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Abstract

Since the discovery of the giant magnetoresistance (GMR) effect in metallic
magnetic multilayers and its industrial application in magnetic read heads, the
data storage density and reading speed of hard disks steadily increased. But now
the point is reached where conventional conductive multilayer structures suffer from
parasitic eddy currents which decrease the signal to noise ratio of the system. To
tackle this problem, new classes of materials have to be studied. One approach
is to introduce ultra thin oxide layers in a metallic iron structure to reduce the
conductivity while keeping a high net magnetization. This can be achieved by
alternating metal deposition and controlled oxidation to produce metal /metal-oxide
multilayers. However, the magnetic structure that forms in such multilayer is still
rather unexplored.

The aim of this work was to achieve a better understanding of the magnetic
structure that forms in such iron/native-oxide multilayers. For that purpose, x-ray
and neutron scattering experiments were carried out to determine the magnetic
structure and its evolution in ez-situ and in-situ experiments, respectively. It was
found that a non-collinear magnetic coupling appears between the metal layers,
which is mediated by the antiferromagnetically ordered oxide layer in between. The
use of isotope sensitive scattering techniques (namely nuclear resonant scattering
and neutron reflectometry) allowed to resolve the magnetic depth profile of the
system, showing that the buried oxide carries a net magnetic moment.

The chemical and magnetic structure of the buried oxide was studied by in-situ
x-ray absorption spectroscopy and nuclear resonant scattering. After oxidation,
the layer exhibits a mixture of different oxide phases and incorporates 10 to 15%
of Fe with metallic character. Upon deposition of only one atomic layer of metallic
Fe, the layer reduces to a single phase FeO-like oxide. This structural change
does not lead to a magnetically ordered oxide. Surprisingly, it is observed that
the magnetism in the oxide is stabilized only once the layer is covered by several
nanometer of Fe.

These findings lead to a comprehensive picture of the structure and magnetic
properties of the buried oxide, paving the way for tailored magnetic properties in
Fe/native-oxide systems. The results presented in this work lay the foundation for
further studies of this relatively unexplored class of systems.



Zusammenfassung

Die Entdeckung des GMR-effekts (engl. giant magneto resistance, deutsch
”Riesenmagnetowiderstand”) in magnetischen Vielfachschichten und seine indus-
trielle Anwendung in Magnetfeldlesekdpfen initiierte einen Prozess stetiger Erhohung
der Festplattenspeicherdichte und ihrer Auslesegeschwindigkeit. Doch dieser Prozess
kann durch konventionelle, elektrisch leitendende Vielfachschichtsysteme nicht be-
liebig fortgesetzt werden, da in diesen bereits heutezutage parasitate Wirbelstrome
eine signifikante Verschlechterung des Signal-Rausch-Verhéltnisses verursachen. Neue
Materialien werden gesucht, um diese Problemstellung zu 16sen. Ein Ansatz fundiert
auf der Verwendung von ultradiinnen Oxidschichten in einer metallischen Eisenumge-
bung/matrix, um die elektrische Leitfhigkeit abzusenken aber gleichzeitig eine hohe
Nettomagnetisierung zu erhalten. Dieses Prinzip kann relativ einfach durch die ab-
wechselnde Beschichtung von Metallschichten und ihre kontrollierte Oxidation real-
isiert werden. Obwohl die Funktionalitat einer solchen magnetischen Schichtstruk-
tur vor einiger Zeit gezeigt werden konnte wurde ihr allgemeines Magnetisierungs-
bzw. magnetisches Kopplungsverhalten nicht genauer erforscht.

Als wesentliches Ziel dieser Arbeit galt es, ein besseres Verstandnis tiber die all-
gemeine magnetisches Struktur in einer solchen Eisen /native-Eisenoxid Vielschicht-
struktur zu erlangen. Rontgen- und Neutronenstreuexperimente wurden diesbeziiglich
ez-situ und in-situ durchgefiithrt, um die magnetische Struktur und ihr feldabhéngiges
Verhalten zu bestimmen. Als ein erstes, wesentliches Ergebnis konnte eine nicht
kollineare, magnetische Kopplung der Metallschichten bestimmt werden, die durch
eine antiferromagnetische Struktur der Oxidschichten vermittelt wird. Des weiteren
offenbarte die Kombination beider Messmethoden das magnetische Tiefenprofil des
Systems und ein resultierendes magnetisches Moment des eingebetteten Eisenox-
ides.

Die chemische und die magnetische Struktur des eingebetteten Oxides wurde
mittels einer kombinierten Studie aus in-situ Rontgenabsorptionsspektroskopie und
(in-situ) Kernresonanzstreuung bestimmt. Diese ergab, dass die kontrollierte Ox-
idation einer Eisenschicht ein Gemisch aus unterschiedlichen Oxidphasen erzeugt,
das zusétzlich 10% bis 15% Einschliisse aus metallischem Eisen beinhaltet. Die
Auftragung einer diinnen Schicht aus metallischem Eisen reduziert nun die kom-
plette Oxidschicht zu einphasigem, FeO-artigem Oxid.

