in-plane component of the magnetization
vector. For the investigation of most of magnetic thin films, which does not mean a
restriction since the shape anisotropy effect confines the magnetization of thin ferro-
magnetic films in the plane of the sample. Particular benefits of this technique are to
measure the magnetic moment per formula unit (f.u.) of a material on an absolute
scale and to separate possible magnetic contributions from the substrate.

2The coherence length of the neutron beam in reflectometry is significantly larger than atomic
distances. Thus, the magnetic structure in antiferromagnetic materials is averaged over a few atomic
planes and the magnetic contribution to the scattering is zero because already neighboring magnetic
moments in an antiferromagnet cancel each other.
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This section shall provide a brief introduction to the basic aspects of neutron reflec-
tometry with polarized neutrons. Usually the neutron polarization is in the plane of
the sample. The first part of the introduction focuses on this conventional geometry.
Additionally within this work, the feasibility of experiments with the neutron polar-
ization perpendicular to the surface of the sample was examined. This configuration
directly tests the collinearity of the magnetization vectors in magnetic multilayers and
can measure the propagation of non-collinear arrangements. The second part of the
present section is dedicated to the background of this type of experiment.

Prior to the introduction to polarized neutron reflectometry, it is worth to mention
a few general aspects:

i) In experiments using polarized neutrons, a guide field ~HG maintains the polar-
ization of the neutron beam along its trajectory. There might be an additional
magnetic field ~H applied to the sample, which differs in amplitude from ~HG but
~HG and ~H are always oriented parallel at the sample.

ii) The guide field ~HG is the quantization axis for the neutron spin and neutrons

will occupy one of two eigenstates, either parallel or antiparallel to ~HG.

iii) Throughout the text the selected eigenstate will be described by the polarization

vector ~P , which is parallel to the neutron spin ~σ. The two states will be denoted
as (+) for ~P parallel ~HG and (-) for ~P antiparallel ~HG.

iv) The magnetic moment ~µ of neutrons is opposite to their polarization ~P , respec-
tively their spin ~σ (see equation 3.18). This has to be considered carefully, e.g.
in equations 3.21 and 3.22.

In section 3.2 the principles of neutron reflectometry are included. Due to the magnetic
moment ~µ of the neutrons additional aspects arise when the neutron reflectivity is
measured on thin films or multilayers of ferromagnetic materials. The interaction of
neutrons with a magnetic field ~B is expressed by the potential Vm:

Vm = −~µ · ~B = −γµN~σ ~B, (3.18)

where γ = −1.913 is the gyromagnetic factor and µN the nuclear magneton. In fer-
romagnetic materials neutrons interact with the magnetic field created by unpaired
electrons:

~B = µ0
~M (3.19)

where µ0 is the permeability of free space and ~M is the magnetization of the mate-
rial. As a consequence of the dipolar nature of interaction between ~µ and ~M magnetic
scattering experiments probe only the component of ~M which is perpendicular to the
wave vector transfer ~Q [72]. In specular reflectometry ~Q is always perpendicular to the
surface of the sample (= Qz), thus, polarized neutron reflectivity is only sensitive to
the component of the magnetization vector in the plane of the sample. For the rest of
the text ~M will refer only to this component.
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The complete potential V including nuclear Vn and magnetic Vm interaction can be
written as:

V = Vn + Vm =
2π~
mN

ρbcoh − µ0~µ ~M − ~µ ~B0 (3.20)

where the first term describes the nuclear contribution (see equation 3.7), the second
the interaction with the magnetization of the layer and the third is the Zeeman energy
of the neutrons in an external magnetic field ~B0.

For the special case when the neutron polarization ~P and the sample magnetization
~M are collinear, equation 3.20 simplifies to:

V =
2π~
mN

ρbcoh ± µ0µM (3.21)

where (+) applies for ~P parallel ~M and (-) for ~P antiparallel ~M . In addition it is
assumed that B0 (few 10 mT) is negligible compared to the contribution from M
(≈ 2 T). Furthermore, the magnetic part can be expressed in terms of a magnetic
scattering length pm and equation 3.21 becomes:

V =
2π~
mN

ρ(bcoh ± pm) (3.22)

with

pm =
mN

2π~
µ0µM

ρ
. (3.23)

Using pm, the magnetic interaction can be directly included into the refractive index
(equation 3.8) and therefore in the general formalism for neutron reflectivity as pre-
sented in section 3.2. As a result, e.g., the critical angle for total reflection depends on
the polarization of the neutrons:

θc =

√
ρ

π
(bcoh ± pm)λ. (3.24)

Figure 3.7 illustrates the spin dependent potential profile of a ferromagnetic/non-
magnetic multilayer. The height of the potential of the ferromagnetic layers is en-
hanced (reduced) when ~P is parallel (antiparallel) to the magnetization ~M of the
layers. As an example, a proper combination of ferromagnetic/non-magnetic materials
(e.g. FeCoV/TiN [73]) allows to match the difference in potential for one spin state to
be zero. Thus, neutrons of that particular spin state do not ”see” the interfaces and
are not reflected. This possibility is employed in polarizing neutron supermirrors (see
section 3.4.2).

In general, when the polarization ~P of the neutrons forms some angle ϕ with the
layer magnetization ~M (figures 3.8a and 3.8b) the interaction cannot be described us-
ing optical indices. The Schrödinger equation for a spin 1/2 particle has to be solved
completely [74] where its potential is given by:
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Figure 3.7: Depth profile of the potential structure of a ferromagnetic/non-magnetic multi-
layer for ~P parallel ~M and ~P antiparallel ~M . The nuclear contribution Vn,FM of the fer-
romagnetic layer is indicated by the dashed line. The spin dependent potential results in a
different reflectivity profile dependent on the polarization of the neutrons.

V =
2π~
mN

ρ

(
bcoh + pmcos(ϕ) pmsin(ϕ)

pmsin(ϕ) bcoh + pmcos(ϕ)

)
, (3.25)

leading to four reflectivities R++, R−−, R+− and R−+ where the superscripts denote
the neutron polarization of the incident and reflected beam, respectively. R++ and
R−− are related to the diagonal elements of the matrix and therefore to the component
of the in-plane magnetization parallel to the neutron polarization. They are called
non spin flip (NSF) reflectivities since the neutron polarization is conserved during the
scattering process (figure 3.8a). The off diagonal elements represent the perpendicular
component of the in-plane magnetization. The perpendicular configuration of neutron
polarization and magnetization creates a torque on the magnetic moment of the neu-
tron, which results in a spin flip (SF) process where the neutron polarization inverts
its orientation during the scattering process (figure 3.8b).

In summary, NSF and SF probe the components of the in-plane magnetization par-
allel and perpendicular to the neutron polarization. Measuring the four reflectivities
enables to determine the magnitude and the orientation of the magnetization vector in
ferromagnetic layers. It has to be noted that the retrieved orientation is invariant on
mirroring the magnetization vector on the axis of the neutron polarization ~P .

So far, the polarization of neutrons has been in the plane of the layer probing the
depth profile of the in-plane magnetization vector. In another geometry, polarized
neutron reflectometry is sensitive to the relative orientation of the magnetization vec-
tors of adjacent ferromagnetic layers. Looking at the full scattering cross-section for
polarized neutrons, it contains the following term σm′′ , which describes the interaction
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Figure 3.8: Reflections of polarized neutrons for a non-collinear configuration of ~P and ~M .
a) The polarization is conserved and the respective reflectivities R++ and R−− probe M‖. b)
The polarization of the neutron is flipped during the reflection because of M⊥, thus, R±∓ are
sensitive to M⊥.

of a polarized neutron beam with a non-collinear magnetic structure [75]:

σm′′ = i( ~M−Q × ~MQ)~P (3.26)

where ~MQ and ~M−Q are the Fourier transform of the magnetization vector ~M and its
conjugate, respectively. Equation 3.26 contains two important informations:

i) the experiment is most sensitive when the polarization of the neutron beam is
parallel (antiparallel) to the axis of the spiral or partial spiral as defined by

the evolution of non-collinear magnetic moments. The term is zero when ~P is
coplanar with ~M like in conventional polarized neutron reflectometry.

ii) non-collinear magnetic moments give rise to an additional contribution to the
spin flip reflectivity with a dependence on the polarization of the incident beam.

Since the polarization of the neutrons is always perpendicular to the magnetization
vectors, all magnetic scattering is spin flip scattering and non spin flip reflectivities are
of pure nuclear origin. An asymmetry of the spin flip reflectivities is the consequence
of non-collinear magnetization vectors. When the magnetization of ferromagnetic lay-
ers is confined in the plane of the films (e.g. FeCoV here), a neutron polarization
perpendicular to the film plane is essential to achieve the sensitivity for non-collinear
magnetization vectors (figure 3.9). Consequently, the guide field for the neutrons must
be perpendicular to the surface of the sample and no in-plane field can be applied to
tune the magnetization of the sample. This kind of experiment is useful when the
magnetization of samples can be prepared externally in an in-plane magnetic field and
the state of magnetization is preserved when the field is removed.

Finally, it is important to note that in the above discussion of polarized neutron reflec-
tometry the ferromagnetic layers are assumed to consist of a single domain. In case of
multi domains the situation becomes rather complex and depends on the relative size
of the domains to the in-plane coherence length of the neutron beam, which is typically
a few ten microns. For domains larger than the in-plane coherence length, neutrons
are still specularly reflected but depolarization occurs due to the different orientations
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Figure 3.9: Reflection geometry with neutron polarization perpendicular to the sample sur-
face. In this geometry the experiment is directly sensitive to a non-collinear arrangements
of magnetic moments. The interaction of the polarized neutron beam with a non-collinear
structure of magnetic moments is depicted leading to spin flip.

of the domains. When the size of the domains is smaller than the coherence length,
the neutrons probe the average magnetization vector of the domain distribution within
the coherence length. In addition, the lateral fluctuation of the magnetization vector
leads to off-specular scattering.

3.3 X-ray reflectometry and diffraction

We performed X-ray reflectivity and X-ray diffraction measurements to characterize
the chemical depth profile and the out-of-plane texture of the prepared samples. Both
types of experiments are performed on a Siemens D5000 X-ray diffractometer (Institut
E21, Technische Universität München).

The instrument runs with a copper source providing a X-ray beam with a wavelength
λ = 0.154 nm (CuKα). Originally, it is designed as a dedicated powder diffractometer
but additionally, the instrument has been upgraded to perform high quality reflectivity
measurements. Therefore, it has been equipped with commercially available compo-
nents: a sample table including tilting facility, a high precision knife-edge collimator,
an automatic attenuator and a secondary monochromator (figure 3.10).

The beam is collimated by a slit system, which can be varied in order to run the
experiments with a proper beam divergence. One slit is introduced in the path of
the incident beam close to the sample and two slits are placed in the reflected beam.
The knife edge collimator, which acts as an additional slit, allows to narrow the beam
divergence for the requirements of reflectometry experiments. The zero position of the
knife edge is adjusted to the center of the straight X-ray beam, thus, it serves also
as a reference for the alignment of the sample surface to the center of the beam. A
monochromator (graphite) is installed in the reflected beam path, in front of the de-
tector (scintillation counter), in order to filter out the Kβ-line of the Cu source as well
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Figure 3.10: X-ray diffractometer Siemens D5000: standard θ/2θ-goniometer, upgraded for
reflectivity measurements on thin films and multilayers. a) source (Cu), b) slits, c) knife edge
collimator, d) sample table, e) automatic attenuator, f) secondary monochromator (graphite),
g) detector (scintillation counter) and h) sample.

as fluorescence that might originate from the sample. Especially fluorescence from Fe
in FeCoV layers is suppressed reducing the background in the experiments. The auto-
matic attenuator allows reducing the beam intensity if it would cause saturation of the
detector resulting in wrong counting rates. Especially for reflectometry, the automated
attenuator enables to measure the range of total reflection with the attenuator in the
beam and to continue the range of low reflectivity without attenuator, avoiding manual
operation and interruption of the experiment.

The diffractometer is interfaced to a PC that controls the sample alignment and the
experiments. The software is able to run various types of scans, which can even be
combined to a sequence and executed one after the other. A complete set of exper-
iments can be performed on one sample, fully automated. Data visualization during
experiments and the processing afterwards as well is provided by adequate software
tools including data treatment like merging, background correction etc..

For diffraction experiments, the slit width of 0.6 mm was chosen at every position
resulting in a relaxed beam divergence of 0.18◦. A well collimated beam is needed for
reflectivity measurements. Therefore, an arrangement of slits was installed with widths
of 0.1 mm in the incident beam and 0.2 and 0.05 mm in the reflected beam. In addition
the knife edge collimator was inserted into the path of the beam, almost touching the
surface of the sample. The gap between the film surface and the knife edge was set to
0.005 mm resulting in a divergence of ≈ 0.008◦. Table 3.3 summarizes the setups for
beam collimation conducting either reflectometry or diffraction.
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Reflectometry Diffraction

Width slit 1 [mm] 0.1 0.6
Width slit 2 [mm] 0.2 0.6
Width slit 3 [mm] 0.05 0.6
Position of knife edge [mm] 0.005± 0.002 out

Resolution ∆θ [◦] ≈ 0.008 0.18

Table 3.3: Configurations of the slits and the knife edge collimator for reflectometry and
diffraction. The numbering of the slits follows the X-ray propagation with slit 1 in the incident
beam and slit 2 and 3 in the reflected beam. The knife edge position is its distance to the
sample surface.

Prior to the measurement the sample had to be aligned. Therefore, the knife edge
was brought into its zero position representing the center of the beam. Then, the
sample was moved from below towards the knife edge until it just did not touch. This
step was in combination with the tilting facility, which enabled to adjust the sample
surface parallel to the knife edge. After that, the knife edge was slightly lifted to create
a narrow gap. For the final step of the sample alignment, a rocking scan at grazing
incidence and a fixed detector angle was performed and the absolute sample angle was
obtained from the center of the specular peak. The alignment of the sample was done
using the beam collimation for reflectometry.

Specular reflectivity was typically measured from 0 to 3◦ of the incident angle in steps
of 0.005◦. The typical time for counting was 10 s per data point. The regime of total
reflection was scanned with the attenuator in the beam until the intensity drops below
1000 counts/s. The rest of the scan was performed without beam attenuator. A small
overlap of the two ranges was included, which enabled to merge the two parts of the
reflectivity profile. In addition to the specular scan, a longitudinal scan was performed
with a constant offset of the sample angle of 0.03◦ from the θ/2θ geometry. This scan
measured the diffuse intensity next to the specular rod including the background at the
instrument. The intensity of the longitudinal scan was subtracted from the intensity
of the specular scan providing the pure specular signal.

Off-specular reflectivity was measured on selected samples of the trilayer series. There-
fore, a sequence of rocking scans was performed at various detector angles. The limits
for the rocking scans were on either side the horizon of the sample surface with respect
to the incident and the exit beam. This range increased with increasing 2θ angles. The
detector angle was varied between 0.86◦ ≤ 2θ ≤ 4◦ in order to limit the total time for
the mapping of one sample. The step widths were 0.01◦ for θ and 0.02◦ for 2θ. The
measuring time per data point was 10 s. A small C code was developed to link all
rocking scans and arrange the data in columns of Qx, Qz and intensity.

Diffraction scans were performed in a θ/2θ mode where the scattering vector remained
perpendicular to the sample surface. Thus, the experiments probed the crystal struc-
ture of the layers along their growth direction, i.e the vertical texture. The scans
typically covered a range of 33◦ ≤ 2θ ≤ 68◦. The 2θ step size was 0.05◦ and at each
data point the intensity was accumulated for 60 s. The background was determined
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from the level of counts between the Bragg peaks and subtracted from the measured
intensity.

3.4 Polarized neutron reflectometry

In section 3.2.2 the application and strength of neutron reflectometry in the field of
magnetic thin films and multilayers using polarized neutrons are discussed. Therefore,
it is a well suited technique to probe the magnetization profile of FM/AF/FM trilayer
samples of this project at saturation and during the magnetization reversal providing
an insight into the interlayer exchange coupling between the ferromagnetic layers.

Polarized neutron reflectometry for this project were performed at the Apparatus
for Multi Optional Reflectometry (AMOR) at the Paul-Scherrer-Institut in Villigen,
Switzerland. The instrument is a dedicated neutron reflectometer including options to
use polarized neutrons and to analyze the state of polarization of the reflected neutron
beam. The following sections provide details on the experimental setup of the instru-
ment and the performed experiments. First, the basic setup of AMOR is presented
including all experimental details, which are not related to the use of polarized neu-
trons. Second, the option of polarized neutron reflectometry on AMOR is described.
Third, the procedure for the correction of the measured data regarding the finite po-
larization of the neutron beam is explained.

3.4.1 Basic setup of the neutron reflectometer AMOR

The AMOR instrument is located in the neutron guide hall of the Swiss Spallation
Neutron Source SINQ. It is attached to the neutron guide 1RNRlb, which transports
neutrons from the cold source moderator to the instrument.

At AMOR the Time-of-Flight (ToF) technique is employed to measure the reflectivity
dependent on the momentum transfer Qz. A pulsed neutron beam of a spectrum of
neutron wavelengths hits the sample at a defined angle of incidence θ0. The beam
is reflected at the sample and finally the neutrons are counted in different registers
dependent on their arrival time at the detector. Knowing the time of flight T and
the path length L of the neutron trajectory, the respective neutron wavelength λ is
assigned to every register

λ =
h

mNL
T =

T [µs]

2527 · L[m]
(3.27)

and the associated Qz can be calculated (equation 3.17). h is the Planck constant and
mN the neutron mass. The reflectivity is obtained by normalizing the measured spec-
trum of the reflected beam by the spectrum of the incident beam. The latter spectrum
is measured with identical instrumental setup but without sample.

Figure 3.11 shows a schematic representation of AMOR. A neutron chopper is in-
troduced into the neutron beam chopping the continuous beam into pulses. It consists
of two disks (∅ 700 mm) side by side and phase coupled. The phase shift defines a
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Figure 3.11: The Time-Of-Flight reflectometer AMOR. Optionally, polarized neutrons can be
used with polarization analysis of the reflected beam. Therefore remanent polarizing supermir-
rors are introduced in the incident and reflected beam as polarizer and analyzer, respectively.
(courtesy of Dr. T. Gutberlet, Paul-Scherrer-Institut, Switzerland)

window during that the chopper allows neutrons to pass. For the rest of the time
neutrons are absorbed by the chopper disks. The rotation speed and the phase shift
are variable in order to tune the wavelength resolution dependent on the requirements
of the experiment. Typically these parameters are set to 1500 rev/min and 11◦, re-
spectively for the experiments within this project.

A frame overlap mirror reflects neutrons beyond a certain wavelength out of the beam.
These slow neutrons may contaminate the fastest utilized neutrons of the next pulse.
The cut-off wavelength is adjusted by the inclination of the mirror. The mirror is espe-
cially needed when highest resolution is desired and therefore the chopper to detector
distance is very large. This was not necessary for the experiments of this work. There-
fore the frame overlap mirror was not introduced. In addition, when using polarized
neutrons, the polarizing mirrors already define a bandwidth of wavelengths, which can
be utilized (see section 3.4.2).

Two diaphragms in the primary beam, separated by d = 685 mm define the shape
and divergence of the neutron beam. Since the scattering plane is vertical the beam
divergence in the vertical direction must be limited. Therefore the vertical opening
widths were only 0.5 mm. The divergence in the horizontal direction can be relaxed
in order to increase the intensity of the neutron beam. The horizontal slit widths were
20 mm. Optionally one more diaphragm can be introduced in the reflected beam i) to
reduce background from diffuse scattered neutrons and ii) to reduce the divergence of
the beam.
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Samples are mounted horizontally on a sample stage, which has all degrees of free-
dom in order to align the samples with respect to the neutron beam and to set the
desired angle of incidence. Neutrons of the reflected beam are counted using a single
3He detector, which is at a distance of L = 7200 mm from the chopper.

The complete alignment of the instrument including the samples was performed by
the instrument team of AMOR. The spectrum, which could be utilized ranged from
approximately λ = 0.3 to 1.2 nm. Measurements were performed at two different angles
of incidence in order to cover a larger Qz range. The first angle was set to θ0 ≈ 0.5◦

and included the regime of total reflection. The adjacent Qz range was measured at
θ0 ≈ 1.4◦. Totally, a Qz range of approximately 0.1 to 1 nm−1 could be covered. At
larger Qz the reflected intensity was only of the order of the background.

An important parameter of the experiments is the Q-resolution, especially regarding
proper reproduction of experimental reflectivity profiles by computed profiles. There-
fore, aspects on the instrumental resolution are discussed in the following, which have
entered the computation of reflectivity in this work.

As usual in neutron scattering experiments the Q-resolution ∆Qz is defined by the
wavelength dispersion ∆λ and the angular divergence ∆θ of the neutron beam. The
relative resolution is derived from equation 3.17:

∆Qz

Qz

=
1

λ
∆λ + cot(θ)∆θ (3.28)

where θ is the reflection angle of the neutron beam. From equation 3.28, one can
see that the resolution depends on λ and therefore it varies along the reflectivity pro-
file in Time-of-Flight experiments. The wavelength dispersion ∆λ is related to the
uncertainty ∆T in the time of flight (see equation 3.27):

∆λ =
h

mNL
∆T (3.29)

Since the time of flight T is the difference between the time tchopper when the neutrons
pass the chopper and the time tdetector when they arrive at the detector, ∆T is given
by the uncertainties of tchopper and tdetector:

∆T =
√

∆t2chopper + ∆t2detector (3.30)

where ∆tchopper is the time frame during that the chopper is open and neutrons can
pass through. For the chopper system at AMOR, ∆tchopper is related to the speed of
rotation and the phase shift of the chopper disks. ∆tdetector is the width of the time
channels in which neutrons are counted. Table 3.4 summarizes typical parameters of
the setup of AMOR, which define the Q-resolution of the probing neutron beam.

Since in reflectometry experiments the angle of incidence is very small and the sample
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w1 [mm] 0.5 tchopper [µs] 440
w2 [mm] 0.5 tdetector [µs] 150
d [mm] 685 L [mm] 7200

∆θ 0.08◦ ∆λ [nm] 0.025

Table 3.4: Typical setup parameters of AMOR for the experiments conducted within this
project. tchopper is defined by the speed of rotation of the chopper disks and their phase shift.
A phase shift of 11◦ corresponds to an opening angle of the chopper of ≈4◦.
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Figure 3.12: Illustration of the beam divergence defined by i) the geometry of the slits (blue
triangle) and ii) the combination of slit geometry and size of sample (red triangle). For the
latter the divergence is reduced since only a part of the beam is accepted by the sample.

size usually not very large the projection of the beam on the sample (footprint) has to
be considered in determining the Q-resolution. The beam divergence ∆θ is determined
by the geometry of the slits when the footprint is smaller than the sample size. When
the footprint is larger than the sample size, ∆θ includes the acceptance of the sample
and the divergence is smaller than defined by the slits. An illustration of this particular
situation is shown in figure 3.12. For the experiments at AMOR both situations occur.
At the first angle of incidence (θ0 ≈ 0.5◦) the situation is like shown in figure 3.12 by
the red geometry and ∆θ ≈ 0.04◦. At the second angle (θ0 ≈ 1.4◦) the footprint of the
beam on the sample is smaller than the sample size and ∆θ ≈ 0.08◦ (see table 3.4).
The different ∆θ-resolution of the two Qz ranges is considered in the computation of
reflectivity profiles.

3.4.2 Setup for polarized neutrons and polarization analysis

AMOR provides the option using a polarized neutron beam and analysis of the polar-
ization of the reflected beam. Devices for both, polarization and analysis of the neutron
beam, are remanent supermirrors of FeCoV/TiNx [73]. When the mirrors are magnet-
ically saturated the reflectivity depends on the spin state of the neutrons due to the
magnetic contribution to the scattering length density from the ferromagnetic FeCoV
layers (see section 3.2.2). For one spin state the contrast in scattering length density
of the two materials is enhanced resulting in a high reflectivity. For the opposite spin
state the contrast is reduced. In addition, for the latter, the contrast is matched to
be ideally zero by adding the proper amount of nitrogen in the TiN layers. Thus the
reflectivity is almost zero as well (figure 3.13).