Diese experimentelle Beobachtung fiihrt zu einem umfassenden Bild tiber die
Struktur und die magnetischen Eigenschaften des eingebetten Oxides und zeigt
damit einen Weg um die magnetischen Eigenschaften der Eisen/native-Eisenoxid
Vielschichtstrukturen zu variieren beziehungsweise zu optimieren. Die Ergebnisse
dieser Arbeit konnen nicht als abgeschlossen gelten und sollten weitere Unter-
suchungen dieser Klasse von noch relativ unerforschten Systemen nach sich ziehen.
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Chapter 1

Introduction

In 2007, the nobel prize for physics was awarded to P. Griinberg and A. Fert
for their common discovery of the giant magnetoresistance (GMR) effect in the
late 80’s. Ten years later, the first giant magnetoresisitive read heads (based on
GMR effect) started to be used in consumer hard drive technology and enabled a
significant increase in the data storage density and reading speed.

The GMR effect is based on an interlayer magnetic coupling arising between
ferromagnetic layers separated by a few nanometer thick non-magnetic metallic
spacer layers. Because of the extremely small layer thicknesses involved, and the
intrinsically short ranged interactions, it is often said that GMR is one of the first
applications of nanotechnology research to large scale industrial production.

With the availability of high sensitivity and high frequency GMR read heads, a
great part of research has been devoted to the increase of the data storage density
by reducing the size of the magnetic bits on the disks. This led to a steady increase
of storage capacity over the last decade, going from magnetic domains magnetized
parallel to the disk plane to, more recently, out of plane magnetization. This
evolution was possible without significant changes of the GMR head technology.

However, with increasing magnetic bit packing density, the reading speed and
therefore the magnetic field switching frequency inside the read head is continu-
ously increasing. Following Lenz’s rule, variation of the magnetic field leads to the
appearance of parasitic eddy currents which can seriously decrease the signal to
noise ratio at high frequency. While a couple of actions can be taken to increase
the signal (e.g. reduce the head-surface distance or use higher magnetic moment
materials), it becomes particularly important to reduce the noise induced by the
eddy currents.

In that direction, Beach et al. [1, 2] have carried out a pioneering work, propos-
ing to use ferromagnetic layers embedding ultrathin oxide layers to prevent the for-
mation of eddy currents. They proposed to use a very simple preparation scheme
were nanometer thick oxide layers are prepared by controlled oxidation of a transi-
tion metal, effectively producing metal/native oxide (MNOM) multilayers. These
type of systems combine several advantages: The introduction of the native oxide
in the structure increases the resistivity (compared to a pure metallic layer) and

7



8 1 Introduction

effectively reduces the formation of eddy currents well into the gigahertz frequency
regime. One can also easily change the thickness of the metal layer to tune the
overall resistivity of the structure. It was also shown that such oxide layer carries
a net magnetic moment [3], which enables one to keep an overall high net magne-
tization of the multilayer. The proposed structure therefore allows to reduce the
resistivity without compromising the net magnetization.

However, Beach et al. did not consider possible magnetic coupling effects arising
between the magnetic metal and the magnetic oxide. Furthermore, they carried out
ex-situ studies, focusing on the layer integrated magnetic properties of the system.
The key information on how magnetism appears in the buried oxide is therefore
missing. These considerations triggered the study presented in this work. The aim
was to study in a layer resolved manner and in-situ the magnetic properties of the
buried oxide during its formation using the isotope sensitive technique of nuclear
resonant scattering (NRS) of synchrotron radiation. It soon turned out that the
presence of magnetism in both metal and oxide layers leads to the appearance of
strong magnetic coupling effects between the adjacent layers. From there on, the
study aimed at a quantitative and direct resolution of the composition of the free
and buried native oxide by in-situ x-ray absorption spectroscopy. Surprisingly, this
study showed that the native oxide adopts a single phase FeO-like structure upon
deposition of Fe on its free surface. This crucial knowledge then allowed to better
understand the magnetic transition observed in the oxide. The rest of the work was
devoted to the study of the interaction between the metal and the adjacent oxide.
For that purpose, a layer resolved magnetic study of Fe/Fe-oxide multilayers was
carried out by combining the two isotope sensitive techniques of NRS and polarized
neutron reflectometry (PNR).