A high polarization of the neutron beam of ≈95% is achieved by means of such super-
mirrors. An additional feature of the polarizing supermirrors employed at AMOR is
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Figure 3.13: Spin dependent reflectivity of a remanent polarizing supermirror measured at
different orientations of magnetization ~M with respect to the applied guide field ~HG: i) ~M
parallel ~HG (circles) and ii) ~M antiparallel ~HG (triangles). In ii) the supermirror was satu-
rated in an external magnetic field of ≈ -20 mT prior to the experiment. Due to the different
orientation of ~M the reflectivities for spin up and spin down are inverted from i) to ii). In
addition (inset) the experiments show that the polarization performance is almost independent
of the relative orientation of ~M and ~HG.

their high remanence at zero field or even at small reverse fields, which is due to a net
magnetic anisotropy originating from a net anisotropy of the internal stress [76]. This
allows to switch the magnetization, consequently the polarization/analysis orientation,
by a short magnetic field pulse (≈ 40 mT). The magnetization of the mirrors remains
aligned, even when a reverse field of ≈ 1 mT is present (figure 3.13), which is always
needed as a guide field to retain the neutron polarization. The guide field spans from
the polarizer to the analyzer without gap.

For the experiments with the polarization of the neutron in the plane of the sam-
ple a large electro magnet provides magnetic fields up to ≈ ±1T at the sample position
in order to tune the magnetization of the samples to the desired state of their hystere-
sis. The accuracy of the applied field is ≈ ±10 G. The field needs to have the same
orientation as the guide field when reflectivity is measured.

In section 3.2.2 an alternative experiment is discussed, which is sensitive to the relative
orientation of the magnetization vectors in the adjacent ferromagnetic layers and there-
fore enables to discriminate collinear from non-collinear structures directly. This kind
of reflectometry experiment requires a polarization of the neutron beam perpendicu-
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lar to the sample surface, which is in contrast to the conventional geometry described
above. We realized the particular setup at the AMOR reflectometer by providing a
small perpendicular magnetic field over a finite sample region. An appropriate overlap
of the perpendicular field at the sample with the guide field of the incident and reflected
beam enabled an adiabatic transformation of the neutron polarization from in-plane to
perpendicular and vice versa. Figure 3.14 illustrates the setup and the transformation
of the neutron polarization.

Since the external field had to be perpendicular to the sample surface, application
of an in-plane magnetic field was not possible to hold the magnetization of the lay-
ers in a particular state during the experiment. Therefore, prior to the experiment,
samples were magnetized externally to a desired state which then was brought to the
respective remanent state before the polarized neutron reflectivity was measured.

Figure 3.14: Setup at AMOR for the neutron polarization perpendicular to the sample surface.
The vertical field at the sample position overlaps with the horizontal guide field of the incident
and reflected beam. Thus an adiabatic transformation of the neutron polarization is achieved
as schematically illustrated in the picture (green arrows). The red line describes the trajectory
of the neutron beam. Using this setup, the conventional geometry of the polarizer/analyzer
mirrors can be utilized.

3.4.3 Data correction of finite beam polarization and analysis

In polarized neutron reflectometry with polarization analysis of the reflected beam four
reflectivity cross-sections (R++, R−−, R+−, R−+) of the sample are probed (see section
3.2.2). Respective intensities (I++, I−−, I+−, I−+) are measured by varying the state
of polarizer and analyzer accordingly. Since polarizing and analyzing devices have only
finite efficiencies the measured intensities contain a mixture of the four reflectivity
cross-sections. Finite efficiencies result in a contamination of the polarized beam with
neutrons of undesired spin state. In order to retrieve the reflectivity cross-sections the
measured intensities have to be corrected, especially for the detailed analysis of the
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Figure 3.15: Illustration of neutron beam polarization using a remanent polarizing supermir-
ror: a) ~MP �� ~HG, the supermirror has a high (low) reflectivity R+

P �� (R−
P ��) for neutrons

with spin parallel (antiparallel) ~HG, thus the polarization ~P of the probing beam is parallel
~HG. b) ~MP �� ~HG, the supermirror has a low (high) reflectivity R+

P �� (R−
P ��) for neutrons

with spin parallel (antiparallel) ~HG and the polarization ~P of the beam is antiparallel ~HG.

reflectivity profiles by proper modeling. In the following the correction procedure is
described, which is specifically employed for the setup at AMOR using remanent po-
larizing supermirrors.

It shall be emphasized again that (+) and (-) denote a polarization ~P of the neutron

beam being parallel and antiparallel to the guide field ~HG, respectively. The orienta-
tion of ~P is selected dependent on the magnetization ~MP of the polarizing supermirror,
which is either parallel (��) or antiparallel (��) to ~HG. For the parallel (antiparallel)
configuration the polarizing supermirror has a high reflectivity R+

P �� (R−
P ��) for neutrons

with spin parallel (antiparallel) to ~HG and low reflectivity R−
P �� (R+

P ��) for neutrons with

spin antiparallel (parallel) to ~HG resulting in a polarization ~P being parallel (antipar-

allel) to ~HG. The configuration of ~P , ~HG and ~MP including the reflectivities of the
polarizing supermirror is illustrated in figure 3.15. The relations are identical for the
analyzing supermirror whose symbols have the subscript A in the following. The per-
formance of polarizing supermirrors regarding neutron beam polarization and analysis
is described in the most general way using their neutron spin dependent reflectivities.

The intensity I++ is measured with the magnetization of polarizer and analyzer super-
mirrors parallel to the guide field. It can be mathematically formulated as:
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I++ = (ε+, ε−)

(
R+

A�� 0
0 R−

A��

)(
R++ R−+

R+− R−−

)(
R+

P �� 0
0 R−

P ��

)(
n+

n−

)
I0. (3.31)

Following the propagation of the neutron beam, equation 3.31 is read from right to left.
I0 is the initial intensity of the incoming beam. n+ and n− represent the probabilities
for the neutron spin being parallel or antiparallel ~HG, respectively. Thus

n+ + n− = 1 (3.32)

and for a unpolarized beam

n+ = n− = 1/2. (3.33)

First, the incoming unpolarized beam is reflected at the polarizing supermirror with
high and low reflectivities (R+

P ��, R−
P ��) for the two spin states of the neutrons. Sec-

ond, the polarized beam hits the sample, which is characterized by the four reflectivity
cross-sections R++, R−−, R+− and R−+. Third, the beam reflected from the sample
is analyzed by means of the spin dependent reflectivity (R+

A��, R−
A��) of the second

supermirror. Finally, a detector counts the neutrons. To satisfy the mathematical
formalism the detector is expressed as (ε+, ε−) where ε+, ε− are the detector efficien-
cies [77]. Since the efficiency of 3He detectors is not sensitive to the spin state of the
neutron ε+ = ε− = ε.

The residual equations to describe polarized neutron reflectometry with polarization
analysis are:

I−− = (ε+, ε−)

(
R+

A�� 0
0 R−

A��

)(
R++ R−+

R+− R−−

)(
R+

P �� 0
0 R−

P ��

)(
n+

n−

)
I0, (3.34)

I+− = (ε+, ε−)

(
R+

A�� 0
0 R−

A��

)(
R++ R−+

R+− R−−

)(
R+

P �� 0
0 R−

P ��

)(
n+

n−

)
I0, (3.35)

I−+ = (ε+, ε−)

(
R+

A�� 0
0 R−

A��

)(
R++ R−+

R+− R−−

)(
R+

P �� 0
0 R−

P ��

)(
n+

n−

)
I0, (3.36)

where the subscripts of the reflectivities of polarizer and analyzer are related to the
relative orientation of ~MP and ~MA with respect to ~HG. They are varied according to
the desired spin selection.

Equations 3.31, 3.34, 3.35 and 3.36 form a set of equations describing the experiment,
which can be expressed in a matrix notation:

I++

I+−

I−−

I−+

 =
ε

2


R+

A��R
+
P �� R−

A��R
+
P �� R−

A��R
−
P �� R+

A��R
−
P ��

R−
A��R

+
P �� R+

A��R
+
P �� R+

A��R
−
P �� R−

A��R
−
P ��

R−
A��R

−
P �� R+

A��R
−
P �� R+

A��R
+
P �� R−

A��R
+
P ��

R+
A��R

−
P �� R−

A��R
−
P �� R−

A��R
+
P �� R+

A��R
+
P ��




R++

R+−

R−−

R−+

 I0. (3.37)
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Now, once the properties of polarizer and analyzer are known the reflectivities of the
sample can be deduced from the measured intensities. The matrix in equation 3.37
contains eight unknowns, which are usually not determined easily. In the following
these parameters are estimated for the particular conditions at AMOR.

At AMOR, the supermirrors for polarizer and analyzer have been produced in one
run side by side during sputtering [78]. Therefore their properties might be consid-
ered identical, which has been confirmed by reflectivity measurements [79]. Figure
3.13 shows the performance of such remanent polarizing supermirrors dependent on
the orientation of magnetization with respect to a small applied field, e.g. the guide
field at AMOR. The performance appears to be almost identical for the two configu-
rations. In the experimental setup at AMOR both mirrors are set to form the same
angle (0.5◦) with the respective incident neutron beam, which is the unpolarized beam
from the neutron guide in case of the polarizer mirror and the beam reflected from
the sample in case of the analyzer mirror. This is in particular important because in
Time-of-Flight mode the complete reflectivity range of the supermirrors is utilized to
polarize/analyze the wavelength dispersive spectrum of the neutron beam. Only with
an identical reflection geometry of the polarizer and analyzer mirrors their properties
can be identical within the complete spectrum.

The afore mentioned aspects make the assumption reasonable that the performance
of polarizer and analyzer are identical and independent of their state of spin selection.
Thus,

R+ = R+
P �� = R+

A�� = R−
P �� = R−

A�� (3.38)

and

R− = R−
P �� = R−

A�� = R+
P �� = R+

A��. (3.39)

In general, the polarization P or the flipping ratio η are used to describe the efficiency
of polarizing/analyzing devices. These can be expressed in terms of the supermirror
reflectivities R+ and R− for the two spin states of the neutrons:

P =
I+ − I−

I+ + I−
=

R+I0 −R−I0

R+I0 + R−I0

=
R+ −R−

R+ + R− (3.40)

η =
I+

I−
=

R+I0

R−I0

=
R+

R− , (3.41)

where I+ and I− are the intensities of the two spin states in the neutron beam after
the polarizing device.

With the assumptions of equations 3.38, 3.39 and introducing the flipping ratio η
(equation 3.41) equation 3.37 can be rewritten:

I++

I+−

I−−

I−+

 =
εI0

2R−R−


η2 η 1 η
η η2 η 1
1 η η2 η
η 1 η η2




R++

R+−

R−−

R−+

 . (3.42)
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The number of unknowns in the matrix (incl. pre-factor) is significantly reduced now,
and the residual parameters can be determined experimentally. Therefore, the polar-
ized beam from the polarizer mirror is analyzed by the analyzer mirror. In terms of
equation 3.42, this experiment is described with R++ = R−− = 1 and R+− = R−+ = 0
resulting in: 

I++

I+−

I−−

I−+

 =
εI0

2R−R−


η2 + 1
η + η
1 + η2

η + η

 . (3.43)

Two of those four equations (e.g. I++ and I+−) are sufficient to determine the residual
unknowns in equation 3.42:

η =
I++

I+− +

√(
I++

I+−

)2

− 1 (3.44)

εI0

2R−R− =
I+−

η
(3.45)

As AMOR is a ToF reflectometer these parameters are wavelength dependent and have
to be determined for the full spectrum used in the experiment. Figure 3.16 depicts the
wavelength dependent flipping ratio and polarization of the polarizing supermirrors.
The measurement shows that a spectrum from λ ≈ 0.2 to 1.2 nm can be reasonably
utilized regarding the performance of the polarizing supermirrors. Smaller wavelengths
are beyond the reflectivity range of the supermirror. At large wavelength, due to only
finite absorption of the anti-reflection coating underneath the polarizing supermirror,
residual neutrons with undesired spin state are totally reflected from the substrate,
thus reducing the efficiency of polarization. Large fluctuations in the flipping ratio exist
around λ = 0.2 and 0.6 nm, which correspond to the critical edge of the supermirror
and to the transition from the regime of total reflection to the supermirror regime,
respectively. Usually at those positions the reflectivity profiles of supermirrors show
small fluctuations, which become emphasized in terms of the flipping ratio (equation
3.44). We apply the distribution of flipping ratio in figure 3.16 together with equation
3.42 to retrieve the spin dependent reflectivities of the sample from the measured
intensities.
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Figure 3.16: Wavelength dependent flipping ratio and polarization of the polarizing super-
mirrors employed at AMOR as beam polarizing and analyzing devices. Identical results are
obtained for the setup with transformation of the polarization from horizontal to vertical and
vice versa confirming the success of the transformation.



Chapter 4

Structural characterization

X-ray reflectometry and diffraction were employed to characterize the structure of the
samples regarding their chemical depth profile and their out-of-plane texture, respec-
tively.

The series of NiO single layers are produced with the purpose to find adequate condi-
tions for the reactive sputtering of highly (111) textured NiO layers. The stoichiometry
of the NiO films was measured using X-ray reflectometry and their texture was ana-
lyzed from X-ray diffraction patterns. Results of these experiments are presented and
discussed in the first section of this chapter. The settings for the total pressure and the
Ar:O2 ratio of the sputter gas were deduced from these results and were then applied
for the preparation of NiO-FeCoV multilayers.

FeCoV single layers, NiO-FeCoV bilayers and FeCoV/NiO/FeCoV trilayers are com-
pared in the second section regarding their crystalline orientation of the NiO and FeCoV
layers along the direction of growth. A dependence of the texture on the underlying
material is found for the NiO layers whereas FeCoV layers grow always with identical
texture.

The results of X-ray reflectometry on FeCoV single layers, bilayers and trilayers are
shown and discussed in section four of this chapter. A detailed layer structure of the
samples has been deduced from the refinement of models of the chemical depth profile.
The models have been developed systematically from FeCoV single layers to trilayers
via NiO-FeCoV bilayers. Due to this systematic procedure, fine details about layer
thickness, interface roughness, interfacial layers and surface oxidation have been un-
raveled.

The last section of this chapter summarizes the information obtained from the struc-
tural characterization of all the series prepared within this project.

4.1 Chemical composition and crystalline structure

of NiO single layers

In this project, we prepared NiO layers by reactive DC magnetron sputtering. Their
stoichiometry and their crystalline structure depend on the preparation conditions. It
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is even possible to tune the growth orientation by varying the combination of pressure
and mixture of the Ar:O2 sputter gas1. In order to find proper preparation conditions
for stoichiometric and highly (111) textured NiO layers, we deposited a series of single
layers at different total pressures and different Ar:O2 ratios of the sputter gas (see
section 2.3). We investigated their stoichiometry and crystalline structure by X-ray
reflectometry and diffraction. In addition, a comparison of the color of the films pro-
vides a first qualitative information about the stoichiometry of the NiO layers. The
color of Ni is metallic silver while it is green for NiO. Another oxidation state of Ni is
Ni2O3, which has a color of dark grey to black. In the following, first, the results of
these experiments are presented and second, they are discussed regarding the desired
structure for NiO layers in this work. On the basis of these results, we deduced proper
conditions for the preparation of NiO-FeCoV multilayers.

Figure 4.1 shows the reflectivity data of NiO single layers in a narrow range of the
incident angle θ around the critical angle for total reflection. The plateau of total
reflection is not very pronounced because of absorption of the X-rays. Absorption is
highest at the critical edge since the penetration of the X-ray beam into the material is
deepest there while the beam is still totally reflected leading to a rather smooth tran-
sition from the regime of total reflection to the regime of propagation in the material.
As the edge at the critical angle is not sharp, its value is usually determined from the
position where the reflectivity has value of 0.5 [65]. A clear dependence of the critical
angle for total reflection on the sputter conditions is observed. At higher angles oscilla-
tions are visible, which originate from the total thickness of the film (Kiessig fringes).

The diffraction patterns of the NiO single layers are depicted in figure 4.2. Bragg peaks
according the crystal structure of NiO are present but no peaks exist corresponding to
crystalline Ni. The positions of the Bragg peaks are in rather good agreement with the
positions of bulk NiO. Small deviations indicate a weak distortion of the crystal lattice.
The intensity of the peaks depends significantly on the conditions of preparation. The
relative intensities of the [111], [200] and [220] peaks of polycrystalline NiO are 75%,
100% and 57%, respectively [80]. In general, we observe that the relative intensities
of the NiO single layers deviate from this distribution indicating preferred crystalline
orientations in the NiO films induced by the growth process.

The critical angle for total reflection is related to the average X-ray scattering length
density 〈batρ〉, which decreases with increasing content of oxygen in the NiOx layers
(equation 3.2 and 3.10). The degree of oxidation of Ni during layer growth is expected
to increase with the amount of oxygen available for the oxidation process, i.e. with
increasing partial pressure pO2 of oxygen in the sputter gas. Values of 〈batρ〉 are calcu-
lated from the critical angles (figure 4.1) and plotted in figure 4.3 versus pO2 . It shows
that at low pO2 the average scattering length density 〈batρ〉 is the highest while at low
pO2 it is the lowest. A comparison of the two extreme cases regarding the color of the
films shows that at low pO2 , the color is metallic silver while at high pO2 the color of
the films turns grey. The results indicate the presence of residual but disordered Ni
(no Bragg peaks) at low pO2 and an excess of oxygen forming Ni2O3 at high pO2 .

1In sputtering, the growth of films can be influenced by the variation of various other parameters
e.g. substrate temperature, deposition rate, particle bombardment etc..
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Figure 4.1: X-ray reflectivity data of NiO single layers on glass prepared at different total
pressures ptot and different Ar:O2 ratios of the sputter atmosphere. The critical angle contains
the information about the average scattering length density of the films.



58 CHAPTER 4. STRUCTURAL CHARACTERIZATION

0
2 5
5 0
7 5

1 0 0
1 2 5
1 5 0

0
2 5
5 0
7 5

1 0 0
1 2 5
1 5 0

0
2 5
5 0
7 5

1 0 0
1 2 5
1 5 0

3 5 4 0 4 5 5 0 5 5 6 0 6 5
0 . 0 0
0 . 2 5
0 . 5 0
0 . 7 5
1 . 0 0

���
��

���
��

���
��

����������

������
�

���
�
	���
�
���	
�
���

�
������

��
���

�

�

p t o t ��
�µ���

������
�

���
�
	���
�
���	
�
���

�
������

��
���

�

�

p t o t ��	�µ���

������
�

���
�
	���
�
���	
�
���

�
������

��
���

�
�

p t o t ����µ���

2q �� �

�

�

���
�����

���
����

Figure 4.2: X-ray diffraction pattern of NiO single layers on glass prepared at different sputter
conditions (ptot, Ar:O2 ratio). The diffraction patterns are vertically displaced for clarity.
For comparison, the bottom diagram shows a calculated diffraction pattern [80] of bulk NiO
indicating the relative intensities of the Bragg peaks for a polycrystalline material.
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Figure 4.3: Average scattering length density 〈ρbat〉 for X-rays (CuKα) of NiO single layers
dependent on the O2 partial pressure pO2 of the Ar:O2 sputter atmosphere. 〈ρbat〉 is calculated
from the critical angle θc for total reflection (equation 3.10). The errors are deduced from the
uncertainty of the alignment of the sample angle, which is estimated to be 0.005◦.

Between low and high pO2 , the dependence of the process of oxidation on the con-
ditions of preparation appears more complex because no systematic variation with pO2 ,
ptot or Ar:O2 is observed. Nevertheless, we find that at ptot = 6 µbar the process of
oxidation is rather stable for Ar:O2 90:10 to 82:18 since 〈ρbat〉 is almost independent of
the Ar:O2 ratio. The stability in this regime suggests that the oxidation of Ni occurs
via an equilibrium process, thus forming stoichiometric NiO. However, 〈ρbat〉 of these
stoichiometric NiO layers is ≈ 6% smaller than for bulk NiO indicating a reduced den-
sity of the films. It has to be considered that X-ray reflectometry averages laterally over
the in-plane coherence length of the X-ray beam, which is typically about 10 microns
for the resolution of the X-ray beam used here [65]. Thus, it is sensitive to macroscopic
defects like pores, which effectively reduce the scattering length density, consequently
the critical angle.

Another possibility for a reduced density is an expanded crystal lattice. This may
happen when oxygen atoms go to the interstitial sites of the lattice due to an excess
compared to stoichiometric NiO. As a result the crystal lattice becomes expanded. In
fact, we observe a small shift of the Bragg peaks, which is possibly a result of an ex-
panded lattice. In order to test this possibility for NiO single layers prepared at ptot

= 6 µbar, the positions of the Bragg peaks (figure 4.2) were analyzed and the lattice
constant is deduced. The calculated values are normalized by the lattice constant for
bulk NiO and plotted in figure 4.4. In all NiO films, the lattice constant is very close to
the bulk value confirming an almost undistorted NiO crystal lattice. Further, assuming
a three dimensional expansion the volume of the unit cell will be increased by 2-3 %,
which does not account for the reduced X-ray scattering length density of ≈ 6 %.
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Figure 4.4: Normalized lattice constant a0 of NiO single layers prepared at 6 µbar and various
Ar:O2 ratios. The values are calculated from the positions of the Bragg peaks (figure 4.2) and
normalized by the lattice constant of bulk NiO a0,bulk = 0.4175 nm [81]. The error bars of
some values are rather large since the intensity of the respective Bragg peaks is low allowing
only a reduced accuracy in the determination of their position.

Finally, from the analysis of X-ray reflectivity and diffraction measurements, we con-
cluded that NiO layers prepared at 6 µbar consist of stoichiometric NiO grains with
bulk crystallinity but also contain some defects, which reduce the density when aver-
aged on a macroscopic scale.

Obviously the density of the NiO films is even less at 8 µbar since 〈ρbat〉 is further
reduced. The dependence of the density on the sputter pressure is known for sputter
deposited films and is discussed in [82]. An increase of the pressure of the sputter gas
increases the probability that target atoms collide with gas atoms. Consequently, their
average kinetic energy decreases resulting in a reduced mobility of the atoms, which
condense on the surface of the growing layer. When the mobility is low, grains grow
preferentially in three dimensional islands leading to a reduced density of the film as
probed in reflectometry.

In summary, the results from X-ray reflectivity show that at ptot = 6 µbar, the formation
of stoichiometric NiO takes place properly. In addition, the crystallinity depends on
the Ar:O2 ratio. The desired high (111) texture is obtained at a ratio of 86:14. There-
fore, we prepared NiO layers in bilayer and trilayer samples by reactive sputtering at
a total pressure of ptot = 6 µbar and an Ar:O2 ratio of 86:14.
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4.2 Crystalline structure of FeCoV single layers and

NiO-FeCoV multilayers

We measured the crystalline orientation of FeCoV single layers and NiO-FeCoV mul-
tilayers along the growth direction using symmetric X-ray diffraction. In this section,
the experimental results are presented and the different series are compared regarding
the dependence of the growth on the sequence of deposition of the materials. First, the
diffraction patterns of FeCoV single layers represent the basic growth of FeCoV films.
Second, the bilayer series allow a separate analysis of the texture of NiO and FeCoV
layers depending on the underlying material. Finally the texture of the trilayers is
compared with the results from single layer and bilayer series.

FeCoV single layers

Figure 4.5 shows the diffraction patterns for FeCoV single layers with tFeCoV = 20
and 40 nm. The Bragg peaks for tFeCoV = 5 nm cannot be measured because of the
small thickness of the FeCoV layer. Hence, the number of coherent planes of the crys-
tal lattice is very small and the intensities of the peaks are only of the order of the
background. Peaks of the Ti buffer and capping layers are not visible because of the
same reason. In addition, we measured the diffraction pattern of the target material,
which is plotted in figure 4.5 for comparison. The target material can be considered
to be almost polycrystalline showing peaks of [110] and [200] orientations. Due to the
high symmetry of the crystal structure no other peaks are expected in the measured
range. The high intensity of the Bragg peaks from the target material is due to the
larger fraction of volume, which scatters coherently in bulk than in thin films. In case
of FeCoV single layers only [110] peaks are present in the diffraction pattern indicating
a pronounced (110) out-of-plane texture of the films.

The texture is a consequence of the condition that thin films usually tend to grow
with lattice planes of highest area density [83] parallel to the film plane. Therefore,
materials with a bcc crystal structure, e.g. FeCoV, exhibit a (110) out-of-plane texture
in thin films. Furthermore, FeCoV layers are expected to grow preferentially with (110)
texture because of the distribution of Fe and Co atoms in the lattice of the bulk mate-
rial. For temperatures below 1000 K, like during the sample preparation here, Fe and
Co atoms order in a bcc B2-phase (see section 2.1.1) occupying different sublattices.
In sputtering from an alloy target, the sputtering yields of all constituents of the alloy
are usually very similar leading to the same number of atoms arriving per unit time at
the surface of the sample. As a result, during the growth of FeCoV an equal number of
Fe and Co atoms (neglecting V) must be accommodated at the same time. Therefore,
the atoms prefer to arrange in a lateral order of lattice planes with an equal distribu-
tion of Fe and Co. This condition is fulfilled for (110) planes of FeCoV leading to a
(110) texture out-of-plane. The amount of vanadium is very small and the V atoms
are expected to be arbitrarily distributed but do not affect the basic growth regarding
the crystalline orientation. However, films deposited by sputtering typically consist
of grains of single crystals with out-of-plane texture but their in-plane orientations
are randomly distributed. This can also be assumed for FeCoV layers in this work,
as neither the amorphous substrate promotes a growth of the films with a preferred



62 CHAPTER 4. STRUCTURAL CHARACTERIZATION

4 0 4 5 5 0 5 5 6 0 6 5 7 0
0

5 0
1 0 0
1 5 0
2 0 0
2 5 0
3 0 0
3 5 0
4 0 0
4 5 0

���
�	

���
�	

�2q ���	

��
�����
����
�
�t F e C o V ��������
�t F e C o V ����������

��
���

�
�

Figure 4.5: X-ray diffraction patterns of samples Ti (5 nm)/FeCoV (tFeCoV )/Ti (5 nm) and
of the FeCoV target material. The diffraction patterns are vertically displaced for clarity.
The vertical, dashed lines represent the positions of the peaks for bulk FeCoV, plotted for
comparison.

in-plane orientation nor the preparation conditions are optimized for epitaxial growth
in particular.

We determined the positions of the Bragg peaks from fitting a Gaussian function2

to the experimental data and calculated the lattice parameter a0. For FeCoV thin
films (TF) a0,TF = (0.2849 ± 0.001) nm and for the FeCoV target material a0,bulk =
(0.2857± 0.0002) nm. A detailed investigation of the dependence of lattice parameters
of Fe-Co binary systems on the concentration of Fe and Co and the ordering phase is
reported in [84]. There, a0 is found to be 0.2857 nm for an equal content of Fe and
Co in the ordered B2-phase which is in accordance with the value of a0,bulk measured
on the target material. Although the lattice parameters obtained for FeCoV thin films
and bulk are identical within the errors, the smaller value for a0,TF might be real as
it is consistent for both thicknesses of the FeCoV layers. In [84], it is also reported
that a0 in the disordered A2-phase is 0.05 % smaller than that in the ordered phase.
Assuming absolute accuracy for the deduced lattice parameters this would not account
for the reduced value observed in FeCoV thin films. Additionally the ordered B2-phase
is expected because of the course of growth as described above. Therefore the devia-
tion of a0 in FeCoV layers from bulk is more likely associated to a small distortion of
the crystal lattice because of strain. Since a0,TF is deduced from the vertically stacked
(110) planes, it suggests compressive stress out-of-plane. Hence, assuming conservation

2Usually, to account for the influence of grain size, strain etc. on the line shape of the Bragg peaks,
more complex functions like Voight function are necessary. However, the Gaussian function provides
sufficient accuracy for the determination of the position of the Bragg peaks as long as these have a
symmetric shape.
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of the unit cell volume tensile stress would be present in the plane of the layers.

FeCoV/NiO and NiO/FeCoV bilayers

The diffraction patterns of FeCoV/NiO and NiO/FeCoV bilayers are depicted for var-
ious tNiO in figure 4.6. Several peaks appear corresponding to NiO and FeCoV Bragg
peaks. As discussed above for the cases of thin FeCoV and Ti layers, the intensity of
the NiO peaks decreases with decreasing tNiO becoming comparable to the background
for tNiO < 20 nm.

In all samples FeCoV peaks are only present at the [110] position as a result of the
textured growth as observed in FeCoV single layers as well. However, the intensities of
the FeCoV Bragg peaks of NiO/FeCoV bilayers are significantly lower than in the case
of FeCoV single layers and FeCoV/NiO bilayers. The lower intensity is due to a lower
number of scattering planes contributing to the Bragg peak, which either can be caused
by a smaller vertical grain size, or by an imperfect stacking of the lattice planes. We
estimated the vertical grain size using the Scherrer formula [85]. The results show that
the grain size is approximately equal to the layer thickness in all cases excluding the
first possibility mentioned before. Consequently, when FeCoV is grown on NiO layers
the stacking of the (110) lattice planes appears to have a larger distribution with re-
spect to being parallel to the film plane but still maintaining a preferential growth with
highest atomic area density in the plane of the layers. The intensities of FeCoV [110]
peaks are almost identical for all NiO/FeCoV bilayers. Considering that the thicknesses
of the FeCoV layers are identical, it suggests that the growth of FeCoV is independent
of the thickness of the underlying NiO layer. In all samples of the bilayer series the
Bragg peaks of FeCoV are slightly displaced from their bulk position as observed in the
series of FeCoV single layers as well indicating a small distortion of the crystal lattice.

NiO/FeCoV bilayers exhibit strong [111] and [200] peaks as well as weak [220] peaks
of NiO. The intensities of [111] peaks relative to [200] peaks are approximately two
times higher than expected for a polycrystalline distribution and indicates that NiO
layers consist predominately of grains with a (111) out-of-plane texture. This is in ac-
cordance with the structure observed in NiO single layers prepared at the same sputter
conditions. In contrast to that, the diffraction pattern of the FeCoV/NiO bilayer with
tNiO = 60 nm exhibits strong peaks corresponding to the [111] and [200] orientations
of NiO. Only a weak [220] peak is observed whose intensity is approximately a factor
three lower than that expected in polycrystalline NiO. As a result, the NiO layers on
top of FeCoV are not completely polycrystalline but contain two types of grains with
different out-of-plane textures. In the case of grains with (111) texture out-of-plane, a
small shift of the Bragg peak from the position in bulk is identified showing that the
(111) planes have a slightly increased distance. A detailed discussion regarding the
dependence of the textured growth on the underlying surface is given below following
the results on FeCoV/NiO/FeCoV trilayers.

FeCoV/NiO/FeCoV trilayers

Figure 4.7 shows the diffraction patterns of FeCoV/NiO/FeCoV trilayers for various
tNiO. The intensities of FeCoV [110] peaks are almost identical for all samples of the
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Figure 4.6: X-ray diffraction patterns of NiO/FeCoV (20 nm) and FeCoV (20 nm)/NiO
bilayers with different tNiO. The diffraction patterns are vertically displaced for clarity. The
vertical, dashed lines represent the positions of FeCoV and NiO peaks for bulk.

trilayer series. A comparison with the bilayers shows that the intensity of the trilayers
is the sum of the intensities of FeCoV/NiO and NiO/FeCoV bilayers. Again a small
distortion of the crystal lattice of FeCoV is evident because of the small shift of the
positions of the Bragg peaks compared to the position in bulk FeCoV.

The intensity of the NiO peaks decreases with decreasing tNiO unless it is only of
the order of the background for tNiO < 10 nm. The distribution of intensity of the
NiO Bragg peaks resembles the pattern of the FeCoV/NiO (60 nm) bilayer (figure 4.6),
hence indicating the existence of two types of grains with out-of-plane textures of (111)
and (200), respectively. The relative intensities of [111] and [200] peaks are approxi-
mately constant for all NiO thicknesses below 80 nm. For tNiO = 100 nm the intensity
of the [111] peak is significantly higher than the intensity of the [200] peak. As the
underlying FeCoV surface, on which NiO is grown, is identical for all samples, we can
assume that the growth of NiO also starts always in an identical way. Consequently,
the concurrent evolution of the NiO Bragg peaks suggests that, for tNiO < 80 nm
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Figure 4.7: X-ray diffraction patterns of FeCoV (20 nm)/NiO (tNiO)/FeCoV (20 nm) tri-
layers. The diffraction patterns are vertically displaced for clarity. The vertical, dashed lines
represent the positions of FeCoV and NiO peaks for bulk samples, plotted for comparison.

both textures grow simultaneously within individual grains. Furthermore, the ratio of
the intensities between the two NiO Bragg peaks is approximately the same as for a
polycrystalline structure [81] suggesting an equal distribution of grains with (200) and
(111) textures. For tNiO = 100 nm it is possible that the structure of grains, originally
growing with (200) texture, collapses around tNiO = 80 nm and the growth continues
with a [111] texture favored at the conditions of preparation. Like in FeCoV/NiO
bilayers, the NiO grains with (111) texture exhibit a small out-of-plane expansion of
the crystal lattice as indicated by the displacement of the position of the [111] Bragg
peaks.

Discussion of the texture of NiO layers

Finally, we discuss the different textures of NiO layers in FeCoV/NiO, NiO/FeCoV
bilayers and in trilayers. We find that the growth of NiO in NiO/FeCoV bilayers is
according to the NiO single layer counterpart. In both cases NiO is deposited directly
on glass and exhibits a predominate (111) texture. Since the amorphous surface of the
glass substrate does not assist any particular crystalline orientation of the NiO layer,
the growth is determined by the sputtering conditions, which are tuned to achieve (111)
texture out-of-plane.
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It appears that the crystalline orientation is different when NiO grows on FeCoV as in
the case of FeCoV/NiO bilayers and trilayers. Here, the diffraction patterns reveal the
existence of two types of grains, i.e. with (111) and (200) textures, respectively. The
(111) texture is expected since it is the preferred growth of NiO at the chosen condi-
tions of preparation. In addition, the (111) texture satisfies the condition of highest
atomic area density in the plane of the layer and is therefore favored in the growth of
materials with fcc crystal structure [56]. The (200) texture is obviously promoted by
the underlying FeCoV layer.

Usually for two materials with different equilibrium lattice constants, e.g. NiO and
FeCoV, a mismatch between the lattices of the two materials exists at the interface.
In that case, the next layer is initially forced to grow in registry with the underlying
lattice causing strain and an extra contribution to the free energy [83]. Therefore, the
minimization of the lattice mismatch is a decisive factor for the crystalline orientation
of the growing layer. The mismatch is characterized by the lateral nearest neighbor
distance of atoms of the two materials [56]. Within the (110) planes of FeCoV the
nearest neighbor distance dNN,FeCoV (110) is 0.2474 nm. The according planes of the
predominately observed (111) and (200) textures of NiO have nearest neighbor dis-
tances of dNN,NiO(111) = 0.2955 nm and dNN,NiO(200) = 0.2090 nm, respectively. As a
result, the mismatch f :

f =
dNN,NiO

dNN,FeCoV (110)

− 1 (4.1)

is +19 % for FeCoV (110)/NiO (111) and -16 % for FeCoV (110)/NiO (200), thus, the
latter combination appears to be slightly favorable. However, additional complexity
arises due to roughness and the reactive sputtering which involves oxidation processes
of the growing NiO layer as well as of the underlying FeCoV surface in the growth
mechanism. Apparently, local details at the interface, which have obviously a random
distribution here, decide whether NiO grains grow with (200) or (111) texture.

4.3 Chemical depth profile of FeCoV single layers

and NiO-FeCoV multilayers

The chemical depth profiles of the samples were probed measuring specular X-ray reflec-
tivity (see sections 3.2.1 and 3.3). We compared the experimental data with reflectivity
profiles computed from models of the vertical layer structure. The model parameters
were refined through a fitting procedure using the software tool ’SimulReflec’ [71]. In
particular, we obtained the scattering length density and the thickness of the layers
as well as the roughness at the interfaces. A systematic development of the models
from the FeCoV single layers via the bilayers to the trilayers enabled us to deduce
fine details of the layer structure. Accordingly, the results of specular reflectometry
are presented and discussed in the following. This section is completed with results of
initial X-ray off-specular reflectivity measurements on selected trilayer samples, which
provide a qualitative information about the vertical conformity of the profile of the
interfaces.
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FeCoV single layers

Figure 4.8 shows the reflectivity profiles of Ti/FeCoV/Ti samples with different thick-
nesses of FeCoV. Below Qz ≈ 0.5 nm−1 a plateau of almost constant reflectivity exists
corresponding to the regime of total reflection of the X-ray beam. The small slope in
this range and a rather smooth variation around the critical edge for total reflection are
a consequence of the finite penetration of the X-ray beam into the film, accompanied
by absorption. Beyond the critical edge, the reflectivity shows oscillations because of
the interference of partial waves reflected from different interfaces of the samples. The
interference patterns contain the information about the vertical layer structure.

Since the samples are not composed of a periodic motif, no superlattice Bragg peaks are
present. The basic oscillations arise from the interference of partial waves reflected at
the surface and at the interface between the film and the substrate. These oscillations
are known as Kiessig fringes and contain the information about the total thickness of
the films. Therefore, their periodicity decreases with increasing thickness of the FeCoV
layer according to the inverse relation of reciprocal and real space. The original, regu-
lar Kiessig fringes are distorted due to the contribution from partial waves originating
from the interfaces between FeCoV layers and the Ti buffer/capping layers. The region
right beyond the critical edge (Qz ≈ 0.7 nm−1) is very sensitive to the surface oxidation
of the Ti capping layer, which is identified in all samples. Thus, it allows a precise
determination of the variation of the refractive index at the surface of the samples.
The complete reflectivity profiles are used to refine the parameters of the layer models.

We find that simple models of Ti/FeCoV/Ti layers with proper layer thicknesses and
interface roughnesses do not provide good agreement between experimental and com-
puted data. Additional thin layers at the interfaces are required in the models to
reproduce the experimental reflectivities satisfactorily. Table 4.1 summarizes the pa-
rameters of the final models. The computed reflectivities based on these models are
included in figure 4.8.

Extra thin layers are introduced at the interfaces between the glass substrates and
the Ti buffer layers in order to account for the gradual distribution of the refractive
index. The smooth transition is presumably a consequence of the depth profile of the
scattering length density at the glass surface and that titanium reacts chemically with
the surface of the glass due to its high affinity. As a result a mixed region forms with a
scattering length density intermediate between the values for glass and Ti. The situa-
tion is similar at the interface between the Ti buffer layers and the FeCoV layers. Here,
the interfacial layers of intermediate scattering length density indicate a region where
the two materials are interdiffused. The Ti capping layers are enormously affected by
surface oxidation forming layers of TiO2 with a thickness of ≈ 4 nm when the samples
are exposed to air after preparation. The residual Ti layers exhibit a scattering length
density slightly higher than that for bulk. Most likely, it reflects an interdiffusion of
FeCoV and Ti at their common interface as it is observed between the Ti buffer layer
and the FeCoV layer as well. Finally, the introduction of a terminating layer of rather
low density on the top of the layer sequence improves the agreement between experi-
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Figure 4.8: X-ray reflectivity profiles of samples Ti (5 nm)/FeCoV (tFeCoV )/Ti (5 nm). Ex-
perimental data (symbols) are shown together with computed reflectivities (lines) from proper
layer models (see table 4.1). The profiles are vertically shifted for clarity.

mental and computed reflectivities. This is understood as an adsorption on the surface
of the sample. In general, we find that within the first few nm the scattering length
density varies strongly because of oxidation and adsorption as mentioned before. Nev-
ertheless, the deduced combination of layer thicknesses, scattering length densities and
roughnesses accounts for this variation properly.

The complete depth profiles of the scattering length density are computed from the
parameters in table 4.1 and are depicted in figure 4.9. The sequence of the plateaus in
the scattering length density, starting from the substrate, is according the sequence of
the basic layers: Ti/FeCoV/Ti/TiO2. The smooth transitions at the interfaces and at
the surface represent the gradual variation of the scattering length density including
interfacial roughness and additional layers as discussed above. The scattering length
densities of the FeCoV and Ti buffer layers correspond to their bulk values.

The actual thicknesses of the FeCoV layers deviate from the nominal values because
the calibration was optimized in detail for the particular sputter conditions used in
this project. A relative variation of the layer thicknesses was aimed by adjusting
the velocity of the substrate translation during deposition. The velocities of the sub-
strate translation was set to 0.74, 0.19 and 0.1 m/min resulting in actual thicknesses
tFeCoV = 4.38, 17.65 and 33.00 nm, respectively. According to the relative variation
of velocity, the thicknesses of the FeCoV layers were obtained precisely. This suggests
that only a relatively small amount of the FeCoV material diffuses into the adjacent
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Figure 4.9: Profiles of the scattering length density of Ti (5 nm)/FeCoV (tFeCoV )/Ti (5 nm)
samples computed from the parameters of the layer models (table 4.1) [71]. z is the distance
form the surface of the substrate. The plateau belonging to FeCoV increases with increasing
tFeCoV . Corresponding actual values are included. The profiles are vertically shifted for
clarity.

layers as discussed above. This is supported by the fact that the scattering length
densities of the intermediate layers on either side of the FeCoV layer are significantly
closer to the values for Ti than for FeCoV (see table 4.1).

FeCoV/NiO and NiO/FeCoV bilayers

The experimental reflectivities of FeCoV/NiO and NiO/FeCoV bilayers are presented
in figure 4.10 together with computed profiles. As discussed above in the case of FeCoV
single layers, the regimes of total reflection and Kiessig fringes can be identified. Re-
garding the critical edge of total reflection, the FeCoV/NiO bilayer with tNiO = 60 nm
represents an exception. Here, the critical edge appears rather sharp compared to all
other samples, which is a consequence of only little absorption in the NiO layer while
the X-ray beam is totally reflected. This does not account for the FeCoV/NiO bilayer
with tNiO = 5 nm because the penetration of the X-ray beam in the regime of total
reflection is up to ≈ 10 nm [64] and therefore, the beam still ”sees” the underlying
FeCoV layer, which has higher absorption. The periodicity of the Kiessig fringes de-
creases with increasing total thickness of the samples as discussed above for the case
of FeCoV single layers. A deviation of this behavior occurs in the case of FeCoV/NiO
bilayers for approximately Qz > 1.5 nm−1. There, the periodicity ∆Qz appears to be
independent of the total thickness of the films. An estimation of the according dimen-
sion in real space using t = 2π/∆Qz results in t ≈ 23 nm, which matches very well with
the sum of the thicknesses of the Ti buffer layer and the FeCoV layer (see appendix A).
It indicates that the reflectivity profile in this range is dominated by the interference of
partial waves originating from the glass/film interface and the FeCoV/NiO interface.
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Figure 4.10: X-ray reflectivity profiles of samples NiO (tNiO)/FeCoV (20 nm) and FeCoV
(20 nm)/NiO (tNiO). Experimental data are shown as symbols whereas computed reflectivities
are represented by lines. The profiles are vertically shifted for clarity.

The Kiessig fringes are suppressed at high Qz because of relatively high roughness at
the surface of the sample. The situation is similar in the case of NiO/FeCoV bilayers
where the decreasing amplitude of the Kiessig fringes suggests an increase of the inter-
facial roughness with increasing tNiO.

We refined models of the layer structure in order to reproduce the measured reflec-
tivity data with computed profiles (figure 4.10). The parameters of the final models
are summarized in tables A.1 and A.2 (appendix A). Depth profiles of the respective
scattering length density are depicted in figure 4.11 for selected samples. The sequences
of the plateaus in the profiles of the scattering length density are according the layer
structure illustrated in the schematics of figure 4.11.

The models for NiO/FeCoV bilayers consist of the nominal layer structure with proper
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Figure 4.11: Profiles of the scattering length density of NiO (tNiO)/FeCoV (20 nm) and
FeCoV (20 nm)/NiO (tNiO) bilayers computed from the parameters of the layer models (table
A.2) [71]. z is the distance form the surface of the substrate. The plateau belonging to NiO
increases with increasing tNiO. Corresponding actual values are included. The ranges of NiO
and FeCoV layers are highlighted with bars of individual colors. The profiles are vertically
shifted for clarity.

thicknesses and roughnesses of the NiO and FeCoV layers. The oxidation of the Ti
capping layer is included the same way as discussed above for FeCoV single layers. We
find a scattering length density of (4.7 ± 0.1) · 1011 cm−2 for NiO, consistently for all
NiO/FeCoV bilayers. This is ≈ 7 % lower than for bulk NiO but it is consistent with
the value measured on the NiO single layer prepared under identical sputter conditions
(see section 4.1). Apparently, this is a general feature at the chosen sputter conditions
when NiO is grown directly on glass. The scattering length densities of the other layers
are identical to their counterparts in the series of FeCoV single layers. The roughness
of the NiO layer increases from ≈ 0.4 to 1.8 nm for tNiO = 5 to 60 nm, respectively.
This is accompanied by a very similar evolution of roughness of the subsequent inter-
faces. The increase of the interfacial roughness manifests itself in the profiles of the
scattering length density as an increasingly gradual transition between the plateaus of
constant scattering length density of adjacent layers.
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The scattering length density profiles of the FeCoV/NiO bilayers (figure 4.11) show
significant dips at the interfaces between the FeCoV and NiO layers, which are re-
lated to very thin layers (≈ 0.3 - 0.5 nm) of rather low scattering length density. We
suppose that these layers evolve from oxidation of the surfaces of the FeCoV layers
when the process is paused in order to stabilize the Ar:O2 atmosphere for the deposi-
tion of the following NiO layers. During that time, the surface of the FeCoV layers is
exposed to the reactive Ar:O2 atmosphere. A small dip can also be identified at the
Ti-FeCoV interface of the FeCoV/NiO bilayer with tNiO = 60 nm. In general, an addi-
tional layer is included at the interface between the Ti buffer and the FeCoV layer (see
e.g. FeCoV single layers) to account for the gradual variation of the scattering length
density because of interdiffusion of Ti and FeCoV. In contrast, the scattering length
density of this additional layer in the FeCoV/NiO (60 nm) bilayer is lower and its
thickness higher than in other samples. We assume that this is related to an oxidation
of the Ti surface, which presumably originates from residual reactive gas in the sputter
chamber during the preparation of that particular sample. All layers of pure materials
exhibit scattering length densities which are identical to their bulk counterparts. In
particular, for the NiO layers, deposited on top of FeCoV, a scattering length density
of (5.0± 0.1) · 1011 cm−2 is found, which corresponds to NiO bulk but is in contrast to
the reduced scattering length density when NiO is deposited directly on glass.

FeCoV/NiO/FeCoV trilayers

The reflectivity profiles of FeCoV/NiO/FeCoV trilayers (figure 4.12) exhibit all fea-
tures like observed and already discussed for the FeCoV single layers and the bilayers,
previously. The periodicity of the Kiessig fringes decreases with increasing tNiO as a
consequence of increasing total thickness. They become masked for tNiO ≥ 40 nm at
large Qz, which is related to the increasing roughness as discussed in the following.
The refinement of the layer models is based on the results from the FeCoV single layers
and the bilayers. Only minor adjustments are necessary to reproduce the measured
reflectivities by the computations (figure 4.12). A compilation of the model parameters
for all trilayer samples is given in table A.3 (appendix A) and a selection of respective
profiles of the scattering length density is depicted in figure 4.13.

The profiles of the scattering length density of the FeCoV/NiO/FeCoV trilayers show
consistently a significant dip between the FeCoV layer at the bottom and the NiO on
top of it. This dip is also observed in the case of FeCoV/NiO bilayers and originates
from a thin interfacial layer because of surface oxidation of the FeCoV layer as dis-
cussed before. The scattering length densities of the various layers are identical with
their bulk counterparts. In particular the NiO layers show a scattering length density
of (5.0±0.1)·1011 cm−2, which is also in accordance with the FeCoV/NiO bilayers. The
roughness of the NiO/FeCoV interface increases from 0.26 to 3.24 nm for tNiO = 1.5
to 100 nm, respectively. This affects also the subsequent interfaces between the layers
on top of NiO and shows up in the profiles of the scattering length density by the
increasingly gradual transition between adjacent layers similarly to that observed in
NiO/FeCoV bilayers.

The increasing roughness leads to the fact that for samples with tNiO ≥ 40 nm the
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Figure 4.12: X-ray reflectivity profiles of FeCoV (20 nm)/NiO (tNiO)/FeCoV (20 nm) tri-
layers. Experimental data are shown as lines with individual colors whereas computed reflec-
tivities are represented by red lines. The profiles are vertically shifted for clarity.