1.1 Outline

This thesis is organized around four articles published in peer reviewed journals.
The first three chapters of this work are meant to provide a basic background
on the effects discussed in the articles, together with a review of the state-of-the-
art knowledge on such magnetic multilayers. The first chapter gives a general
overview on magnetic coupling phenomena arising in thin films and multilayered
structures. A special emphasis is given on the different interlayer magnetic coupling
effects appearing between separated magnetic layers. The second chapter is a brief
introduction on the experimental techniques used in the course of this study. The
common basis for the theoretical description of grazing incidence NRS and PNR
techniques should allow the reader to understand the similarities and particularities
of both techniques for the study of magnetic thin films. The third chapter gives an
introduction to the science of the oxidation of iron surfaces. Chapter 5 deals with a
discussion of the typical structure of metal/oxide multilayers, as determined within
this work. Chapter 6 and 7 summarize the results obtained and complements the
articles with additional results. These give the reader a deeper insight in all the
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findings related to this thesis. While the first four chapters can be read stand-alone,
it is recommended to read the articles before reading chapters 6 and 7, as a great
part of the arguments presented are supported by the articles.

1.2 List of published articles

The results of this works are summarized in four peer reviewed articles. A reprint
of these manuscripts is given at the end of the present work. These papers are
directly related to the study of Fe/native-oxide multilayers. They will be referenced
throughout this manuscript by their bold roman number.

e Paper I: S. Couet, Th. Diederich, K. Schlage, R. Rohlsberger, Rev. Sci.
Instrum. 79, 093908 (2008)
A compact UHV deposition system for in-situ study of ultrathin films via hard
x-ray scattering and spectroscopy
Copyright 2008, American Institute of Physics

e Paper II: Th. Diederich, S. Couet, R. Rohlsberger, Phys. Rev. B 76,
054401 (2007)
Non collinear coupling of iron layers through native iron oxide spacer layer
Copyright 2007 by the American Physical Society

e Paper III: S. Couet, K. Schlage, K. Saksl, R. Rohlsberger, Phys. Rev.
Lett. 101, 056101 (2008)
How metallic Fe controls the composition of its native oxide
Copyright 2008 by the American Physical Society

e Paper IV: §S. Couet, K. Schlage, Th. Diederich, R. Riiffer, K. Theis-Brohl,
K. Zhernenkov, B. Toperverg, H. Zabel, R. Rohlsberger, New Journal of
physics, accepted (2008)

The magnetic structure of coupled Fe/FeO multilayers revealed by nuclear

resonant and neutron scattering methods
Copyright Institute of Physics and IOP Publishing Limited 2006



10

1 Introduction




Chapter 2

Magnetic properties of
multilayered structures

The magnetic interactions and coupling phenomena that appear in thin magnetic
films are intrinsically short ranged. Exchange coupling is a direct interaction which
determines how neighboring magnetic atoms will arrange relative to each other. In
the case of compounds like FeO, indirect superexchange interaction can lead to
an antiferromagnetic order between magnetic atoms separated by a diamagnetic
anion. In magnetic multilayers, there exist various interlayer coupling mechanisms
(RKKY type, orange peel, pinhole) which can effectively stabilize a magnetic struc-
ture over distances of several nanometers. In this chapter, a review of the relevant
coupling mechanisms appearing in magnetic multilayers is presented. The chap-
ter is organized in a "bottom up” approach, starting with the short range direct
exchange interaction and ending with a review of the different long range inter-
layer coupling schemes relevant for this study. Emphasis is given on the magnetic
coupling behavior in the case of non-metallic spacer layers, as it is the case for
Fe/Fe-oxide multilayers.

2.1 Exchange interaction

The first step towards interatomic magnetic correlations is to understand the origin
of the atomic magnetic moment, which is determined by the atom’s electronic shell
configuration. In principle, each electron of an atom carries a magnetic moment g
which is the vectorial sum of two terms: the orbital magnetic moment ;© and the
spin magnetic moment p°. Each are related to the corresponding orbital (/) and
spin (s) momentum of the electron. The projection of these magnetic moments
on a reference z-axis (which can be for example defined by applying an external
magnetic field) yields distinctive values for each electron in an orbital:

eh eh
pe =g —mospl = s, (2.1)

11



12 2 Magnetic properties of multilayered structures

where the magnetic quantum number m takes an integer value with —l < m <[
and the spin quantum number s = :I:%. m. is the electron mass and A the reduced
Planck constant. The value 2?;;: is called the Bohr magneton pp and is the smallest
magnetic moment quanta an electron can possess.

According to Pauli’s exclusion principle, two electrons cannot have the same
quantum numbers. An electronic shell will be complete (or closed) when all the
possible values of m and s are occupied by the electrons. Following the above
relations, such closed electronic shells will not contribute to the intrinsic magnetic
moment of the atom because all the individual orbital and spin momenta of the
electrons are compensated.