Kiessig fringes vanish at large Qz. In this range the period ∆Qz of the oscillations
corresponds to a dimension in real space of t = 2π/∆Qz ≈ 23 nm. Like in the bi-
layer FeCoV/NiO (60 nm), it accounts for the total thickness of the Ti buffer layer
and the adjacent FeCoV layer. It shows that the reflectivity profile in this range is
dominated by the intensity of partial waves originating from the interfaces glass/film
and FeCoV/NiO and Kiessig fringes are not present because the contribution of the
rough surface of the samples to the reflectivity is only little.

Additional qualitative information about the interfaces in trilayers has been obtained
from initial off-specular X-ray reflectometry measuring the intensity of diffuse scatter-
ing. The off-specular intensity is recorded at incident and exit angles being unequal
with respect to the plane of the films (see section 3.3). The distribution of diffuse
scattering contains information about lateral structures of interfaces and their vertical
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Figure 4.13: Profiles of the scattering length density (SLD) of FeCoV (20 nm)/NiO
(tNiO)/FeCoV (20 nm) trilayers computed from the parameters of the layer models (table
A.3) [71]. z is the distance form the surface of the substrate. The plateau belonging to NiO
increases with increasing tNiO. Corresponding actual values are included. The ranges of NiO
and FeCoV layers are highlighted with bars of individual colors. The profiles are vertically
shifted for clarity.

correlation [64, 65]. Figure 4.14 shows off-specular intensity maps of two samples rep-
resentative for thin and thick NiO layers. The measured intensities are plotted in Qx,
Qz reciprocal space maps. The accessible reciprocal space is limited by the horizon of
the sample, which is the lower limit for incident and reflected X-rays. Therefore, the
white areas are not accessible for the measurement. The variation of intensity along
the vertical rod at Qx = 0 is the specular reflectivity profile as plotted in figure 4.12.

The reciprocal space map for tNiO = 5 nm (figure 4.14a)shows a concentration of
the intensity from diffuse scattering at positions of Qz where the oscillations in the
specular reflectivity profile exhibit maxima, too. In general, such a pattern results
from a partial coherence of diffuse scattered X-rays and indicates that the profiles of
the interfaces are vertically replicated (see figure 4.15). The partial coherence can
also be understood as a kind of resonant scattering (RDS) and is therefore known as
Resonant-Diffuse-Scattering, which is localized within so called RDS-sheets [64, 65].
The bent shape of these sheets is due to refraction of the X-ray beam. Since the angles
of either incident or reflected beams decrease towards the borders of the accessible re-
ciprocal space and since the effect of refraction is strongest at low angles, the bending
of the RDS-sheets is pronounced there.

Generally, superlattice structures with vertically correlated interfaces show diffuse scat-
tering, which extends from the Bragg peaks of the superlattice into the off-specular
reciprocal space. The distribution of the intensity is related to the coherence of the
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Figure 4.14: Reciprocal space maps of representative trilayers Ti (5 nm)/FeCoV (20 nm)/NiO
(tNiO)/FeCoV (20 nm)/Ti (5 nm). The intensity is color coded in a logarithmic scale. The
white areas represent a part of the reciprocal space, which is not accessible because of the
limitation for incident and reflected beam caused by the horizon of the sample. Particular
features of the scattering pattern are exemplary marked.

interfaces throughout the superlattice stack. In case of the trilayers of the present
work, the specular oscillations originate from the interference of partial waves which
are reflected from the substrate/film interface and from the surface of the film, respec-
tively. This suggests that the observed diffuse scattering represents the correlation of
these two particular interfaces. However, these interfaces will be conformal only if the
interfaces in between have the same lateral profile.

Another prominent feature in the off-specular map in figure 4.14a) is the intensity
starting at low Qz and following the borders of the accessible reciprocal space at either
side of the specular rod. This kind of diffuse scattering is known as Yoneda wings and
originates from uncorrelated roughness. It arises when either the incident or the re-
flected beam is below the critical angle of total reflection. The simultaneous existence
of RDS-sheets and Yoneda wings indicates that the interfaces are essentially vertically
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Figure 4.15: Illustration of specular reflection and diffuse scattering from vertically correlated
interfaces. The specular reflectivity probes the average position of the interfaces. The phase
relation of diffuse scattered X-rays from conformal interfaces is identical to the phase relation
of specular reflected X-rays. Thus, the pattern of the diffuse intensity reproduces along the
Qz direction the features of the specular reflectivity profile.

correlated but contain a random component in addition.

The off-specular map for tNiO = 60 nm (figure 4.14b) displays the same features
as observed for tNiO = 5 nm. Below Qz ≈ 2 nm−1 RDS-sheets starting from the
specular Kiessig fringes can be identified. The diffuse intensity above Qz ≈ 2 nm−1

concentrates around the specular maxima which results from the interference of par-
tial waves reflected from the substrate/film and FeCoV/NiO interfaces, as discussed
above. Therefore, we suppose that the RDS-sheets in this range arise because of par-
tial coherence of X-rays, which are diffuse scattered at these interfaces. In general, the
RDS-sheets are less localized for tNiO = 60 nm than for tNiO = 5 nm. Additionally, the
Yoneda wings have higher intensities in the case of tNiO = 60 nm. Both features indi-
cate that in the case of the thick NiO layers, the correlation of the interfaces decreases
towards the surface and the random component in the interfacial roughness increases.
The observation of uncorrelated roughness at the interfaces on top of the NiO layers
which increases with tNiO is in accordance with the increasing RMS roughness as de-
duced from the specular reflectivity profile. Nevertheless a certain degree of correlation
exists giving rise for RDS-sheets as observed for even thick NiO spacer layers.

In summary, the off-specular intensity patterns indicate mostly conformal interfaces
in the trilayer samples. In other words, although the interfaces show vertical fluc-
tuations, due to their correlation, the layer thicknesses are supposed to be laterally
homogeneous. This is of particular interest for the NiO spacer layers because random
profiles of the interfaces would be accompanied by fluctuations of the layer thickness
leading to a lateral variation of the vertical antiferromagnetic spin structure.

4.4 Summary of structural characterization

This section summarizes the information, which has been obtained from the structural
characterization using X-ray diffraction and reflectometry, in particular regarding the
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comparison of the FeCoV/NiO/FeCoV trilayers with NiO-FeCoV bilayers.

Proper conditions for the reactive sputtering of the desired NiO layers were deduced
from X-ray diffraction and reflectivity measurements on the series of NiO single layers.
We found that using a sputter gas with an Ar:O2 ratio of 86:14 at a total pressure of
6 µbar would result in stoichiometric NiO layers with a pronounced (111) out-of-plane
texture. We applied these settings for the deposition of NiO layers in the NiO-FeCoV
multilayers.

Regarding the crystalline structure and orientation of FeCoV and NiO layers we de-
duce the following information and respective conclusions from the X-ray diffraction
patterns:

• FeCoV layers, which are grown on top of Ti buffer layers exhibit a pronounced
(110) texture out-of-plane. This is verified by the results from the series of
glass/Ti/FeCoV/Ti and glass/Ti/FeCoV/NiO films. Respective Bragg peaks
have identical positions, intensities and shapes.

• FeCoV layers, which are grown on top of NiO layers (series glass/NiO/FeCoV/Ti)
are still (110) textured out-of-plane but the lower intensity of their Bragg peaks
suggests a small random inclination of the (110) planes with respect to the plane
of the films. However, position and intensity of the Bragg peaks and therefore the
growth of FeCoV on top of NiO are independent of the thickness of the underlying
NiO layer.

• Both previous conclusions are supported by the results of the diffraction ex-
periments on the trilayer series (glass/Ti/FeCoV/NiO/FeCoV/Ti). There, the
intensities of the FeCoV Bragg peaks are again independent of the NiO thickness.
Moreover, the observed intensities in the trilayers are the sum of the intensities
measured on FeCoV/NiO and NiO/FeCoV bilayers indicating that FeCoV layers
of the bilayers are representatives of the respective counterparts in the trilayers
regarding their crystallinity.

• In all series the vertical atomic distance in the FeCoV layers appears slightly
reduced. Assuming a conservation of the volume of the unit cell, it indicates a
small tensile strain in the plane of the layers.

• The texture of NiO layers depends on the underlying material. When NiO is
directly grown on glass like in the series of glass/NiO and glass/NiO/FeCoV/Ti
films, predominately (111) out-of-plane texture is observed. NiO layers, which
are deposited on FeCoV consist apparently of a nearly equal distribution of two
types of grains with (200) and (111) textures. This is consistently observed in
samples of glass/Ti/FeCoV/NiO and glass/Ti/FeCoV/NiO/FeCoV/Ti.

• The distribution of the two types of NiO grains in FeCoV/NiO/FeCoV trilayers
is independent of the thickness of the NiO layers for tNiO . 80 nm.

The chemical depth profile was probed by X-reflectivity measurements. From the
analysis the layer structure including layer thickness, X-ray scattering length density
and interface roughness has been obtained. The most significant results are summarized
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below including the discussion on the roughnesses of ferro- and antiferromagnetic layers
in bilayers and trilayers. The values are compiled in table 4.2:

• All FeCoV layers have a scattering length density of the bulk material indepen-
dent of the underlying material/surface. Their thicknesses are very consistent,
e.g. the average thickness in the trilayers is 18.8 nm with a maximum deviation
of 5 % from the average value.

• The scattering length density of NiO layers depends on the underlying material.
NiO layers deposited on top of FeCoV (glass/Ti/FeCoV/NiO and
glass/Ti/FeCoV/NiO/FeCoV/Ti) have a scattering length density of the bulk
material whereas it is reduced by ≈ 7 % when NiO is grown directly on glass
(glass/NiO and glass/NiO/FeCoV/Ti. The reduced density is presumably due to
pores between the grains of bulk NiO. The accuracy of the thickness of the NiO
layers is better than 6 %.

• Consistently, in samples with NiO deposited on top of FeCoV, thin interfacial
layers are identified between the two layers. It is supposed that these layers result
from an oxidation of FeCoV before NiO is deposited. Recently, the magnetic
properties of native oxides of FeCo layers have been investigated. It has been
found that oxidized FeCo is a medium for interfacial exchange [86, 87, 88]. The
magnetic properties of the interfaces between FeCoV and NiO in the present work
are discussed in section 5.2.2, in detail.

• The roughness of FeCoV layers grown on Ti (e.g. at the bottom of the trilayers)
is consistently σrms ≈ 0.6 nm. An identical roughness is observed for FeCoV
layers on top of NiO unless the roughness of the underlying NiO layer exceeds
0.6 nm. Interestingly, below this limit the roughness of the FeCoV layers is
independent of the roughness of the NiO layer. In general, the NiO roughness
increases with increasing tNiO. Once it is higher than 0.6 nm the roughness of
FeCoV layers on top of NiO also increases, according the evolution of the NiO
roughness. This occurs in the trilayers for tNiO > 20 nm while it starts already
for tNiO ≥ 10 nm in the case of NiO/FeCoV bilayers. In the latter, the roughness
of FeCoV layers and underlying NiO layers is in general higher compared with
their trilayer counterparts. This is presumably a consequence of pores in the NiO
layers grown on glass as concluded from the reduced scattering length density.

• Off-specular X-ray reflectivity measurements indicate conformal interface profiles
in FeCoV/NiO/FeCoV trilayers. As a result, e.g. NiO have laterally a very
homogeneous thickness although the interfaces are not ideally flat. Thus it is
assumed that the antiferromagnetic spin structure is reproduced at every position
in the plane of the samples.

In summary, the structural analysis using X-ray diffraction and reflectometry shows
consistent results for all samples prepared within this project. This fact confirms the
consistent and high quality of the samples prepared by DC magnetron sputtering.
Therefore, a separate investigation of FeCoV single layers and NiO-FeCoV bilayers
enables to retrieve additional information about the magnetic properties of their coun-
terparts in the trilayers.
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RMS roughness σrms [nm]
tNiO layer trilayer NiO/FeCoV bilayer FeCoV/NiO bilayer

FeCoV bottom 0.64 - 0.37
5 nm NiO 0.27 0.42 0.48

FeCoV top 0.53 0.51 -
FeCoV bottom 0.57 - -

10 nm NiO 0.41 0.90 -
FeCoV top 0.54 0.90 -
FeCoV bottom 0.52 - -

20 nm NiO 0.60 1.09 -
FeCoV top 0.66 1.01 -
FeCoV bottom 0.59 - -

40 nm NiO 1.04 1.37 -
FeCoV top 0.97 1.30 -
FeCoV bottom 0.56 - 0.60

60 nm NiO 1.43 1.67 1.48
FeCoV top 1.36 1.71 -

Table 4.2: Summary of RMS roughnesses of ferro- and antiferromagnetic layers - a compar-
ison of trilayers and bilayers. The errors of the roughnesses are estimated to be in the order
of 10 %.

In particular, detailed chemical depth profiles are obtained for the trilayers, which
establish a well defined basis for the depth profile of the nuclear scattering length den-
sity for the analysis of polarized neutron reflectivity measurements. The consistency
of the obtained layer models of the various samples confirms a high reliability of the
fitting process.



Chapter 5

Bulk and layer resolved magnetic
properties

In the present chapter, the measurements of the magnetic properties of FeCoV single
layers, bilayers and trilayers are presented. We probed bulk magnetic properties us-
ing DC magnetometry. In particular, the magnetization reversal was studied with the
external field applied in the plane of the samples. The hysteresis loops were recorded
along different directions in order to test the samples for a net magnetic in-plane
anisotropy and to determine coercive fields. In addition to the experiments at room
temperature, we measured hysteresis loops also at various temperatures below and
above T = 300 K to examine the temperature dependence of the magnetization rever-
sal. At low temperatures the onset of a net exchange bias is observed in bilayer and
trilayer samples with an interesting dependence on the orientation of the ferromagnetic
magnetization at room temperature. Magnetization measurements on selected samples
are also performed above the Néel temperature of NiO. The idea of these experiments
is to ”switch off” the antiferromagnetism. When NiO is in the paramagnetic state,
the magnetic properties of the bilayers and trilayers are expected to differ from the
behavior when antiferromagnetic NiO is exchange coupled to the FeCoV layers. In
fact, a drastic change of the magnetization reversal is observed at T = 530 K.

We employed polarized neutron reflectometry with polarization analysis on the tri-
layers in order to obtain a layer resolved profile of the magnetization vector. The
saturation magnetization of the individual FeCoV layers on an absolute scale was de-
duced from the reflectivity profiles of magnetically saturated samples. Of particular
interest were the configurations of the magnetization vectors during the magnetization
reversal. Therefore, the polarization dependent reflectivity profiles were measured at
selected fields during the magnetization reversal. Here, the evolution of the magneti-
zation vectors of individual FeCoV shows a significant dependence on the thickness of
the NiO spacer layer. Additionally, we realized a special setup for polarized neutron
reflectometry (see section 3.4.2), which in principle, is directly sensitive to the relative
orientation of magnetic moments, i.e. the relative orientation of the magnetization
vectors in the ferromagnetic layers of the trilayer samples. First results from initial
experiments of this type support the results obtained from conventional polarized neu-
tron reflectometry.

In the following, the results of the experiments on the magnetic properties are shown
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in separate sections for the series of FeCoV single layers, bilayers and trilayers. The
first section is dedicated to the series of FeCoV single layers from which the properties
of FeCoV as free thin layers are obtained. These will serve for the comparison with
the properties of FeCoV layers, which are in contact with antiferromagnetic NiO lay-
ers. In sections two and three the results from DC magnetometry on the FeCoV/NiO
and NiO/FeCoV bilayers are presented. These series represent constituents of the
FeCoV/NiO/FeCoV trilayer motif and allow a separate investigation of the individual
properties of the top and bottom FeCoV layers of the trilayers. The final section of
this chapter is dedicated to the experiments on the FeCoV/NiO/FeCoV trilayers in
order to investigate the role of NiO in mediating an exchange coupling between the
FeCoV layers. Each section includes the discussion of the particular features observed
in the experiments. The complete discussion concerning exchange coupling between
the FeCoV layers mediated by the NiO spacer layer is presented in chapter 6.

5.1 FeCoV single layers

We study bulk magnetic properties of Ti/FeCoV (tFeCoV )/Ti layers in order to obtain
intrinsic properties of free FeCoV layers without contact to other magnetic layers. The
properties for tFeCoV = 20 nm are of particular interest because this thickness has
been chosen for the FeCoV layers in the series of bilayers and trilayers. Single layers
of FeCoV in our project show isotropic magnetic properties in the plane of the films
with a relatively high coercivity compared to bulk. We infer that these properties
are a consequence of a random distribution of local stress causing high local magnetic
anisotropies of magneto-elastic origin. In addition, FeCoV layers with tFeCoV = 5 and
40 nm have been investigated to test the sensitivity of the magnetic properties on
the layer thickness. We find a dependence of the coercivity, which can be properly
explained in terms of the random anisotropy model. Measurements of the MH-loop
at low temperature show that the barrier for the reversal of magnetization is enhanced
resulting in an increased coercivity. In the following, experimental results and their
discussion are presented in separate subsections.

5.1.1 Experiments

This section compiles the measurements of the MH-loops of FeCoV single layers par-
titioned according the temperatures of the measurements.

MH-dependence at T = 300 K

The MH-loops along the x and y axes of the sample measured at room temperature
are depicted in figure 5.1. The identical MH-dependencies along both directions for
tFeCoV = 20 and 40 nm indicate that their net magnetic properties are isotropic in the
plane of the films. This is also valid for tFeCoV = 5 nm except a small difference in the
squareness of the hysteresis suggesting a very weak in-plane anisotropy. The coercivity
is found to depend on the thickness of the FeCoV layer. For tFeCoV = 5 nm the coercive
field is Hc = (60 ± 3) Oe. It increases for tFeCoV = 20 nm to Hc = (185 ± 3) Oe and
decreases again to Hc = (165± 3) Oe for tFeCoV = 40 nm.
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Figure 5.1: MH-loops of FeCoV (tFeCoV ) single layers measured with the external field ap-
plied in-plane along the orthogonal directions x and y of the samples.

MH-dependence at T = 2 K

The hysteresis loop for tFeCoV = 20 nm was measured at T = 2 K as well and is plotted
in figure 5.2. The coercivity is (225 ± 3) Oe, which is a factor of ≈ 1.2 higher than
at room temperature. This indicates that the barrier for the reversal of magnetization
increases at low temperature.

5.1.2 Discussion

The coercive fields of FeCoV single layers are significantly higher than Hc of bulk
FeCoV, which is ≈ 2 Oe [47]. The high coercivity of FeCoV thin films is presumably
of magneto-elastic origin, since FeCo alloys have a very high positive magnetostriction
coefficient λs. For bulk Fe50Co50, which is close to the composition of FeCoV being
investigated here, λs = 8.34 ·10−5 [42]. Thus, a small strain causes already a significant
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Figure 5.2: MH-loop of FeCoV (20 nm) single layer measured at T = 2 K. The coercivity is
increased compared to room temperature by a factor of ≈ 1.2.

anisotropy.

Investigations of Kumar et al. [48, 76] on FeCoV/TiNx multilayers with varying tFeCoV

and tTiNx show a correlation between a net strain anisotropy and an in-plane magnetic
anisotropy of the FeCoV layers. We obtained very similar results in a preliminary study
to this project on multilayers of [Ti (tTi)/FeCoV (10 nm)/Ti (tTi)/FeCoV (3 nm)]20
with tTi = 3, 5, 8, 10 and 15 nm [50]. The stress in the films is determined from the
difference of curvature of Si wafers before and after the coating. Figure 5.3a shows
the dependence of stress σ on tTi measured along two orthogonal orientations of the
sample. Constantly, a difference exists between the directions indicating an anisotropy
in the distribution of stress in the plane of the films. The difference ∆σ in stress be-
tween the two orientations results in a tensile stress along the y axis, relative to the x
axis. As reported in [48], we compare the magneto-elastic energy with the magnetic
anisotropy energy as obtained from the measurement of the hysteresis loop. In general,
the magneto-elastic energy density Eme due to magnetostriction is calculated to be

Eme = 3/2 · λs · σ (5.1)

with σ being the stress in the films, which here is the difference ∆σ in stress between
x and y axis. The density of the anisotropy energy is calculated from the difference
between the integrals

∫
MdH for magnetically easy and hard axes in the first quadrant

of the MH-loop [89]. The comparison in figure 5.3b shows a very similar variation with
tTi indicating clearly the correlation of the magnetic and the strain anisotropy. These
studies show the dominant role of magnetostrictive effects on the magnetic properties
of FeCoV thin films.

Both cases discussed above exhibit a net magnetic anisotropy due to magnetostric-
tive effects from a net anisotropy of the strain distribution. It is supposed that the
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Figure 5.3: Magnetostriction in [Ti (tTi)/FeCoV (10 nm)/Ti (tTi)/FeCoV (3 nm)]20 multi-
layers. a) in-plane distribution of stress σ dependent on tTi measured along the orthogonal x
and y axes of the sample. b) comparison of the magneto-elastic energy density Eme as cal-
culated from ∆σ = σy − σx (equation 5.1) and the anisotropy energy density Ea, determined
from the hysteresis loops along the easy and hard axes.

anisotropy is induced by the asymmetric sputter geometry because of a rather elon-
gated target (75 x 500 mm2) and aperture of the facility being used for the preparation
of these samples [90]. We observe isotropic properties for the FeCoV single layers in
the present work, presumably because of the rather symmetric sputter geometry of the
facility being used here (section 2.2), would not lead to an anisotropic distribution of
stress, therefore. However, local strain and magnetostriction may exist creating regions
of high magnetic anisotropy with a random distribution. These regions may form pin-
ning centers for domain wall motion resulting in a high coercivity, as it is proposed by
Cohen to be the reason for the unusually large coercivity of NiFe films [91]. Platt et
al. [92] and Jung et al. [93] measured the angular dependence of the in-plane torque
of FeCo alloy thin films and determined the rotational hysteresis loss as a function
of applied field. Both observe a substantial hysteresis loss, even in the range of kOe,
indicating a wide distribution of the strength of local anisotropies up to very high val-
ues. The distribution (homogeneity) of magnetic anisotropy is presumably related to
a distribution in magnetostriction.

We find a contraction of the lattice in the out-of-plane direction from the diffrac-
tion patterns of the FeCoV single (section 4.2). This results in an expanded in-
plane lattice when a conservation of the unit cell volume is assumed. The contraction
(∆l/l)out−of−plane out-of-plane is ≈ −0.0028, which translates to an in-plane expansion
of (∆l/l)in−plane ≈ 0.0028 assuming a compensation in one direction as the maximum.
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The associated in-plane stress σ is calculated to be

σ = ε · (∆l/l)in−plane (5.2)

with ε = 2.1·1011 N/m2 the modulus of elasticity for FeCoV [47]. This results in a stress
of σ = 0.59 GPa and a magneto-elastic energy density of Eme = 7.4 · 104 J/m3 using
equation 5.1. The coercive field Hc can be calculated applying the Stoner-Wohlfarth
model assuming a single domain particle with a uniaxial anisotropy [55] which is here
of magneto-elastic origin:

Hc =
2K

Ms

. (5.3)

K is the anisotropy constant, i.e. the energy density associated with the uniaxial
anisotropy, which is equal to Eme in the present case of magnetostriction. The sat-
uration magnetization Ms is 2.3 T for FeCoV [47]. As a result, the coercive field is
estimated to be ≈ 800 Oe. The obtained value is significantly larger than the coercive
fields deduced from the hysteresis loops. This is presumably because i) the estimation
of the in-plane stress is maximum since it is based on a one dimensional in-plane expan-
sion of the lattice to compensate the out-of-plane contraction and ii) an averaging over
interacting domains with a random distribution of the magnetostrictive anisotropies,
which effectively reduces the coercivity and is not considered in the estimation (see the
discussion below about the thickness dependence of the coercivity). However, it has
the same order of magnitude and is consistent with the observations of Platt [92] and
Jung [93] demonstrating the impact of magnetostriction on the magnetic properties of
FeCoV thin films in this project.

The hysteresis loops of the FeCoV single layers exhibit a dependence of the coercive
field on the thickness of the layers. Our results for the three different thicknesses of
FeCoV are consistent with a more detailed study on the thickness dependence [48, 92].
There it is reported, that in the regime of a few nm of the FeCoV thickness, the coer-
civity increases with tFeCoV reaching a maximum in the range of ≈ 10 to 20 nm. At
higher thicknesses (> 30 nm) the coercivity gradually decreases again. The thickness
dependence in FeCoV layers is presumably related to the lateral grain size. Platt et al.
measured the lateral grain size using cross-sectional TEM and found a correlation of
the thickness and the lateral grain size [92]. In their case, the grain size increased from
≈ 15 nm to 30 nm when the FeCo thickness increased from 5 to 10 nm, respectively.
This was accompanied by a drastic increase of coercivity from ≈ 20 Oe to 120 Oe.

In particular, the relative size of the grains compared to the domain wall width is
apparently decisive for the coercivity. The domain wall width estimated by Platt et
al. for Fe50Co50 is ≈ few 10 nm [92]. This is comparable with the grain size up to
which the coercivity of thin films of FeCo alloys increases with increasing grain size,
i.e. layer thickness. The thickness dependence of coercivity in this regime is prop-
erly explained within the random-anisotropy model [94, 95, 96, 97]. It describes the
magnetic properties of magnetically coupled small particles (grains) with a random
distribution of their individual uniaxial anisotropy. Due to the intergrain interaction
and when the size of the grains is comparable or smaller than the domain wall width



5.2. FECOV/NIO BILAYERS 87

in bulk, the magnetization of single grains does not follow their individual anisotropy,
rather a common orientation within correlated grains establishes. The magnetization
is controlled by an effective anisotropy averaged over correlated grains and reduced by
a factor of 1/

√
N for a random orientation of the anisotropy axes of the grains, where

N is the number of the magnetically correlated grains. When the grain size decreases,
as for decreasing layer thickness in the present case, N increases leading to the ob-
served decrease of coercivity. The reduced effective anisotropy of correlated grains is
also supposed to explain partly the difference between the measured coercivity and the
coercivity estimated from the stress in the films, as discussed above.

For larger grains, a domain wall can be completely accommodated in one grain avoid-
ing grain boundaries, which are presumably local pinning centers. As a result, the
coercivity is expected to decrease like it is observed for FeCoV layers with thicknesses
beyond ≈ 30 nm.

At low temperature, we observe an increase in coercivity, which is presumably caused
by the reduction of thermal fluctuations assisting the magnetization reversal [55]. Con-
sequently, the applied field has to be larger to overcome the potential barrier for the
reversal of the magnetization. In particular, for tFeCoV = 20 nm the coercive field at
T = 2 K is (225± 3) Oe, which is a factor of ≈ 1.2 higher than at room temperature.

In summary, we find that free FeCoV single layers of the present work have isotropic
magnetic properties in the plane of the films. Furthermore, they show relatively high
coercivity compared to bulk FeCoV, which is related to high local anisotropies of
magneto-elastic origin. In particular, the FeCoV single layer with tFeCoV = 20 nm
has a coercivity of Hc = (185± 3) Oe. This can be considered as an intrinsic feature of
the FeCoV layer and will be the reference in the discussion of the magnetic properties
of NiO-FeCoV multilayers.

5.2 FeCoV/NiO bilayers

We investigate the magnetic properties of FeCoV/NiO (tNiO) bilayers since they pro-
vide separate information about the bottom FeCoV layer in the trilayers including the
influence from antiferromagnetic NiO on top. At room temperature, the hysteresis
loops of the bilayers are very similar to that of the FeCoV single layers indicating that
the magnetic properties are governed by the intrinsic properties of the ferromagnetic
layer. Only a weak influence of the antiferromagnetic is observed in the case of a thick
NiO layer, which manifests itself as small exchange bias. The influence of NiO becomes
prominent at low temperature as we observe from the significant shift of the hysteresis
loop along the field axis. We find that the direction of exchange bias is defined by the
orientation of the magnetization of the ferromagnet. This suggests that the ferromag-
net causes a reorientation of the antiferromagnetic spins, which are stabilized at low
temperatures. The hysteresis loop measured at temperatures above TN of bulk NiO
provides information about the properties of the bilayers when NiO is in the param-
agnetic phase. In the following, first, the experimental results are shown and second,
they are discussed regarding the contribution of antiferromagnetic NiO to the magnetic
properties.
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5.2.1 Experiments

We measured hysteresis loops of FeCoV/NiO bilayers at various temperatures. In ad-
dition to room temperature, experiments were performed at T = 2 K since we observe
enhanced exchange bias at low temperatures. At T = 530 K (> TN of bulk NiO),
NiO is expected to be paramagnetic simulating the absence of the antiferromagnet.
This enables to differentiate the magnetic properties of FeCoV/NiO bilayers with and
without a possible exchange coupling between antiferro- and ferromagnetic layers. The
presentation of the results is structured according the temperature during the experi-
ments.

MH-dependence at T = 300 K

Hysteresis loops of FeCoV/NiO bilayers are depicted in figure 5.4 measured along the
x and y axes at room temperature. The MH-loops for tNiO = 5 nm are independent
of the orientation, indicating isotropic magnetic properties in the plane of the FeCoV
layer with a coercivity of Hc = (169±3) Oe. For tNiO = 60 nm, a small difference of the
hysteresis loops appears between the two orientations. Along the y axis the hysteresis
is more square like than along the x axis suggesting the existence of a weak in-plane
anisotropy. The coercivities along the two directions are (168±3) Oe and (162±3) Oe,
respectively. In addition, the hysteresis loops are slightly displaced along the field axis
indicating exchange bias with a very small bias field of Heb = (6 ± 3) Oe. Except
the observed small exchange bias, the properties are very similar to the single layer
of FeCoV (20 nm) and almost independent of tNiO suggesting that the ferromagnetic
layer dominates the properties of the bilayers.

MH-dependence at T = 2 K

Hysteresis loops of the bilayer with tNiO = 60 nm were measured along its x and y
axis. Prior to the experiments, the sample was prepared in particular (see figure 5.5):

i) (a) at room temperature a field of H = +1000 Oe was applied to achieve magnetic

saturation ~Ms,300K along the x axis. (b) the sample was cooled down to 2 K in
H = +1000 Oe maintaining the orientation of the magnetization. (c) at 2 K the
MH-loop was measured along the x axis, i.e. parallel to the orientation of the
magnetization ~Ms,300K before cooling.

ii) (a) at room temperature a field of +1000 Oe was applied to align and saturate

the magnetization of the sample along the x axis ( ~Ms,300K). (b) the external field
was then removed but the orientation of the magnetization was almost preserved
due to its high remanence. (c) the sample, respective its magnetization, was
rotated by 90◦. (d) the sample was cooled down to 2 K in zero field. (e) at 2 K
the MH-loop was subsequently measured along the y axis, i.e. perpendicular to
the orientation of the magnetization ~Ms,300K before cooling.

The procedure in ii) enables to measure the MH-dependence perpendicular to the uni-
directional anisotropy, which is induced along the x axis, as the results will show.

Figure 5.6 shows the hysteresis loops, measured at T = 2 K, of the first and 6th
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Figure 5.4: Hysteresis loops of FeCoV (20 nm)/NiO (tNiO) bilayers measured with the ex-
ternal field applied in-plane along the orthogonal directions x and y of the samples.

Figure 5.5: Illustration of the preparation of the sample prior to the experiments at T = 2
K. Finally, MH-loops were measured along the x (i) and y (ii) axes of the sample. ~Ms, ~Mr

and ~Ms,300K denote the state of the layer magnetization at the individual steps of the sample
preparation representative for the saturation magnetization, the remanent magnetization and
the state of magnetization during cooling, respectively. Details of the sample preparation are
described in the text.
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Figure 5.6: MH-loops of FeCoV (20 nm)/NiO (60 nm) bilayer at 2K. After cooling, hys-
teresis during the first cycle of field were measured along the x and y axes. In addition, the
MH-loop of the 6th cycle of field along the x axis was recorded showing the training of the
sample. The preparations of the sample prior to the measurements are illustrated in figure
5.5.

cycle of the external field for i) and of the first cycle for ii). In case of i), the MH-

loops are shifted towards negative fields, i.e. opposite to ~Ms,300K , showing that a net
unidirectional anisotropy (exchange bias) establishes itself during the cooling process.
The exchange bias field and the coercivity of the first cycle of the external field are
Heb = (42± 3) Oe and Hc = (328± 3) Oe, while they are reduced to Heb = (36± 3) Oe
and Hc = (258±3 Oe) in the 6th loop. The reduction indicates the training of the sam-
ple, which is typically observed in exchange biased systems [13, 98]. For comparison,
the coercivity at 2 K of the FeCoV (20 nm) single layer is (225±3) Oe. As a result, the
FeCoV/NiO (60 nm) bilayer has a coercivity, which is enhanced by ≈ 45 % (≈ 15 %)
in the first (6th) MH-loop after cooling, compared to the single layer counterpart. The
increase in coercivity is also a typical feature arising when exchange bias sets in.

The hysteresis loop measured along the y axis, i.e. perpendicular to ~Ms,300K (ii),
shows a gradual reversal of the magnetization resembling the MH-dependence along a
magnetically hard axis. This is a feature, which is expected to exist perpendicular to
a unidirectional anisotropy axis [99] and therefore consistent with the observation of
exchange bias along the x axis. However, the hysteresis loop is also not centered around
zero field but it is shifted by Heb = (28± 3) Oe towards positive fields suggesting the

existence of another unidirectional anisotropy, which is perpendicular to ~Ms,300K . Here,
it has to be considered that in case (ii) the sample was cooled in its remanent state.

Therefore, the magnetization within some domains presumably deviated from ~Ms,300K

during the cooling process. Obviously, these domains induced the exchange bias along
the y axis. The hysteresis of the MH-loop along the y axis is another indication for
the formation of domains, which is not expected perpendicular to the unidirectional
anisotropy axis of a single domain.
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Figure 5.7: MH-loops of FeCoV (20 nm)/NiO (60 nm) bilayer measured between room tem-
perature and T = 530 K. The MH-loops were measured along the x axis of the sample.

MH-dependence at T > 300 K

Figure 5.7 shows MH-loops along the x direction of the FeCoV/NiO bilayer with
tNiO = 60 nm measured at T = 300, 400 and 530 K. At T = 530 K, the NiO layer
is supposed to be paramagnetic since the temperature is above TN of bulk NiO. The
coercivity decreases with increasing temperature because the energy barrier for the
magnetization reversal is reduced presumably due to thermal activation. In particular,
the coercivity is reduced to Hc = (60 ± 3) Oe at T = 530 K, which is ≈ 35 % of the
coercivity at room temperature. It is important to notice that the MH-loop is open at
positive saturation indicating that during the experiment the saturation magnetization
decreases. Presumably interdiffusion at the FeCoV interfaces reduces or even removes
the magnetization in the volume of interdiffusion. However, the shape of the hysteresis
is almost unchanged indicating that the process during the magnetization reversal is
the same, even above TN of bulk NiO.

5.2.2 Discussion

In general, FeCoV/NiO bilayers and FeCoV single layers show rather similar MH-loops,
e.g. they have similar coercivities. Considering that the underlying surface is identical
in both series, the growth and therefore the intrinsic magnetic properties of the FeCoV
layers are expected to be identical, too. The difference between the two series is at the
upper interface of the FeCoV. The proximity of an antiferromagnet usually affects the
magnetization reversal of the ferromagnetic layer because of interfacial exchange. The
hysteresis loops of tNiO = 5 nm indicate in-plane isotropic magnetic properties with
coercive fields almost identical to the corresponding FeCoV single layer. Obviously
the intrinsic properties of the FeCoV layer control the magnetization reversal. In the
case of tNiO = 60 nm, a weak influence of the NiO layer can be inferred from the
weak anisotropy and small exchange bias. Nevertheless, the magnetization reversal is
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mainly determined by the FeCoV layer. The lack of anisotropy and exchange bias for
tNiO = 5 nm might be understood because the contribution of the antiferromagnetic
anisotropy to the free energy per unit area EAF,aniso is proportional to the thickness tAF

of the antiferromagnet, i.e. EAF,aniso = KAF · tAF , with KAF the anisotropy constant
of the antiferromagnet. Thus the contribution is less significant for low NiO thickness.

At low temperature (T = 2 K), we observe significant exchange bias as a consequence
of a pronounced influence of antiferromagnetic NiO. Interestingly, we find a distribu-
tion of the direction of exchange bias from the MH-loops along orthogonal directions.
This observation suggests that the direction of exchange bias is not related to a partic-
ular, common direction in the sample but the local magnetization within domains of
the ferromagnetic layer determines the creation of unidirectional anisotropy. In [100],
using XMLD, the arrangement of lateral domains in the antiferromagnetic layer was
studied. There, it was shown that the ferromagnetic magnetization provokes a re-
population of antiferromagnet domains having their anisotropy axis parallel or close
to the ferromagnetic magnetization. These antiferromagnetic domains contribute to
the exchange bias and, as a consequence, the direction of exchange bias is induced
locally depending on the alignment of the ferromagnetic moments. This appears to be
in agreement with our experimental observations. We suspect that the ferromagnet
manipulates via interfacial exchange the orientation of the antiferromagnetic spins at
room temperature, i.e. it can drag the antiferromagnetic spins. When the temperature
is reduced the antiferromagnetic spins become rigid. Hence, they are not completely
free to follow the ferromagnet leading to the observed exchange bias and increase of
coercivity, which higher than for the FeCoV single layer at T = 2 K. In particular for
the case ii), the unidirectional anisotropy perpendicular to ~Ms,300K results from local

ferromagnetic domains with orientations slightly off from ~Ms,300K . The reduced bias
field is presumably a consequence that in the experiment only projections of the local
unidirectional anisotropies onto the direction of the applied field are probed. For i),
the magnetization of the FeCoV layer is completely aligned and the shift of the loop is
opposite to ~Ms,300K . However, during cycling of the field, antiferromagnetic domains
may regain their original orientation leading to the training of the sample.

Above TN of bulk NiO, we do not observe a particular difference of the magnetization
reversal compared to room temperature. Only, the coercivity is reduced, presumably
because of thermal activation. The similarity of the mechanism of the magnetization
reversal must be expected because the magnetic properties of FeCoV/NiO bilayers are
anyway determined by the intrinsic properties of the FeCoV layer, even in the presence
of antiferromagnetic NiO.

At this point, the properties of the thin oxide layers shall be discussed, which are
identified between the FeCoV and the NiO layer in the FeCoV/NiO bilayers as well
as in the trilayers. Beach et al. investigated the structural and magnetic properties
of [CoxFe1−x/native oxide] multilayers [86, 87, 88]. In their experiments, each layer of
CoFe was exposed to an oxygen atmosphere for ten seconds after sputter deposition.
They found that for x = 0.5 an oxide layer of ≈ 1.4 nm was formed with equal amount
of Co and Fe being oxidized. Regarding the magnetic properties, it was observed that
for x < 0.9 magnetism was established with a saturation magnetization roughly 1/3 of
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the saturation magnetization of FeCoV for x = 0.5. Thus, the oxide layers in the sam-
ples investigated here are supposed to mediate magnetic coupling between the ferro-
and antiferromagnetic layers.

In summary, the magnetic properties of the series of FeCoV layers with a NiO layer on
top are very similar to free FeCoV single layers at room temperature. As a result, the
magnetism of the FeCoV/NiO bilayers is apparently governed by the intrinsic prop-
erties of the FeCoV layer. A distinct contribution of the antiferromagnetic NiO layer
via interfacial exchange does not show up while probing the net magnetic properties at
room temperature, presumably because the antiferromagnetic spins rotate irreversibly
with the ferromagnet during the magnetization reversal. They may follow the ferro-
magnetic spins during the magnetization reversal due to interfacial exchange. The
magnetization behavior for tNiO = 60 nm, which is slightly different from the FeCoV
single layer counterpart, hints towards a weak influence of the NiO layer. At low tem-
perature, the influence of the antiferromagnet becomes prominent, which manifests in
the form of a net shift of the hysteresis loop due to exchange bias and an enhanced
coercivity.

5.3 NiO/FeCoV bilayers

NiO (tNiO)/FeCoV bilayers represent the upper part of the trilayer motif. We mea-
sured MH-loops of the series to obtain separate information about the properties of
FeCoV layers deposited on top of NiO. The most significant difference to FeCoV single
layers and FeCoV/NiO bilayers is a distinct magnetic anisotropy and rather low coer-
civity at room temperature. Weak exchange bias is observed for thick NiO layers. At
low temperature, exchange bias becomes significant for all thicknesses of NiO within
this work. The unidirectional anisotropy can be tuned along either direction of the
anisotropy axis dependent on the orientation of the ferromagnet, which is similar to
the series of FeCoV/NiO bilayers. We infer that at room temperature the antiferro-
magnetic spins are flipped between the two possible orientations of the anisotropy axis
initiated through interfacial coupling by the reversal of the ferromagnet. At low tem-
perature, the antiferromagnetic spins become stabilized, which establishes exchange
bias. The results of experiments above TN of NiO reveal that the anisotropy is induced
by the NiO layer and transferred to the FeCoV layer via exchange coupling across
their common interface. This section contains the experimental results followed by the
discussion of these.

5.3.1 Experiments

This section presents the hysteresis loops measured at room temperature at tempera-
tures below and above as well. At T = 2 K, we study exchange bias and at T = 530 K
(> TN) of bulk NiO the properties of the bilayers when NiO is paramagnetic. In the
following, the results are structured according the temperature during the experiments.
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MH-dependence at T = 300 K

We measured hysteresis loops of NiO/FeCoV bilayers at room temperature along or-
thogonal x and y directions in the plane of the films. The experimental results are
depicted in figure 5.8. All samples have rather low coercivity and an in-plane net
magnetic anisotropy exhibiting magnetically easy and hard axis along the x and y
directions, respectively. Only for tNiO = 60 nm, do the hysteresis loops along x and
y axes not show pronounced easy/hard axis behavior but still suggest an in-plane net
magnetic anisotropy. The features are distinctively different from the properties of
FeCoV single layers and FeCoV/NiO bilayers.

The coercivity of NiO/FeCoV bilayers along the easy axis increases from (8 ± 3) to
(37± 3) Oe for tNiO = 5 to 60 nm, respectively. Hence, the coercivity of FeCoV layers
deposited on top of NiO is significantly reduced by a factor of ≈ 5 to 20 compared
to the bilayers with NiO on top of FeCoV. Additionally, samples with tNiO ≥ 40 nm
display weak exchange bias with a small bias field of Heb = (6±3) Oe. The shape of the
MH-loop along the hard axis varies gradually with increasing tNiO. At tNiO = 5 nm,
the linear MH-dependence with almost no hysteresis has the typical characteristics
of a single domain with uniaxial anisotropy. With increasing tNiO a kind of two step
process for the reversal of magnetization is established accompanied by formation of
hysteresis. Although the MH-loops for tNiO = 60 nm appear different compared to
the other samples, still a step in the magnetization reversal can be noted along the
y axis being consistent with the gradual variation of the magnetic properties with the
thickness of the NiO layer.

Since the shapes of the hysteresis loops for tNiO = 60 nm differ significantly from
typical loops along magnetically easy and hard axes, additional experiments were per-
formed on this sample. Ferromagnetic resonance (FMR) was employed to investigate
the in-plane anisotropy in detail. The dependence of the resonance field Hres on the
direction α in the plane of the sample is shown in figure 5.9a), with α = 0◦ being
parallel to the x axis. The profile of Hres shows a periodicity of 180◦ with a phase
shift of ≈ 32◦ indicating a uniaxial anisotropy with the anisotropy axis at an angle
of α ≈ 32◦ to the x axis. In addition, the anisotropy field Hani is determined to be
≈ 35 Oe. Based on these results, the MH-loop was measured along the anisotropy axis
and the result is shown in figure 5.9b. It resembles the MH-loop along an easy axis of
magnetization with a coercivity of Hc = (30±3) Oe, which is in rather good agreement
with the results from FMR. In addition, the loop is slightly shifted by (10±3) Oe along
the field axis reflecting a weak net exchange bias.
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Figure 5.8: MH-loop of NiO (tNiO)/FeCoV (20 nm) bilayers measured with the external field
applied in-plane along the orthogonal directions x and y of the samples.
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Figure 5.9: a) FMR of NiO (60 nm)/FeCoV (20 nm) bilayer. The resonance field Hres is
plotted versus the sample orientation α. b) MH-loop measured along the anisotropy axis as
deduced from the FMR experiment.

MH-dependence at T = 2 K

Figure 5.10 shows a compilation of MH-loops of NiO (tNiO)/FeCoV bilayers measured
at T = 2 K along the anisotropy axis, i.e. easy axis of magnetization. The samples
were cooled from room temperature to 2 K in a magnetic field of H = 1000 Oe, which
was enough to saturate the magnetization of the samples. The plots contain the 1st
and 6th loop after cooling having a difference due to training of the samples. All sam-
ples exhibit enhanced coercivities and exchange bias. Table 5.1 summarizes coercive
Hc and bias Heb fields deduced from the width of the hysteresis and the shift of the
loop, respectively. It shows that both are increasing with increasing tNiO first but then
gradually decrease beyond tNiO = 20 nm.

In further experiments, we cooled in zero magnetic field samples with
NiO (40 nm)/FeCoV in their as-prepared state and measured MH-loops along x and y
axes at T = 2 K. For this experiment, two different pieces were used, cut from adjacent
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Figure 5.10: MH-loops of NiO (tNiO)/FeCoV (20 nm) bilayers measured at T = 2 K along
the x axis of the samples, except tNiO = 60 nm, which was measured along the anisotropy
axis as deduced from the FMR experiment. The samples were cooled from room temperature
to T = 2 K in a magnetic field of 1000 Oe. In addition to the first loops after cooling, the
sixth loop is plotted showing the training of the samples.
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tNiO 1st loop 6th loop
Hc Heb Hc Heb

[Oe] [Oe] [Oe] [Oe]

5 nm 33 26 30 23
10 nm 87 56 61 34
20 nm 89 79 63 58
40 nm 89 61 59 41
60 nm 67 67 51 55

Table 5.1: Compilation of coercive Hc and bias Heb fields of NiO (tNiO)/FeCoV (20 nm)
bilayers at T = 2 K after field cooling in a magnetic field of 1000 Oe. The errors are ±3 Oe.

locations in the original large sample. In both cases, first, the field was increased from
0 Oe to +1000 Oe (virgin loop). Second, the field was swept from +1000 to -1000 Oe
and vice versa in order to record the hysteresis loop. Figure 5.11 shows the results of
these experiments.

The virgin loop along the x axis, i.e. anisotropy axis, starts with a magnetization
of ≈ −0.15Ms at 0 Oe. While increasing the field, the magnetization is preserved until
a field of ≈ +150 Oe is reached. There, the magnetization jumps abruptly to positive
saturation. While reducing the field to -1000 Oe, the reversal of magnetization occurs
in two steps at fields of -25 Oe and -140 Oe, respectively. In between, the magnetiza-
tion has a value of ≈ −0.15Ms. The variation of magnetization along the ascending
branch is very similar to the descending branch as described before. The steps are at
+35 Oe and +120 Oe. One important detail is that the magnetization at the inter-
mediate plateaus in both branches of the hysteresis loop and at the beginning of the
virgin loop are identical. Thus, the individual steps in the MH-loop can be attributed
unambiguously to the magnetization reversal of two types (A and B) of domains, which
are exchange biased in opposite direction.

In order to quantify the associated coercive and bias fields, it is necessary to con-
sider the individual history before the reversal of a respective type of domain. Let us
say, the magnetization of domains of type A (B) in the as prepared state is opposite
(along) the positive field direction. When the field is increased during the virgin loop,
domains A experience the reversal opposite to their bias field. For domains B nothing
happens as they are already aligned along the direction of the external field. In the
descending branch the first step corresponds to the first reversal of domains A towards
their bias field. As a result, the bias field of domains A is Heb = (63±3) Oe (shifted to
+H) and their coercivity is Hc = (88± 3) Oe. During the virgin loop, domains of type
B are not affected, thus the second step in the descending branch and the first step in
the ascending branch correspond to first reversals opposite and towards their local ex-
change bias field, respectively. The deduced bias field and coercivity of domains B are
Heb = (53± 3) Oe (shifted to −H) and Hc = (88± 3) Oe, respectively. The values are
in good agreement with the values deduced from the first MH-loop after field cooling
(see table 5.1). The magnetization of ≈ −0.15Ms at the beginning of the virgin loop
and during the intermediate plateaus suggests that the distribution of domains of type
A and B is ≈ 57 : 43.
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Figure 5.11: MH-loops of NiO (40 nm)/FeCoV(20 nm) bilayer measured at T = 2 K. The
cooling was performed in the as-prepared state and zero magnetic field. The pictograms show
the orientation of the two types of domains (FM) at particular states of the hysteresis loop.
The direction of the pinning is marked by the arrows in the antiferromagnet (AF). The
experiments are performed on two different pieces being next to each other in the original
large sample.

The MH-loop measured along the y axis, i.e. perpendicular to the anisotropy axis,
shows the expected reversal of a magnetically hard axis. The loop is centered around
zero field supporting the assumption that no domains exist in the as-prepared state
with a component of magnetization parallel to the y axis.

MH-dependence at T > 300 K

Additionally, we measured MH-loops of the NiO (10 nm)/FeCoV (20 nm) bilayer at
temperatures of T = 400 and 530 K with the latter being above TN of bulk NiO. Due
to the specifications of the SQUID magnetometer for the sample size and the mounting
of the sample (see section 3.1.2) two pieces had to be used to perform the measure-
ments along the x and y axes, respectively. The measurements are plotted in figure
5.12 including the results at T = 300 K for comparison.

At T = 400 K, the type of the magnetization reversal is unaltered compared to
T = 300 K representing a magnetically easy axis along x and a hard axis along y.
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Figure 5.12: MH-loops of NiO (10 nm)/FeCoV(20 nm) bilayer measured at various temper-
ature.

The coercivity along the x axis is slightly reduced to (12 ± 3) Oe. The MH-loop at
T = 400 K along the y axis deviates from the loop at 300 K but still resembles the
shape of a magnetically hard axis. The situation becomes different at T = 530 K, which
is above the Néel temperature of bulk NiO (TN = 523 K). Here, the MH-dependence
along the x axis is linear during the magnetization reversal indicating a magnetically
hard axis. Along the y axis the hysteresis has the square shape of a magnetically easy
axis. Hence, the anisotropy has changed its orientation above TN .

As already observed in FeCoV/NiO bilayers the saturation magnetization is reduced at
negative saturation and at positive saturation of the ascending branch, compared to its
initial value at the beginning of the measurement at T = 530 K. Obviously, the sample
undergoes a modification during the measurement of the hysteresis. Presumably, in-
terdiffusion reduces the magnetization at the interfaces of the FeCoV layer. However,
the results show a significant difference of the magnetic properties below and above
TN of bulk NiO, i.e. between the antiferromagnetic and the paramagnetic phase of the
NiO layer. This confirms that below TN the magnetic properties of the FeCoV layer
are influenced by the antiferromagnetic NiO because of interfacial coupling between
the two layers.
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5.3.2 Discussion

We observe that NiO (tNiO)/FeCoV bilayers have low coercivity and magnetic anisotropy
in the plane of the films, which is in contrast to FeCoV single layers and FeCoV/NiO
bilayers. The net magnetic anisotropy in the plane of the films presumably arises from
an anisotropic strain distribution in the NiO layers. We measured the stress of the
NiO (5 nm)/FeCoV (20 nm) bilayer along the x and y axis by comparing the radius of
curvature of a thin silicon wafer before and after the deposition of the film. It shows an
anisotropy with the stress along the y axis being tensile relative to the x axis. Hence,
it is expected that the magnetically easy axis is parallel to the y direction since FeCoV
has a positive magnetostriction coefficient (see section 5.1). In contrast, the MH-
measurements show the easy axis parallel to the x axis suggesting that the magnetic
anisotropy is established by the NiO layer and transferred to the FeCoV layer via inter-
facial coupling. In fact, NiO has a negative magnetostriction coefficient [101], thus, an
anisotropy based on magnetostriction is expected to be along the direction of compres-
sive stress, i.e. along the x axis in the present case. The conclusion is supported by the
MH-loops of the NiO (10 nm)/FeCoV (20 nm) bilayer at T = 530 K. There, the orien-
tations of magnetically easy and hard axes are interchanged compared to T ≤ 400 K.
At T = 530 K, the NiO layer is in the paramagnetic phase (TN = 523 K), i.e. the
magnetic moments of Ni are not exchange coupled to each other. Consequently, since
the antiferromagnetic state is not present, the magnetism of the FeCoV layer is solely
determined by its intrinsic properties. Since the stress distribution is not expected to
be significantly altered at T = 530 K the magnetically easy axis should be therefore
parallel to the direction with tensile stress, which is according to the observations.

The low coercivity might be also a consequence of the anisotropy of the NiO layer.
As discussed above, the stress distribution leads to anisotropies in FeCoV and NiO
layers, which are perpendicular to each other. Due to interfacial coupling these are in
competition but with the anisotropy of the NiO layer governing the magnetic prop-
erties. Nevertheless the competition reduces the barrier to execute the magnetization
reversal resulting in the observed low coercivity. However, the microstructure, in par-
ticular the lateral grain size of the films may also influence the coercivity.

The shape of the hysteresis loops of NiO/FeCoV bilayers gradually varies with tNiO at
room temperature. This can be understood in terms of the ripple theory that describes
the magnetization reversal in ferromagnetic thin films [102]. Irrespective of the exis-
tence of a net magnetic anisotropy, the magnetization reversal will never occur by a
coherent rotation as predicted by the Stoner-Wohlfarth model. Lateral inhomogeneities
create a distribution of local anisotropies with orientations deviating from the average
anisotropy axis and intrinsic demagnetizing fields arise because of the fluctuations of
the local anisotropy (figure 5.13). In order to minimize the demagnetizing fields, nu-
cleation of domains takes place affecting the magnetization reversal.

During the magnetization reversal along the easy axis, i.e. parallel to the anisotropy
axis, domains nucleate when the applied field is decreased from saturation reducing
the intrinsic demagnetizing fields. In the following, domains with magnetization op-
posite to the direction of previous saturation grow and the magnetization reversal is
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Figure 5.13: Illustration of magnetization ripples: local anisotropies deviate from the net
anisotropy axis. The average magnetization 〈 ~M〉 aligns parallel to the net anisotropy axis.
Local fluctuations of the magnetization (ripples) create intrinsic demagnetizing fields hd(~r).

finished by domain wall motion. Dependent on the energy which is necessary to initiate
the individual processes, the MH-loop has a different shape. For tNiO = 5 nm, the
magnetization reversal occurs as a sharp transition similar to the coherent rotation in
a single domain particle described by the Stoner-Wohlfarth model indicating a well
defined anisotropy axis. Nevertheless, the sequence of nucleation of reversed domains,
domain growth and wall motion is involved but the processes occur immediately after
each other since the energy to nucleate domains is the highest, blocking the others.
The shape of the hysteresis loop suggests that the intrinsic demagnetizing fields are
low. For larger tNiO, a small but gradual decrease of the magnetization appears when
the external field is reduced from saturation and applied in the opposite direction. This
indicates that the energy for domain nucleation is lower and nucleation, growth and
wall motion occur in this sequence step by step at distinct applied fields. Obviously the
intrinsic demagnetizing fields increase when tNiO is larger due to a larger distribution
of the orientation of local anisotropies. The increase of local fluctuations is presumably
associated with relaxation of the strain anisotropy with in increasing tNiO.

The evolution of the MH-loops along the hard axis is consistent with the observa-
tions along the easy axis as discussed above. For small tNiO, the low intrinsic de-
magnetizing fields allow the formation of large domains. Each domain behaves like
a Stoner-Wohlfarth single domain and the magnetization within it rotates coherently
towards the external field during the magnetization reversal. Therefore, the MH-loop
is linear between opposite saturation for tNiO = 5 nm with a remanence being almost
zero. The saturation field is determined by the magnetic anisotropy of the system. At
larger tNiO, the stronger demagnetizing fields affect the magnetization reversal leading
to the observed hysteresis and remanence larger than zero.

In addition, we find the evolution of a two step process along the hard axis of the
MH-loops with increasing tNiO. Liu and Adenwalla observed a very similar property
in an exchange biased NiO (45 nm)/NiFe (15 nm) bilayer [103]. They imaged the mag-
netization reversal using magnetic force microscopy and found the formation of domain
walls as a consequence of the distribution of the orientation of local anisotropies. In
their case,when the applied field was reduced from saturation along the hard axis, the
magnetization rotated towards the local anisotropies rather easily. At some stage, the
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magnetization of neighboring areas pointed towards different directions according to
the axis of the local anisotropy, thus domain walls were formed between them. Fur-
ther, they observed that while decreasing the applied field towards opposite saturation
the domain walls were pinned. Consequently, the magnetization within the domains
coherently rotates as also expected within the ripple theory. Only when the applied
field is strong enough the domain walls could untwist because all domains align along
the external field. They conclude that, at fields where the domain walls are formed,
interfacial exchange apparently governs the magnetization reversal and blocks the ro-
tation of the magnetization. The blocking is not uniform because of the distribution
of local anisotropy axes causing a step in the MH-loop.

In terms of the ripple theory, a distribution of local uniaxial anisotropies causes hys-
teresis along the magnetically hard axis but not a step in the MH-loop. The step
arises from a distribution of unidirectional anisotropy axes, which originate from the
interface coupling between the ferro- and antiferromagnet. This is consistent with our
observation that the evolution of the step along the hard axis is accompanied by weak
exchange bias along the easy axis. Although the hard axis for tNiO = 20 nm shows
a step, exchange bias along the easy axis cannot be identified, presumably because of
the finite resolution of the measurement.

At room temperature, we find only small exchange bias for samples with tNiO ≥ 40 nm
but exchange bias becomes significant at low temperature for all thicknesses of the NiO
layer. This is contrast to the results of Liu and Adenwalla who observed exchange bias
with a bias field of Heb ≈ 40 Oe along the easy axis at room temperature. Addition-
ally, they find that with increasing temperature, exchange bias decreases and vanishes
around T = 450 K. They claim that this is a consequence of thermal activation making
the antiferromagnet spin structure unstable and the ferromagnet drags the antiferro-
magnetic spins. Except the range of temperature, our observations are consistent with
the results of Liu and Adenwalla.

Therefore, we infer that in our case the antiferromagnetic spin structure is not stable
at room temperature and rotates with the ferromagnetic layer. Presumably because of
a net anisotropy in the antiferromagnet, its spins can be only flipped between two ori-
entations determining also the stable orientations of the ferromagnetic magnetization
via interfacial coupling. At low temperature, the spin structure of the antiferromagnet
becomes rigid and it controls the magnetization reversal. The rotation of antiferro-
magnetic spins at room temperature and their stabilization at low temperature are
supported by the comparison of the results at T = 2 K between field cooled and as-
prepared zero field cooled samples. The latter shows that local interfacial coupling
leads to a corresponding exchange bias, which depends on the orientation of the fer-
romagnetic domains (figure 5.11). When the ferromagnet is saturated, it drags the
antiferromagnetic spin structure towards a common orientation. As a result, the field
cooling experiment shows a uniform net exchange bias.

In summary, the magnetic properties of NiO/FeCoV bilayers are strongly determined
by the antiferromagnetic NiO layer. Due to interfacial exchange between antiferromag-
netic and ferromagnetic layers, the anisotropy in the NiO layer, based on the anisotropy
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in the distribution of strain, is transferred to the FeCoV layer. Apparently, the strain
anisotropy relaxes with increasing thickness of the NiO layer giving rise to fluctua-
tions of local anisotropies. Although interfacial coupling is supposed to exist at room
temperature, exchange bias is not observed, which is a consequence that the antiferro-
magnetic spins are not stable and follow the ferromagnetic magnetization during the
magnetization reversal. At low temperature, the antiferromagnetic spins are stabilized
leading to exchange bias and an increase in coercivity. In general, FeCoV layers de-
posited on top of NiO have rather low coercivity compared to the single layers and the
FeCoV/NiO bilayers.

5.4 FeCoV/NiO/FeCoV trilayers

This section is dedicated to the measurements of the magnetic properties of the
FeCoV (20 nm)/NiO(tNiO)/FeCoV(20 nm) trilayers using DC magnetometry and spec-
ular polarized neutron reflectometry with polarization analysis. The MH-loops show
a strong dependence of the magnetization reversal on the thickness of the NiO spacer
layer. From the layer resolved information about the magnetization, obtained from
polarized neutron reflectivity measurements, we find that at small NiO thicknesses the
magnetization of the FeCoV layers reverse simultaneously. For thicker NiO spacer lay-
ers the top FeCoV layer reverses first at a low field (≈ Hc of NiO/FeCoV bilayers),
followed by the bottom layer at a higher field, which is almost equal to the coercivity
of the FeCoV/NiO bilayers. Between these two switching fields, the magnetization of
top and bottom FeCoV layers are aligned antiparallel to each other. In addition, we
measured hysteresis loops at low temperature and above TN of NiO to test the influ-
ence of the antiferromagnet on the properties of the trilayer. The experimental results
are presented in the following sections. A detailed discussion of these and regarding
the role of NiO in mediating an exchange coupling between the ferromagnetic layers is
given in section 6.

5.4.1 Bulk magnetization

MH-loops of FeCoV (20 nm)/NiO (tNiO)/FeCoV (20 nm) trilayers are presented in this
sections. In addition to experiments at room temperature, the results at T = 2 to 530 K
(> TN of NiO) provide information about the contribution of antiferromagnetic NiO
to the magnetic properties of the trilayers. In the following, the results are partitioned
according the temperature during the measurements.

MH-dependence at T = 300 K

Figure 5.14 shows the hysteresis loops of FeCoV/NiO/FeCoV trilayers for various NiO
thicknesses measured at room temperature. The hysteresis reveals a strong dependence
of the magnetization reversal on the thickness of the NiO layer. A single and gradual
reversal process for tNiO ≤ 10 nm is observed with a coercivity of ≈ 165 Oe. For
tNiO ≥ 20 nm, the reversal occurs in two steps, respectively at two different fields. The
field of the first step decreases with increasing tNiO until it remains constant at ≈ 70 Oe
for tNiO ≥ 60 nm. The second step of the reversal occurs at ≈ 180 Oe independent
of tNiO. The net magnetization within the plateau separating the two steps in the
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magnetization reversal, shows also a weak dependence on tNiO. For tNiO = 20 nm, the
average net magnetization in the plateau is ≈ 0.2Ms opposite to the direction of mag-
netization prior to the reversal. This value decreases with increasing tNiO and becomes
≈ 0.1Ms for thickest NiO layers.

The MH-loops along x and y directions are almost identical indicating that the mag-
netic properties are isotropic in the plane of the samples. Only the trilayers with
tNiO ≥ 60 nm exhibit a weak anisotropy as suggested by the difference between the
two orientations in the shape of the hysteresis loop at the edge of the first step in the
magnetization reversal.

MH-dependence at T = 2 K

Selected trilayers, representative for a single transition (tNiO = 5, 10 nm) and a two
step process (tNiO = 40 nm) of the magnetization reversal at T = 300 K, are measured
at T = 2 K as well. These sample were cooled in a field of H = 1000 Oe and their
hysteresis loops of the first and sixth cycle of field after cooling are plotted in figure
5.15. A compilation of coercive and exchange bias fields is provided in table 5.2. For
tNiO = 40 nm, it is assumed that first and second step of ascending and descending
branches correspond to top and bottom FeCoV layers (as it will be proven by polarized
neutron reflectivity section 5.4.2).

Trilayers with tNiO = 5 and 10 nm show increased coercivity compared to room temper-
ature but only weak exchange bias. The hysteresis loops of the sixth cycles are almost
unaltered compared to the first indicating that almost no training of the samples oc-
curs. Apparently, the typical properties associated with exchange bias are suppressed.
This is in contrast to NiO/FeCoV bilayers with respective thicknesses, which show
significant exchange bias of Heb = 26 and 56 Oe in the untrained case for tNiO = 5 and
10 nm, respectively. This suggests that the FeCoV layer at the bottom affects the an-
tiferromagnet and therefore the origin for exchange bias of FeCoV layers on top of NiO.

For tNiO = 40 nm, a shift of the complete hysteresis loop and a training of the sample
is observed. The coercivity of the top FeCoV layer is enhanced by ≈ 70 % compared
to the bilayer counterpart whereas exchange bias is almost identical. A similar evo-
lution is observed for the bottom layer but the enhancement in coercivity relative to
FeCoV/NiO bilayers at T = 2 K, is only ≈ 10 and 30 % of the untrained and trained
sample, respectively.
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Figure 5.14: MH-loops of FeCoV (20 nm)/NiO (tNiO)/FeCoV (20 nm) trilayers measured
with the external field applied in-plane along the orthogonal directions x and y of the samples.



5.4. FECOV/NIO/FECOV TRILAYERS 107

tNiO 1st loop 6th loop
Hc Heb Hc Heb

[Oe] [Oe] [Oe] [Oe]

5 nm 305 11 305 7
10 nm 290 11 290 7
40 nm (top FeCoV) 154 67 107 42
40 nm (bottom FeCoV) 369 47 331 27

Table 5.2: Compilation of coercive Hc and exchange Heb fields of FeCoV (20 nm)/NiO
(tNiO)/FeCoV (20 nm) trilayers at T = 2 K after field cooling in a magnetic field of 1000
Oe. The errors are ±3 Oe.
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Figure 5.15: MH-loops of FeCoV (20 nm)/NiO (tNiO)/FeCoV (20 nm) trilayers measured
at T = 2 K along the x axis of the samples. The samples were cooled from room temperature
to T = 2 K in a magnetic field of 1000 Oe. In addition to the first loops after cooling, the
sixth loop was measured to test the training of the samples.
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Figure 5.16: MH-loop of FeCoV(20 nm)/NiO (40 nm)/FeCoV(20 nm) trilayer measured at
various temperature.

MH-dependence at T > 300 K

To test the evolution of the intermediate plateau in the magnetization reversal with
increasing temperature, we measured MH-loops of the FeCoV/NiO/FeCoV trilayer
with tNiO = 40 nm at T = 400 and 530 K. The experimental results are plotted in
figure 5.16 including the MH-loop at room temperature for comparison. At T = 400 K
the magnetization reversal occurs in two steps similar as at T = 300 K. Only the fields
corresponding to the steps are reduced since thermal activation supports the reversal of
magnetization towards the applied magnetic field. The magnetization reversal becomes
a single and gradual process at T = 530 K with a coercivity of (60± 3) Oe. Again, like
in bilayers at T = 530 K, the saturation magnetization decreases during the experiment
which manifests in an open loop at positive saturation, in particular.
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5.4.2 Polarized neutron reflectivity

Polarized neutron reflectivity with polarization analysis (PNR) was performed on rep-
resentative samples in order to retrieve the magnetization vectors layer resolved at
various states of the hysteresis loop. All four cross-sections (R++, R−−, R+−, R−+)
were measured and their reflectivity profiles were modeled using the structural pa-
rameters obtained from the refinement of the X-ray reflectivity data (section 4.3) and
adjusting the magnetic state of the ferromagnetic layers. The results are presented
in the following order: (1) measurements at magnetic saturation, (2) measurements
at magnetic states during magnetization reversal and (3) measurements with neutron
polarization perpendicular to the sample.

Polarized neutron reflectivity at magnetic saturation

First measurements of the PNR profiles were conducted in a field of H = + 5000 Oe
applied to the samples. The results of these experiments are shown in figure 5.17. The
intensities in the spin flip channels (R+−, R−+) are of the order of the background
after correcting the experimental data for the finite efficiency of the polarizer/analyzer
supermirrors (section 3.4.3). Therefore, they are not included in the plots. The
reflectivity profiles show at low Qz the regime of total reflection. For trilayers with
tNiO = 1.5 and 5 nm a distinct difference between the critical edges of R++ and R−−

can be identified, which decreases with increasing tNiO. It has to be considered that the
neutrons have a finite penetration into the film even in the regime of total reflection,
thus, probing an average of the scattering length density within this depth. In the case
of the trilayers the average scattering length density 〈ρb〉 can be formulated as

〈ρb〉 =
tFeCoV

ttotal

ρFeCoV (2bcoh,FeCoV ± pm,FeCoV top ± pm,FeCoV bottom) +
tNiO

ttotal

ρNiObcoh,NiO

(5.4)

assuming identical thicknesses tFeCoV of top and bottom FeCoV layers and neglecting
the thin Ti layers. The thicknesses t, number densities ρ and the coherent scatter-
ing lengths bcoh denote the parameters of the materials as given in the indices. ttotal

is the total thickness of the FeCoV/NiO/FeCoV trilayer and pm,FeCoV top(bottom) is the
magnetic scattering length of the top (bottom) FeCoV layer. Since the net magnetic
moment of the antiferromagnetic NiO layer cancels in neutron reflectivity there is no
magnetic contribution to the scattering.

In case of saturation, both magnetization vectors of top and bottom FeCoV layers
are aligned parallel and equation 5.4 reduces to

〈ρb〉 = 2
tFeCoV

ttotal

ρFeCoV (bcoh,FeCoV ± pm,FeCoV ) +
tNiO

ttotal

ρNiObcoh,NiO. (5.5)

At small tNiO the average scattering length density is dominated by the contribution
from the ferromagnetic layers, which depends on the neutron polarization, in addi-
tion. Therefore, the critical edge splits up (see equation 3.24 for comparison). In fact,
the critical edge in the reflectivity profile R−− for tNiO ≤ 5 nm is determined by the
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Figure 5.17: Polarized neutron reflectivity of FeCoV (20 nm)/NiO (tNiO)/FeCoV (20 nm)
trilayers measured at H = +5000 Oe. Experimental data are represented by symbols and
computed reflectivities by lines. The computation is based on the configuration of the magne-
tization vectors as illustrated by the schematics.
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substrate since the scattering length (bcoh−pm) is almost zero for the prominent contri-
bution of FeCoV and therefore smaller than the scattering length of the glass substrate.

When tNiO increases, the contribution of NiO becomes prominent and dominates 〈ρb〉 at
large NiO thicknesses. As a result, the polarization dependent part decreases relatively
with increasing tNiO and the splitting between the critical edge of the two neutron spin
states decreases becoming almost zero at tNiO = 60 nm. Additionally, the evolution
of the critical edge for both neutron polarizations, i.e. the vanishing of the splitting,
confirms qualitatively that the NiO layers do not contain residual ferromagnetic Ni.
In such a case, this contribution would increase with increasing tNiO and a splitting of
the critical edge would remain.

Beyond the critical edge, the reflectivity profiles exhibit oscillations, which are related
to the total thickness of the films. Therefore, their period decreases with increasing
tNiO as also observed and discussed in the case of the X-ray reflectivity measurements
(section 4.3). The maxima in the reflectivity profiles R++ and R−− are shifted with
respect to each other, which is a consequence of the difference in refractive index for
the two spin states of the neutrons (equation 3.22).

The best agreement of the computed reflectivities with the experimental data is found
consistently for a magnetic moment of 2.1µB per f.u. for the ferromagnetic layers and
full alignment along the applied field. The magnetic moment is ≈ 10 % lower than in
bulk FeCoV (2.3µB/f.u) [47] but consistent with previous investigations of Kentzinger
et al. on the magnetization profile of a FeCoV/TiNx polarizing supermirror [104]. The
results from modeling and the absence of spin flip scattering confirm the existence of
a magnetically saturated state present at a field of +5000 Oe.

Polarized neutron reflectivity during magnetization reversal

In order to unravel the evolution of the magnetization vectors during the magnetiza-
tion reversal polarized neutron reflectivity profiles were measured at selected magnetic
fields. Trilayers of various tNiO were examined representing the different regimes from
a gradual single reversal at thin NiO spacer layers to the two step process at thick
NiO layers. Prior to the measurements all samples were subjected to H = −5000 Oe
followed by the application of an appropriate positive field to prepare the desired mag-
netic state.

Figure 5.18 shows the results for tNiO = 1.5 and 5 nm, measured at +150 Oe. Both
cases exhibit a difference in the critical edge for R++ and R−−. Since the regime of
total reflection is more extended for R−− than for R++ the magnetization vectors of
the FeCoV layers have still a significant component antiparallel to the applied field.
Significant spin flip scattering (R+−, R−+) is present resulting from components of the
magnetization vectors perpendicular to the neutron polarization. Further analysis of
the experimental reflectivities was done by modeling. It appears that the reflectivity
profile is more sensitive to the magnetization of the top layer. The estimated error
of the parameters of the magnetization vectors are ±0.1µB (±0.1µB) and ±5◦ (±10◦)
for the modulus and direction in the top (bottom) FeCoV layer, respectively. The
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tNiO [nm] 1.5 5 20 40 60
H [Oe] 150 150 100 135 165 110 110

Mt [µB] 0.8 0.8 1.0 1.0 0.8 1.8 2.0
αt [◦] 155 160 158 153 20 0 0
Mt,‖ [µB] -0.73(9) -0.75(9) -0.93(9) -0.89(9) 0.75(9) 1.80(9) 2.00(9)
Mt,⊥ [µB] 0.34(8) 0.27(8) 0.37(10) 0.45(10) 0.27(8) 0.0(2) 0.0(2)
Mb [µB] 1.2 1.0 1.2 1.4 1.2 1.7 1.5
αb [◦] 155 160 160 160 20 180 180
Mb,‖ [µB] -1.1(2) -0.9(2) -1.1(2) -1.3(2) 1.1(2) -1.7(2) -1.5(2)
Mb,⊥ [µB] 0.5(1) 0.3(1) 0.4(1) 0.5(1) 0.4(1) 0.0(2) 0.0(2)

Mnet,‖/Ms -0.43(4) -0.40(4) -0.49(5) -0.53(5) 0.45(5) 0.02(5) 0.12(5)
MDCM/Ms -0.20 -0.29 -0.58 0.15 0.23 0.11 0.12

Table 5.3: Compilation of the parameters of the magnetization vectors deduced from modeling
the PNR data. Mt(b), αt(b) are the modulus and the direction of the magnetization vector of the
top (bottom) FeCoV layer, respectively. The reduction into parallel Mt(b),‖ and perpendicular
Mt(b),⊥ components is also included. Finally, the net magnetization parallel to the applied field
Mnet,‖ is compared with the corresponding data MDCM obtained from the hysteresis loop.

schematics in figure 5.18 depict the configurations of the magnetization vectors being
used for the computed reflectivities. The deduced parameters of the magnetization
vectors are summarized in table 5.3.

As the spin flip cross-sections (R+−, R−+) in PNR are sensitive only to the abso-
lute value of the component of the magnetization perpendicular to the polarization of
the neutron, the computed reflectivities are identical when both magnetization vectors
are mirrored at the axis of the applied field. The profiles of the spin flip reflectivities
(R+−, R−+) are different when the magnetization vector of only one layer is mirrored
suggesting that the magnetization reversal of the two ferromagnetic layers occurs in
unison with the applied field.

A comparison of the net magnetization parallel to the applied field calculated from
the magnetization vectors and that from the corresponding bulk magnetization shows
fairly good agreement. Deviations originate partly from the finite tolerance (±10 Oe)
of the magnetic field applied to the sample during the PNR measurement, which is
in particular crucial when the MH-loop has a steep slope at the point of interest.
Moreover, the magnetic state of the sample, e.g. domain formation, can limit the
information available from specular PNR, as discussed in the following including the
results of all samples measured during the magnetization reversal.

The magnetization reversal of the trilayer with tNiO = 20 nm is traced measuring
polarized neutron reflectivity profiles at H = +100, +135 and +165 Oe. Figure 5.19
depicts the experimental data including the computed PNR profiles and the correspond-
ing configurations of the magnetization vectors. The non-spin flip reflectivity profiles
(R++, R−−) become interchanged when the applied field is increased from H = +100
to +165 Oe in accordance with the reversal of the net magnetization. In addition,
the spin flip reflectivities (R+−, R−+) increase initially from H = +100 to +135 Oe
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Figure 5.18: Polarized neutron reflectivity of Ti (5 nm)/FeCoV (20 nm)/NiO (tNiO)/FeCoV
(20 nm)/Ti (5 nm) trilayers with tNiO = 1.5 and 5 nm, measured at +150 Oe (see pictogram
of MH-loops). Experimental data are represented by symbols and computed reflectivities by
lines. The computation is based on the configuration of the magnetization vectors as illustrated
by the schematics.

but decrease when the applied field is increased further to H = +165 Oe. The evo-
lution of the spin flip scattering suggests that magnetic moments of the FeCoV layers
are deviated away from the axis of the applied field during the magnetization reversal.

The measured reflectivity profiles at H = +100 Oe are well reproduced by the com-
putations. It shows that the average magnetization of the FeCoV layers is reduced
compared to saturation and forms certain angles with respect to the applied field. At
H = +135 and 165 Oe, the non-spin flip (R++, R−−) reflectivity beyond the critical
edge and the level of spin flip scattering are described reasonably well by the computa-
tions. Some details are not reproduced in detail by the computation of specular PNR,
presumably due to the presence of magnetic domains, which influence the magnetic
scattering (see discussion below). As a result, the deduced net magnetization parallel
to the applied field shows also significant deviations from results of DC magnetometry
(table 5.3). Nevertheless, the experiments show unambiguously that both layers par-
ticipate in the magnetization reversal simultaneously.
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Figure 5.19: Polarized neutron reflectivity of Ti (5 nm)/FeCoV (20 nm)/NiO (20
nm)/FeCoV (20 nm)/Ti (5 nm) trilayer, measured at selected states of magnetization during
the reversal (see pictogram of MH-loops). Experimental data are represented by symbols and
computed reflectivities lines. The computation is based on the configuration of the magneti-
zation vectors as illustrated by the schematics.
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Figure 5.20: Polarized neutron reflectivity of Ti (5 nm)/FeCoV (20 nm)/NiO (tNiO)/FeCoV
(20 nm)/Ti (5 nm) trilayers with tNiO = 40 and 60 nm, measured at +110 Oe (see pictogram
of MH-loops). Experimental data are represented by symbols and computed reflectivities by
lines. The computation is based on the configuration of the magnetization vectors as illustrated
by the schematics.

The polarized neutron reflectivity of the trilayers with tNiO = 40 and 60 nm was
measured at +110 Oe representing the region of the plateau separating the two steps
of the reversal. In figure 5.20, experimental and computed reflectivities are plotted.
The profiles of non-spin flip reflectivities (R++, R−−) are almost identical suggesting
that the refractive index is almost identical for both spin states of the neutrons. Con-
sidering equation 5.4, this is the case when either the magnetization of each FeCoV
layer becomes zero (pm = 0) or the magnetization vectors are oriented antiparallel.
A third possibility is that the magnetization vectors are perpendicular to the neutron
polarization which is incompatible with the observed low spin flip scattering.

The modeling shows that the experimental non-spin flip reflectivity profiles (R++,
R−−) can be reproduced with the magnetization vector of the top FeCoV layer aligned
parallel and the magnetization of the bottom FeCoV layer antiparallel to the applied
field (see schematics in figure 5.20). The magnetization in the top FeCoV layer is al-
most equal to the value at saturation while it is slightly reduced in the bottom layer
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(table 5.3). The low level of spin flip scattering indicates that only small components
of the magnetization vectors perpendicular to the applied field are present. The results
unambiguously show that the ferromagnetic layers are magnetized opposite to each
other. In detail, the magnetization of the top FeCoV layer reverses at the first step in
the MH-loop while in the bottom layer the magnetization is still pinned in a direction
opposite to the applied field until its switching field is reached.

In general, the total magnetic moments of the FeCoV layers are reduced during the
magnetization reversal compared to their saturation moment. The reduction indicates
that the ferromagnetic layers break up into lateral domains, which are smaller than the
in-plane coherence length of the neutron beam (few 10 µm). Therefore, the coherent
neutron beam probes an average over many domains with different orientations causing
additional complexity in the scattering of the neutrons. Domains are lateral fluctua-
tions of the local magnetization giving rise to off-specular scattering. Due to the finite
instrumental resolution, the intensity measured in specular reflectometry contains also
a contribution from diffuse scattering. This might adulterate the specular reflectiv-
ity profile and therefore the information about the depth profile of the multilayer. In
particular, the complexity due to a multi-domain state is observed for tNiO = 20 nm
at H = 135 and 165 Oe limiting the available information from the modeling of the
specular PNR. Nevertheless, the reduced total magnetic moment is unambiguous and
indicates that for tNiO ≤ 20 nm the magnetization reversal occurs for both FeCoV
layers within the same range of the applied field. Off-specular PNR measurements
are envisaged to distinguish specular and diffuse scattering and will provide additional
information about the lateral distribution of magnetic domains.

Polarized neutron reflectivity with out-of-plane polarization

Additional experiments were performed with the polarization of neutrons held perpen-
dicular to the sample surface (see section 3.4.2). The magnetic states of the samples
were obtained using a separate electromagnet with the magnetic field applied in the
plane of the sample by the following steps: i) the samples were saturated in a field of
H = −5000 Oe in order to start from defined conditions, ii) the field is increased to
the desired positive field, iii) third, the magnetic field was removed and the sample is
transferred to the reflectometer. When the field was removed the original magnetic
state was almost retained as proven by the MH-measurements. After the installation
of the sample a guide field of H ≈ 30 Oe is switched on to define the polarization
of the neutrons perpendicular to the surface of the sample. It is to mention that DC
magnetization measurements perpendicular to the surface show a hard axis of magne-
tization where saturation is achieved only beyond 20 kOe. Thus the guide field did not
affect the in-plane layer magnetization at all. A Q-range of 0.1 - 0.5 nm−1, covered
with one angle of incidence (0.6◦) was sufficient to observe the particular features of
the experiment.

Figure 5.21 shows the experimental results of representative samples with tNiO = 5, 20
and 60 nm. The applied fields in step ii) were H = 150 (figure 5.18), 135 (figure 5.19)
and 110 Oe (figure 5.20), respectively. These fields correspond to those fields at which
specular PNR with neutron polarization in the plane of the films were performed. For
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each sample, a measurement with inverted guide field HG at the sample was performed
in order to exclude instrumental artifacts. The results for both orientations of HG show
the expected inversion of R+− and R−+. In all experiments, non-spin flip reflectivi-
ties (R++, R−−) are identical since they are of pure nuclear origin. Small differences
between R++ and R−− originate from a small inclination of the neutron polarization
(6 3◦) from being perpendicular to the sample surface. These tests demonstrate the
authenticity of the experiments.

For tNiO = 5 nm, no asymmetry of the spin flip reflectivities (R+−, R−+) is observed.
It has to be considered that domains are present having a size smaller than the co-
herence length of the probing neutron beam. A random distribution of domains with
arbitrary orientations in top and bottom FeCoV layers would also lead to identical
spin flip reflectivities (R++, R−−). However, such a configuration is not compatible
with the PNR data with in-plane polarization. Therefore, the combined PNR results
demonstrate that the magnetization vectors of the bottom and top FeCoV layers are
collinear during the magnetization reversal.

A small asymmetry between R+− and R−+ appears for tNiO = 20 nm around Qz ≈
0.24 nm−1. The asymmetry suggests that the magnetic moments of top and bottom
FeCoV layers are not collinear because they have some small freedom to respond to the
applied field individually during the reversal. The asymmetry of the spin flip cross-
sections (R+−, R−+) is pronounced for tNiO = 60 nm and arises within a range of
0.22 < Qz < 0.31 nm−1. It indicates that the magnetization vectors of top and bottom
FeCoV layers are not exactly antiparallel between the two steps of the magnetization
reversal. Apparently the magnetization of the top layer is aligned parallel to the ap-
plied but the orientation in the bottom layer has a small angle to the field axis giving
rise to the observed weak spin flip scattering in the experiments with in-plane neutron
polarization.
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Figure 5.21: Polarized neutron reflectivity of trilayers Ti (5 nm)/FeCoV (20 nm)/NiO
(tNiO)/FeCoV (20 nm)/Ti (5 nm) with neutron polarization perpendicular to the surface
of the samples. Each sample is measured with the guide field HG in either direction perpen-
dicular to the sample to rule out instrumental artifacts. The size of the symbols represents
approximately the size of the error bars.



Chapter 6

Discussion of the magnetization
reversal of trilayers

This section discusses the observed magnetic properties of FeCoV/NiO (tNiO)/FeCoV
trilayers regarding a possible exchange coupling of the ferromagnetic layers across
the antiferromagnetic spacer. The discussion includes the separate information ob-
tained from the systematic investigation of additional series of FeCoV single layers,
FeCoV/NiO and NiO/FeCoV bilayers. The experiments, in particular polarized neu-
tron reflectometry, reveal a coupling of the FeCoV layers, which depends on the thick-
ness of the NiO spacer layer. Basic mechanism for interlayer exchange coupling are
discussed focusing finally on the antiferromagnetic spins as the medium. The experi-
mental observations are compared with scenarios demonstrated theoretically by Xi and
White [26] for the magnetization reversal of exchange coupled ferromagnetic layers in
ferro-/antiferro-/ferromagnetic trilayers involving the spins of the antiferromagnetic
spacer.

The MH-loops of FeCoV/NiO (tNiO)/FeCoV trilayers show a dependence on the thick-
ness of the NiO spacer layer. For tNiO ≤ 10 nm, the magnetization reverses via a single
gradual process whereas for tNiO ≥ 40 nm the reversal occurs in two steps, which are
clearly separated by a plateau of almost zero net magnetization. The width of the
plateau remains nearly constant for tNiO ≥ 40 nm. Between the two regimes, the
MH-loop for tNiO = 20 nm reveals also two steps during the magnetization reversal
but these are less separated than for tNiO ≥ 40 nm. It suggests that the range of
10 nm < tNiO < 40 nm corresponds to a transition from the single to the two step
process of the magnetization reversal.

The bilayer series exhibit magnetic properties, which depend on the sequence of the lay-
ers. FeCoV (20 nm)/NiO bilayers show almost identical MH-loops like the
FeCoV (20 nm) single layer at room temperature indicating that the intrinsic prop-
erties of FeCoV dominate the properties of the bilayer. Accordingly, it is expected
that FeCoV layers at the bottom of the trilayers have the same intrinsic properties,
in particular a relatively high coercivity (Hc ≈ 170 Oe). Contrary to that, the series
of NiO/FeCoV (20 nm) bilayers shows that FeCoV layers become magnetically soft
when deposited on top of NiO with a small increase of Hc from ≈ 8 to 37 Oe for
tNiO = 5 to 60 nm, respectively. Hence, the results of the bilayer series suggest that in
FeCoV/NiO/FeCoV trilayers the antiferromagnetic NiO layer is sandwiched between

119
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Figure 6.1: Comparison of MH-loops between trilayers and an average of corresponding
FeCoV/NiO and NiO/FeCoV bilayers (blue lines).

a hard ferromagnetic layer at the bottom and a soft ferromagnetic layer at the top1.

Averaged MH-loops of FeCoV/NiO and NiO/FeCoV bilayers are plotted together with
MH-loops of respective trilayers in figure 6.1. The comparison shows that the simple
averaging of the properties of the bilayers does not reproduce the features of the tri-
layers, neither for the thin nor for the thick regime of NiO spacer layers. In particular,
for tNiO < 40 nm the magnetization reversal of the soft top FeCoV layer is delayed
compared to NiO/FeCoV bilayers. The increased reversal field is due to pinning, which
originates via exchange coupling from the magnetically harder FeCoV layer at the bot-
tom.

The coupling between FeCoV layers is evident from the analysis of polarized neutron
reflectivities during the magnetization reversal. Table 6.1 summarizes the magnetiza-
tion Mb,‖ (component parallel H) of the bottom FeCoV layer in the trilayers deduced
from PNR. The data are compared with the magnetization MDCM at corresponding
fields from DC magnetometry on the FeCoV/NiO (60 nm) bilayer, which is represen-
tative for the series of FeCoV/NiO bilayers.

1The expressions soft/hard ferromagnetic layers denote in this present context ferromagnetic layers
with low/high coercivity.
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tNiO [nm] 1.5 5 20 40 60
H [Oe] 150 150 100 135 165 110 110

Mb,‖/Ms -0.5(1) -0.4(1) -0.5(1) -0.6(1) 0.5(1) -0.8(1) -0.7(1)
MDCM/Ms -0.82 -0.82 -0.86 -0.83 0.79 -0.84 -0.84

Table 6.1: Magnetization of FeCoV layers at the bottom in trilayers and FeCoV/NiO bilay-
ers. Mb,‖ is the component of magnetization vector in the trilayers parallel to the applied
field deduced from PNR. It is compared with MDCM from the hysteresis loop of the bilayer
FeCoV/NiO (60 nm).

For tNiO < 40 nm, Mb,‖ is significantly lower than MDCM indicating that the mag-
netization reversal of the bottom FeCoV layer is further progressed in the trilayers
than in the bilayer at identical applied fields. This is understood in terms of an ex-
change coupling between the ferromagnetic layers where magnetic moments of the
magnetically soft top layer are not only pinned but some also drag magnetic moments
of the originally hard bottom layer. This suggests that the magnetization reversal
occurs simultaneously in both FeCoV layers via vertically correlated domains due to
an exchange coupling between the ferromagnetic layers. Additionally, the results of
polarized neutron reflectometry with neutron polarization perpendicular to the surface
of the sample suggest that the magnetization vectors of top and bottom FeCoV layers
for tNiO = 5 nm are collinear during magnetization reversal (section 5.4.2). Polarized
neutron reflectivity measurements for tNiO = 20 nm indicate that the magnetization
vectors of top and bottom FeCoV layers are not collinear (figure 5.21) and the magne-
tization reversal of the bottom FeCoV layer lags initially slightly behind the reversal
of the top FeCoV layer but in the final stage of the magnetization reversal it is further
progressed (figure 5.19).

For tNiO = 40 and 60 nm the comparison in table 6.1 shows a good agreement between
the results from PNR and DC magnetometry confirming the model of antiparallel mag-
netization vectors in the intermediate plateau for tNiO ≥ 40 nm.

From the above discussion, it follows that the dependence of the hysteresis loops of
FeCoV/NiO/FeCoV trilayers on tNiO is a consequence of an exchange coupling be-
tween the ferromagnetic layers, which depends on the thickness of the NiO spacer
layers. The coupling is strong at small tNiO connecting the magnetization reversal of
top and bottom layer. It relaxes with increasing tNiO allowing a separate reversal of
top and bottom FeCoV layers.

In the introduction, various types of exchange coupling between ferromagnetic lay-
ers are addressed. The mechanism depends on the material of the layer separating the
ferromagnetic layers. In the present work the spacer layer is an insulating antiferro-
magnet. Therefore, RKKY type of interlayer exchange coupling is excluded since it is
mediated by metals via itinerant electrons. For insulating spacer layers, an exponential
decay of interlayer exchange coupling with thickness is expected, a fact attributed to
spin-polarized electron tunneling through the spacer layer [8]. Hence, it is only of short
range (few atomic layers) and cannot be expected for the rather thick NiO spacer layers
in this work.
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The roughness of the layers may lead to pinholes that provide a direct contact and
therefore a direct coupling of the ferromagnetic layers, in particular for very thin spacer
layers. For a comparison of spacer layer thickness and roughness, the amplitude h of
the surface profile of the bottom FeCoV layer is estimated assuming a sinusoidal vary-
ing roughness. In this case, h is related to the RMS roughness σrms by h =

√
2σrms. It

results in a peak to peak distance of 2h ≈ 1.4 nm for the trilayer with thinnest NiO.
This is close to the real layer thickness of tNiO = 1.77 nm, but already in the trilayer
with tNiO = 5 nm the fluctuations of the interface profile are significantly smaller than
the thickness of the NiO spacer layer. Additionally, from off-specular X-ray reflec-
tivity measurements a vertically correlated roughness is identified, which implies that
the interface profile is not smooth but the layer thickness of NiO is homogeneous (see
illustration in figure 4.15). Therefore, adjacent FeCoV must be well separated. In
summary, it can be excluded that the observed exchange coupling for tNiO ≤ 20 nm is
due to a direct coupling of the FeCoV layers via pinholes.

A magnetostatic coupling can arise from magnetic roughness, which is known as Néels
orange-peel effect [105]. Figure 6.2 illustrates the dipolar field originating from mag-
netic poles at the rough interfaces. The field created by the bottom layer, which is
assumed to be magnetically hard, acts on the soft top layer pinning its magnetization.
Therefore the magnetization reversal of the top layer is hindered resulting in a gain
in coercivity. The ’orange-peel’ field HN is estimated assuming a sinusoidal interface
roughness profile (vertically coherent), with amplitude h and wavelength λr [105]:

HN =
π2h2

√
2λrtf

Mse
− 2π

√
2ts

λr (6.1)

tf is the thickness of the magnetically soft layer, ts that of the non-magnetic spacer
layer and Ms is the saturation magnetization of the magnetically hard layer at the
bottom. The amplitude h is deduced from the RMS roughness of the bottom FeCoV
layer. The wavelength of the roughness oscillation is ≈ 4 µm as obtained from a pre-
liminary AFM analysis. Computed HN is plotted in figure 6.3 as a function of tNiO

of the FeCoV/NiO/FeCoV trilayers. This is compared with Hex = Hc1 − Hc2, which
is the gain in coercivity of FeCoV layers on top of NiO in trilayers (Hc1) compared to
NiO/FeCoV bilayers (Hc2) with corresponding tNiO (for tNiO = 80 and 100 nm Hc2

of NiO (60 nm)/FeCoV is used). In the case of the trilayers, Hc1 is the average of
the fields where M = 0.5Ms and −0.5Ms in the descending and ascending branches,
respectively, assuming that the magnetization reversal of the top FeCoV layer is repre-
sented by the first half of the transition. Hex can be considered as the exchange field,
which pins the soft magnetic FeCoV layer on top of the trilayers. It shows that the
dipolar contribution from ’orange-peel’ field HN is only a few Oe (< 3 Oe) and does
not account for the observed gain in coercivity of the ferromagnetic layers, which is
one to two orders of magnitude larger.

Finally, I like to focus the discussion on the antiferromagnetic spin structure of the
NiO spacer layer as the medium to promote exchange coupling between the ferromag-
netic layers. Xi and White discuss theoretically the role of the antiferromagnetic spins
for the magnetization reversal of ferro-/antiferro-/ferromagnetic trilayers [26]. They
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Figure 6.2: Illustration of the ’orange-peel’ field HN originating from magnetic roughness.
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Figure 6.3: Comparison of the ’orange-peel’ field HN with the gain in coercivity Hex of the
top FeCoV layers deduced form MH-loops (see text).

demonstrate different scenarios of the evolution of the antiferromagnetic spin structure
during the magnetization reversal of the ferromagnetic layers and emphasis the impor-
tance of the following parameters, in particular their relative values (see also figure
6.4):

• Interfacial coupling between the antiferromagnetic spacer and the ferromagnetic
layers at either side, which is described by the area density of the interfacial
coupling energies Jint(1) and Jint(2).

• Domain wall energy σW = 2
√

AAF ·KAF of the antiferromagnet. AAF and KAF

are the exchange coupling constant and the uniaxial anisotropy constant of the
antiferromagnet.

• Domain wall width δW =
√

AAF /KAF and thickness tAF of the antiferromagnetic
spacer.
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Figure 6.4: Illustration of a ferro-/antiferro-/ferromagnetic trilayer characterized by the in-
terfacial exchange coupling constants Jint(i), the antiferromagnetic domain wall energy σW

and the domain wall width δW and thickness tAF of the antiferromagnetic spacer.

Since interfacial coupling is an essential ingredient of the interlayer exchange coupling
between the ferromagnetic layers, I like to summarize at this point the experimental
results providing evidence for it in particular:

i) Exchange bias in FeCoV/NiO and NiO/FeCoV bilayers at T = 2 K (figures 5.6
and 5.10).

ii) Weak exchange bias in FeCoV/NiO and NiO/FeCoV bilayers with tNiO & 40 nm
at T = 300 K (figures 5.4, 5.8 and 5.9b).

iii) Reorientation of the in-plane magnetic anisotropy in NiO/FeCoV bilayers at
T = 530 K (> TN), i.e. when NiO is paramagnetic (figure 5.12).

The observation of exchange bias at T = 2 K (i) demonstrates that an exchange in-
teraction between ferro- and antiferromagnetic layers exists, which is valid for both
interfaces of FeCoV/NiO and NiO/FeCoV. At room temperature, thermal activation
surpasses exchange bias or it is only very weak as in bilayers with tNiO & 40 nm
(ii). The absence of exchange bias must not necessarily imply an absence of interfa-
cial coupling. In contrary, it might be an indication that the interfacial coupling is
stronger than the anisotropy of the antiferromagnet, therefore the essential condition
KAF · tAF ≥ Jint for exchange bias is not fulfilled [106, 107, 108]. This is strongly
supported by the experiments at T = 530 K (iii). As discussed in section 5.3.2, when
NiO is paramagnetic (T > 523 K) the anisotropy of the NiO/FeCoV bilayer is defined
by the intrinsic anisotropy of the FeCoV layer, which is apparently perpendicular to
the anisotropy governing at room temperature. Hence, below TN of the NiO layer its
uniaxial anisotropy defines magnetically easy and hard axes of the NiO/FeCoV bilayer
via interfacial coupling but the antiferromagnetic spins are rotated between the two
directions of their uniaxial anisotropy. The rotation of the antiferromagnetic spins ex-
plains also the different behavior of the field cooled and zero field cooled as-prepared
NiO/FeCoV bilayer at T = 2 K (figure 5.11). The as-prepared state contains two
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types of domains, in which the magnetization points in opposite directions resulting
also in opposite exchange bias. When the bilayer is saturated at room temperature the
domains with originally opposite orientation drag the adjacent antiferromagnetic spins
to the second equilibrium of their uniaxial anisotropy leading to uniform exchange bias
at low temperature as observed for field cooled samples.

In conclusion, interfacial coupling is established between NiO and FeCoV layers but the
spins of the antiferromagnet rotate irreversibly together with the magnetization of the
ferromagnet during magnetization reversal of the bilayers at room temperature. Thus,
exchange bias is not observed. This suggests further that the internal spin structure
is destabilized by thermal activation at room temperature but becomes rigid at low
temperatures promoting exchange bias.

Regarding the contribution of the internal spins of the antiferromagnet to magnetic
properties the following experimental results provide distinct information:

iv) In FeCoV/NiO/FeCoV trilayers with tNiO ≤ 10 nm, only very weak exchange
bias is observed at T = 2 K (figure 5.15), in contrast to the bilayer counterparts.

v) Polarized neutron reflectivity measurements in the range of the magnetization
reversal of FeCoV/NiO/FeCoV trilayers with tNiO ≤ 20 nm reveal that in the
bottom FeCoV layer the fraction of reversed domains is larger than in the single
layer and bilayer counterparts at identical applied fields (table 6.1).

Trilayers with tNiO ≤ 10 nm show almost no exchange bias (Heb . 10 Oe) when field
cooled to T = 2 K (iv), which is in contrast to NiO/FeCoV bilayers with respective
tNiO, e.g. Heb = (56± 3) Oe for untrained NiO (10 nm)/FeCoV bilayer. The compari-
son suggests that the effect of exchange bias is not only confined to the interfacial spins
because in that case exchange bias must be expected also for the trilayers. Hence, the
internal spins must be involved when exchange bias is observed. The different proper-
ties between bilayers and trilayers for tNiO ≤ 10 nm must originate from the difference
at the bottom of the NiO layer and can be understood as follows. It is assumed that
in the case of the NiO/FeCoV bilayer the end far from the antiferro-/ferromagnetic
interface is rigid during the reversal of the FeCoV layer. The pinning of these antifer-
romagnetic spins is the origin for exchange bias, presumably, in combination with the
formation of a planar antiferromagnetic domain wall as suggested by several authors,
e.g. [14, 27]. This scenario is illustrated in figure 6.5a. When the ferromagnetic layer
reverses, starting from the configuration with twisted antiferromagnetic spins, the pla-
nar domain wall in the antiferromagnet unwinds and assists the reversal. Therefore,
the magnetization reversal occurs earlier than in the opposite direction leading to ex-
change bias. In the case of the trilayers, both ends of the antiferromagnetic layer are
exchange coupled to ferromagnetic layers. Therefore, at both ends the spins of the
antiferromagnet are dragged by the ferromagnetic spins during magnetization reversal.
This leads to a complete rotation of the antiferromagnetic spin structure (figure 6.5b)
erasing the pinning, which creates exchange bias in the bilayers.

Polarized neutron reflectivity data provide layer resolved information about the mag-
netization of the trilayers during the magnetization reversal at room temperature. As
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Figure 6.5: Illustration of the magnetization reversal at T = 2K of a) NiO/FeCoV bilayer
and b) FeCoV/NiO/FeCoV trilayer. In the case of the bilayer significant exchange bias is
observed whereas the trilayers with tNiO ≤ 10 nm do not show exchange bias because the
antiferromagnetic spins are dragged at either end leading to a complete rotation.

discussed above, it shows, that for tNiO ≤ 20 nm the magnetization reversal of the
FeCoV layer at the bottom is initiated already at lower applied field than expected
from its intrinsic properties known from FeCoV single layers and FeCoV/NiO bilay-
ers (table 6.1). This suggests that the soft anisotropy of the top FeCoV layer is in
competition with the high anisotropy in the bottom FeCoV layer because of exchange
coupling of the ferromagnetic layers mediated by a rigid spin structure across the anti-
ferromagnetic spacer. In more detail, the results from polarized neutron reflectometry
show that for tNiO ≤ 5 nm the average magnetization of top and bottom FeCoV layer
are identical in magnitude and orientation indicating that the domain pattern is iden-
tical in both ferromagnetic layers because of strong interlayer exchange coupling. An
interaction between the ferromagnetic layers is also evident for tNiO = 20 nm but a
small difference between the magnetization vectors of top and bottom FeCoV layers is
identified, which indicates a slightly relaxed coupling of the FeCoV layers compared to
thinner NiO spacer layers. Nevertheless, the contribution of the internal antiferromag-
netic spins is essential to understand the evolution of the magnetization of the FeCoV
layers during reversal.

At this point, it can be concluded that the performed experiments provide evidence for
interfacial coupling between the ferromagnetic FeCoV layers and the antiferromagnetic
NiO spacer layer as well as the involvement of the internal antiferromagnetic spins.
The strength of interfacial coupling can be assumed to be independent of the thickness
of the NiO spacer since the analysis of the X-ray reflectivity shows for all samples very
similar interface properties at the bottom of NiO as well as on the top of it. A different
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strength at both sides of the antiferromagnet is indicated by the different values for
exchange bias at low temperature, which is presumably a consequence of the thin oxide
layer identified between bottom FeCoV and NiO layers. Identical interfaces between
FeCoV and NiO layers above are apparent since the underlying structure is identical for
all samples (FeCoV/NiO bilayers and FeCoV/NiO/FeCoV trilayers). Only a moderate
increase of the roughness at the interface between NiO layers and the FeCoV layers
on top of these is observed. Nevertheless, the NiO/FeCoV bilayers have rather similar
magnetic properties supporting the conclusion that properties of these interfaces are
independent of tNiO. Hence, the observed dependence of the magnetization reversal
of FeCoV/NiO/FeCoV trilayers on the thickness of the NiO spacer must be related
to the contribution of the internal antiferromagnetic spins, which also depends on the
thickness of the NiO layer.

Xi and White investigate in [26] theoretically the ‘Coupling between two ferromag-
netic layers separated by an antiferromagnetic layer ’. In their model they consider
a twisting of the antiferromagnetic spins along the thickness direction (z), which is
enforced by the rotation of one ferromagnetic layer FM(2) while the other one FM(1)
is rigid. The total energy ESW comprising the volume energy of the antiferromagnetic
layer and the interfacial exchange coupling energies is written as

ESW =

∫ tAF

0

[
AAF

(
dϕ

dz

)2

+ KAF sin2ϕ

]
dz − Jint(1)cos(∆ϕ(1))− Jint(2)cos(∆ϕ(2))

(6.2)

where AAF and KAF are the exchange coupling constant and the uniaxial anisotropy
constant of the antiferromagnetic layer with thickness tAF . Jint(1) and Jint(2) are the in-
terfacial exchange coupling constants between the antiferromagnet and the rigid FM(1)
and the rotating ferromagnetic layers FM(2), respectively. ∆ϕ(1) and ∆ϕ(2) are the
angles between adjacent antiferro- and ferromagnetic spins at either interface of the
antiferromagnetic spacer. ϕ is the angle of individual antiferromagnetic spins with
respect to their anisotropy axis. The minimization of ESW defines the configuration of
the antiferromagnetic spins dependent on the rotation angle of FM(2). For illustration
see also figure 6.6.

Based on this model, Xi and White computed phase diagrams as functions of Jint(1),
Jint(2) normalized by the antiferromagnetic domain wall energy σW and of tAF nor-
malized by the antiferromagnetic domain wall width δW . In general, the rotation of
the ferromagnetic layer FM(2) drags the adjacent antiferromagnetic spins twisting the
internal antiferromagnetic spins (see figure 6.4). In addition, angles ∆ϕ(i) between ad-
jacent antiferro- and ferromagnetic spins at either interface can form creating interfacial
exchange energy. At a certain rotation angle of FM(2) the twist in the antiferromagnet
generates a wall energy, which cannot be sustained by the interfacial couplings. At this
point, the weaker interfacial coupling breaks up and the antiferromagnetic spins either
recover their original orientation or they reverse to another equilibrium state. Xi and
White distinguish two categories with Jint(1) ≤ σW or Jint(1) > σW , i.e. whether the
coupling between antiferromagnet and rigid ferromagnetic layer is weaker or stronger
then the twist in the antiferromagnet. In both categories recovering and reversing
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Figure 6.6: Definition of parameters in equation 6.2

regimes exist with the latter divided into a irreversible and reversible phase. The max-
imum twist angle of the antiferromagnetic spins is also a function of tAF relative to δW .

Of particular interest for the present work is the category with strong interfacial cou-
pling Jint(1) > σW and also Jint(2) > σW . In this case, the authors report that FM(2)
can be rotated beyond 180◦ while the coupling at both interfaces still sustains the
twist in the antiferromagnet. Thus, the ferromagnetic layers can be aligned antiparal-
lel accommodating a 180◦ domain wall in the antiferromagnet assuming no anisotropy
of the rotating ferromagnetic layer at one end of the antiferromagnetic spacer and an
absolutely rigid ferromagnetic layer at the other end of the spacer. In principle, this
corresponds to the combination of a magnetically soft and hard layers separated by an
antiferromagnetic spacer as in our work. A difference is that the hard ferromagnetic
layer has only a finite rigidity, which adds additional complexity. Therefore, it is not
only the relative strength of the interfacial coupling and the internal antiferromagnetic
spin structure, which is of importance but also the anisotropy of the hard ferromagnetic
layer relative to these parameters.

In a qualitative extension of the model of Xi and White, the dependence of the mag-
netization reversal of the FeCoV layers on tNiO in the present work can be understood.
In general, the FeCoV layer at the top of the trilayer is supposed to reverse first due to
its lower coercivity. The reversal of the top FeCoV layer initiated by the applied field
generates energy in the system because of the coupling to the magnetically hard FeCoV
layer at the bottom. For small tNiO (≤ 10 nm) a twist of the antiferromagnetic spins
would cause high exchange and anisotropy energies. The coupling at the interfaces is
strong enough to remain stable but the anisotropy in the bottom FeCoV layer cannot
sustain the magnetization in its original orientation. The situation is similar to the
reversing regime described by Xi and White. There, the antiferromagnetic spins rotate
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Figure 6.7: Magnetization reversal of FeCoV/NiO/FeCoV trilayers. The ferromagnetic lay-
ers are exchange coupled across the antiferromagnetic spacer, which can form a twist of the
antiferromagnetic spins, dependent on tNiO.

to another equilibrium state, which is also assumed to occur here but with the differ-
ence that the magnetization in the bottom FeCoV layer also follows the rotation. The
complex interaction including the anisotropy of the top FeCoV layer and the exchange
coupling energies described by equation 6.2 in combination with the distribution of lo-
cal anisotropies in the bottom FeCoV layer discussed in section 5.1.2 leads to a gradual
magnetization reversal as observed from the hysteresis loops. Dependent on the local
contributions, some domains in the top layer reverse at small magnetic fields dragging
the magnetization in the bottom FeCoV layer. Others are pinned unless a locally high
anisotropy in the bottom layer is overcome. The first case explains the observation
from polarized neutron reflectivity that the net magnetization of the bottom FeCoV
layer is already reduced at lower applied field than expected. In general, it is inferred
that the magnetization of top and bottom FeCoV layers reverses coherently within
domains as a consequence of an exchange coupling mediated by a rigid spin structure
of the antiferromagnet (figure 6.7a).

For tNiO = 20 nm the antiferromagnetic spin structure can accommodate a larger
twist until a critical amount of exchange and anisotropy energy is generated in the an-
tiferromagnet (figure 6.7b). It is assumed that the twisted configuration is established
at the first part of the magnetization reversal. In this range both ferromagnetic layers
reverse but the magnetization of the bottom layer lags behind the magnetization of
the top FeCoV layer. At the region of the small step the rotation of the magnetic
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moments is blocked unless local anisotropies in the bottom FeCoV layer can be ex-
ceeded, assisted by the applied magnetic field (Zeeman interaction). Once this barrier
is overcome, the magnetization of the bottom layer swings forward and its magneti-
zation reversal is even further progressed than in the top FeCoV layer, as indicated
from the results of polarized neutron reflectivities. A similar process is described by Xi
and White where the antiferromagnetic spins at the interface to the rigid ferromagnetic
layer rotate forward since the interfacial coupling cannot sustain the energy of the twist
in the antiferromagnet. In the FeCoV/NiO/FeCoV trilayers, forward rotation of the
antiferromagnetic spins drags the magnetic moments in the bottom FeCoV layer due
to its finite anisotropy.

Polarized neutron reflectivity data of FeCoV/NiO/FeCoV trilayers with tNiO = 40 and
60 nm reveal that within the step in the MH-loop the magnetization of top and bottom
layers are aligned antiparallel. The top FeCoV layer reverses at the first transition at a
small applied field followed by the bottom layer at a higher field. According the work
of Xi and White an antiparallel configuration is possible for strong interfacial coupling
at either interface, relative to the domain wall energy of the antiferromagnetic spacer.
In this case the interfacial coupling can sustain the twist of the antiferromagnetic spins
even for twist angles beyond 180◦. Applied to the FeCoV/NiO/FeCoV trilayers with
tNiO ≥ 40 nm it implies that the reversal of the top FeCoV layer initiates the forma-
tion of 180◦ domain wall in the antiferromagnetic spacer when the magnetization of
the bottom FeCoV still remains in its original orientation (figure 6.7c).

It shall be noted that a realistic estimate for a 180◦ domain wall in NiO, available
from literature [27, 29], is 40 nm. This is consistent with our observation that for
tNiO ≥ 40 nm the magnetization of the ferromagnetic layers can be aligned antiparallel
by applying a certain magnetic field. In addition, Xi and White [26] state that for
values of the thickness of the antiferromagnetic spacer layer less than half of the width
of 180◦ domain wall the critical interfacial coupling between the rotating ferromagnetic
layer and the antiferromagnet decreases. This implies that in this thickness regime
the antiferromagnetic spins prefer to rotate with the magnetization of the ferromagnet
instead of twisting, i.e. they remain rigid. This is also consistent with our observa-
tion of a rigid antiferromagnet for tNiO ≤ 10 nm and the evolution of a twist of the
antiferromagnetic spins for tNiO ≥ 20 nm.



Chapter 7

Conclusions - Outlook

In this work, I investigated the exchange coupling between two ferromagnetic layers
spaced by an antiferromagnet on FeCoV/NiO (tNiO)/FeCoV trilayers. It was aimed
to obtain an insight into the exchange coupling from a systematic study of the con-
stituents of the trilayers, i.e. single layers and NiO-FeCoV bilayers of either sequence
of deposition, as well as probing directly the magnetization reversal of individual fer-
romagnetic layers using polarized neutron reflectometry.

From X-ray reflectivity measurements, a detailed layer structure of the samples was
deduced, refining models of the chemical depth profile. The models were developed
systematically from FeCoV single layers to trilayers via NiO-FeCoV bilayers, which
enabled to resolve finer details of the layers and the interfaces. A common base for
the models of all samples could be established, from which the individual structures of
the different samples were deduced in a consistent way. Similar conformity was found
regarding the crystalline orientation of the samples from X-ray diffraction. Small differ-
ences in the out-of-plane texture exist dependent on the sequence of deposition of the
materials but the diffraction pattern of trilayers comprises systematically the pattern
of the constituents. In conclusion, the structural characterization confirms the consis-
tent and high quality of the samples prepared by DC magnetron sputtering. Thus, the
produced samples enable a systematic investigation and comparison of the magnetic
properties from the elementary to the complex systems.

DC magnetization measurements on FeCoV single layers show intrinsic magnetic prop-
erties, which are consistent with previous investigations and reports, in particular a
relative high coercivity compared to the bulk counterpart. When interfaced with anti-
ferromagnetic NiO, modifications of the properties are observed, which are attributed
to exchange coupling across the NiO-FeCoV interface. Although exchange bias is not
observed at room temperature for tNiO < 40 nm and only weak for thicker NiO lay-
ers, interfacial exchange coupling is evident from the distinct modification of magnetic
properties when NiO is paramagnetic (T > TN). Besides that, exchange coupling
between FeCoV and NiO is also supported from the observation of exchange bias at
low temperature indicating that the magnetic moments of both layers interact. In
conclusion, the presence of interfacial exchange coupling but absence of exchange bias
demonstrates that the spins of the antiferromagnet are rotated irreversibly when the
magnetization of the ferromagnet reverses. According several authors [106, 107, 108],
this is a consequence of strong interfacial coupling and a relative weak anisotropy of
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the antiferromagnet and supports their prediction that exchange bias is only observable
when the interfacial coupling energy is small compared to the domain wall energy of
the antiferromagnet. The observation of exchange bias at a relatively low temperature,
i.e. a low blocking temperature, is consistent with strong interfacial coupling as argued
by Xi [109].

Another interesting result in this work is that trilayers with rather thin NiO spac-
ers (tNiO ≤ 10) nm do not exhibit exchange bias at low temperature contrary to their
bilayer counterparts. This fact indicates that the effect of exchange bias is not con-
fined to the interfacial spins but involves the internal spins of the antiferromagnet.
This observation supports models proposed by Mauri [14], Kiwi [15] and Stiles [27],
which explain quantitatively the experimentally observed exchange bias fields by dis-
tributing the exchange coupling energy across the internal spins of the antiferromagnet.

Invaluable information about the configuration of the magnetization in individual fer-
romagnetic layers of the trilayers was obtained from polarized neutron reflectometry.
For a full polarization analysis, a proper data reduction was required due to the finite
efficiencies of the polarizer and analyzer supermirrors. A data reduction algorithm
was developed and successfully implemented to retrieve the true reflectivity of the four
spin dependent scattering processes. The results of polarized neutron reflectometry
show that the reversal of both FeCoV layers occurs in a combined manner for small
thicknesses of the NiO spacer indicating strong interlayer exchange coupling. In tri-
layers with thicker NiO spacers the magnetization reversal of top and bottom FeCoV
layers occurs at distinct fields with an antiparallel alignment of their magnetization in
between the individual reversal fields.

From the combined analysis of bulk magnetization measurements and polarized neu-
tron reflectivity, it is inferred that the ferromagnetic layers are exchange coupled via
the spin lattice of the antiferromagnetic spacer. The observed dependence of the mag-
netization reversal on the thickness of the NiO spacer can by explained in terms of the
theoretical work of Xi and White on exchange coupled ferromagnetic layers separated
by an antiferromagnet [26]. In order to apply their theoretical findings to the results of
this work, a qualitative extension is needed. In contrast to their assumption that one
ferromagnetic layer is absolutely rigid, it has to be considered that both ferromagnetic
layers have different but finite rigidity in our case. In conclusion, it is inferred that
during the magnetization reversal of the trilayers the spins of the antiferromagnetic
spacer are twisted. The degree of twist depends on the thickness of the NiO layer. For
thin spacer layers (tNiO ≤ 10) nm the antiferromagnetic spins are very rigid and only a
small twist may form, resulting in a strong coupling between the ferromagnetic layers.
The maximum twist angle increases with increasing tNiO until a complete 180◦ domain
wall can be accommodated across the NiO spacer facilitating the observed antiparallel
configuration of the magnetization of the ferromagnetic layers for tNiO ≥ 40 nm.

The investigation of NiO-FeCoV films of the present work reveals interesting features,
which can be explained satisfactorily so far. Nevertheless, some outstanding questions
could not be addressed within this work. They are primarily on the influence of mi-
crostructure and thermal fluctuations on the magnetic properties of exchange biased
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thin films. The present investigation was focused to resolve the structure of the films
and their magnetization profile along the out-of-plane direction but a direct informa-
tion is lacking regarding the microstructure and magnetic domains in the plane of the
films.

Microstructural factors like grain size, strain, texture etc. are known to influence
magnetic properties of materials. In thin films, their values and distribution in the
plane play a significant role. The low coercivity of NiO/FeCoV bilayers may to some
extent originate from a particular microstructure of the FeCoV layers. Their mag-
netic anisotropy has been inferred as a net anisotropy in the distribution of strain.
The grain size of ferromagnets is also known to influence the coercivity [94]. In or-
der to characterize the in-plane microstructure additional experiments are envisaged.
Cross-sectional transmission electron microscopy would provide a direct image of the
cross-section of the films resolving the vertical layer structure and the lateral grain size
etc.. A challenge in these experiments is the extensive sample preparation. Lateral
grain size, strain and texture can be probed using X-ray grazing incident diffraction.
In principle, controlling the penetration of the X-ray via the incident angle of the beam
enables depth sensitivity [65]. Thus, it should be possible to distinguish the lateral mi-
crostructure of top and bottom FeCoV layers in the trilayers.

The reduced magnetic moment of the ferromagnetic layers during the magnetization
reversal, found from polarized neutron reflectivity data, indicates the formation of lat-
eral domains. Domain imaging techniques like magnetic force microscopy or Lorentz
microscopy would be desirable to trace local domain processes during the magnetiza-
tion reversal. A very powerful technique to explore magnetic domains, in particular
in buried layers, is off-specular polarized neutron reflectometry. In contrast to the
domain imaging techniques mentioned before, off-specular reflectometry combines ver-
tical and lateral sensitivity and provides information about the lateral size of domains
and their lateral and vertical correlation. Recently, we performed these experiments at
the reflectometer D17 at the Institut Laue-Langevin. Qualitatively, the results confirm
the findings of this work. A quantitative analysis is very complex and extensive and
presently beyond the scope of this work but aimed for future analysis.

X-ray resonant magnetic reflectometry is a well suited technique to probe the size
and orientation of magnetic moments taking advantage of its element selectivity. In
particular, X-ray Magnetic Linear Dichroism (XMLD) is sensitive to detect the devi-
ation of magnetic moments, especially adequate to probe the twist of the spins in the
antiferromagnetic spacer as inferred from the present investigations. Preliminary ex-
periments were performed at BESSY recently and a continuation of these is in progress
with the aim to trace directly the evolution of the antiferromagnetic spins during the
magnetization reversal of the ferromagnets.

The importance of thermal effects, especially the anisotropy and exchange stiffness
of the antiferromagnet, are visible from the magnetization measurements at room tem-
perature and 2 K. In general, NiO and FeCoV were chosen to combine two materials
with high ordering temperatures and high magnetic moments. It is expected that the
high Néel temperature of NiO leads also to a high blocking temperature up to which
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exchange bias will be observed. On the contrary, a reduction of the blocking temper-
ature has been observed when the ferromagnet has a high Curie temperature. Our
preliminary study of the blocking temperatures as a function of tNiO in bilayers and
trilayers also corroborate the idea of the formation of domain walls in the antiferromag-
net and is in agreement with the theoretical findings of Xi et. al. [109]. Theoretically,
it is argued that when the interfaced ferromagnet has a very high Curie temperature or
when the interfacial exchange is very strong, the blocking temperature of the exchange
biased system is much reduced relative to the Néel temperature of the antiferromag-
net. In such a case, high magnetic moment of FeCoV (2.35 µB), leading to a strong
interfacial exchange, combined with its very high Curie temperature (TC = 1223 K)
would eventually result in a dramatic reduction of the blocking temperature of the
FeCoV/NiO system.

In fact, our experimental results show that the blocking temperature of NiO/FeCoV
systems is below room temperature or around that and therefore much lower than the
Néel temperature of NiO. A detailed study of the temperature dependence of exchange
bias in NiO/FeCoV systems is foreseen to find the blocking temperature precisely and
to evaluate its dependence on the thickness of the NiO layer and other microstructural
factors. Nevertheless, it is inferred that the low blocking temperature is a consequence
of strong interfacial coupling and a relatively low anisotropy of NiO. Apparently, the
pinning of the NiO magnetic moments is rather weak at room temperature and the
rotation of the ferromagnetic moments assisted by thermal activation causes a irre-
versible rotation of the antiferromagnetic spins and therefore no exchange bias. In
contrast to that, a rigid antiferromagnet pinning a ferromagnetic layers is desired for
technical applications. Therefore, other combinations of materials may be better can-
didates for application. Regarding fundamental studies, NiO/FeCoV films are very
interesting because they constitute a combination of strong interfacial coupling and a
relative soft spin structure of the antiferromagnet, as demonstrated in this work.
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[48] M.S. Kumar and P. Böni. Influence of interstitial nitrogen on the structural and
magnetic properties of FeCoV/TiNx multilayers. J. Appl. Phys., 91:3750, 2002.
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