In an open shell, the electrons fill the energy levels following Hund’s rules in
order to maximize the total moment of the orbital. This results in a decreasing
magnetic moment per atom for the 3d transition metal series Fe (3d®, 2.2 ug), Co
(3d7, 1.7 up) and Ni (3d®, 0.5 up). The non integer value of the magnetic moment
is due to the band mixing of the 3d and 4s electron band (which results in a non
integer value of the number of electrons in the d band).

The above mentioned electronic structure can be used to describe the ground
state of most atoms. However, this configuration is modified by the presence of
neighboring atoms. For example, a two electron system such as the Hy molecule
possess (in its ground state) two possible configurations with the two electron spins
aligned either parallel or antiparallel. There exists an energy difference between
these two states which is called the exchange energy. This energy term arises as an
additional contribution to the pure electrostatic Coulomb interaction and is directly
due to the fact that the two electron wavefunctions have to be antisymmetric upon
exchange of the electrons. The corresponding exchange Hamiltonian is defined by

H=-2J;8;-8, (2.2)

where J;; is the exchange integral between the two electron wavefunctions having
the spin matrices S; and S;. If J;; is positive, the two spins will align parallel.
In the case of the Hy molecule, J;; is negative and an antiparallel alignment of
the two spins is favored. Because J;; will take measurable values only when the
electronic wavefunctions are overlapping, the exchange interaction is intrinsically
short ranged and affects only nearest neighbor atoms.

Morrish [4] gives an interesting qualitative analysis of the value of J;; as a func-
tion of the distance between the two nuclei. As depicted in Fig.2.1, J;; takes
positive values (ferromagnetic coupling) for large interatomic distances compared
to the extent of the electron wavefunction. These conditions are in fact usually
met for open d and f electron shells, like the 3d shell of Fe. Because of the short
range of the exchange interaction, a Hamiltonian of the form of equation (2.2) can
sometimes be used to describe system of many spins where a sum of all individ-
ual nearest neighbor spin interaction is calculated. This is particularly useful to
perform numerical calculation of the magnetic ground state of such systems. A
system obeying this simple Heisenberg Hamiltonian is usually referred to has a an
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Figure 2.1: Qualitative evolution

/\ of the exchange integral J;; as a

/ Tab function of the interatomic dis-

Jp —
o

tance rq. Reproduced from [4].

Heisenberg spin system.

However, most of the ferromagnetic materials are conductive metals. The lo-
calized exchange interaction model presented above can obviously not be applied
to itinerant electrons. Instead, a band model of the ferromagnetism has to be
developed, which is briefly outlined hereafter.

In a metal at 0K, all the electronic levels are filled up to the Fermi level.
When an external magnetic field B is applied to a paramagnetic material, the
band structure for spins parallel or antiparallel to the external field is modified.
The parallel (antiparallel) band gains (looses) an energy equal to puB, where p is
the magnetic moment of the atoms. The band structure changes accordingly to
keep the equilibrium of the Fermi level. The result is an excess of electrons aligned
parallel to the external magnetic field. A net magnetization is observed.

For ferromagnetic materials, the exchange interaction can be represented as an
effective field which polarizes the conduction electrons of the metal and creates a
majority spin band. The itinerant electrons act on each individual atom to align
their magnetic moment in a similar way as the localized exchange interaction would
do. Above a certain temperature T, (the Curie temperature), collective ferromag-
netism breaks down because the gain in exchange energy becomes smaller than
the thermal energy of the electrons. Above T,, the material has a paramagnetic
behavior, so that a net magnetization will appear only if an external magnetic field
is applied.

2.2 Superexchange

It is often found that the transition metal monoxide compounds like FeO, CoO and
NiO possess an antiferromagnetic ground state. In such material, the magnetic ions
are separated by a diamagnetic anion and there is virtually no overlap of the 3d
wavefunctions. As discussed in the previous section, this prevents direct exchange
coupling between the magnetic ions.

Anderson [5] reported for the first time a model which accounts for the observed
antiferromagnetic coupling in transition metal monoxides. He postulated the co-
existence of two states for the metal-oxygen-metal system: The ionic state (no
electron transfer) and the excited state where one electron from the p orbital of
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a) lonic configuration b) “Excited” configuration

Spin quantum 1 _
number S 0 S St +

Figure 2.2: Schematic picture of Anderson’s electron transfer model of superex-
change for the FeO system. In the excited state, an electron transfer from the O
2p orbital to one of the 3d orbitals of Fe is achieved. This leads to an effective spin
polarization of the O 2p orbital which is antiparallel to the excited 3d orbital.

the anion is transfered to a free d orbital of the magnetic ion, as shown on Fig. 2.2
for the case of FeO. The result is an effective spin polarization of the p orbital
which is antiparallel to the d orbital. Because the p orbitals overlap the d wave
functions of both magnetic ions, an effective antiferromagnetic coupling between
the separated magnetic elements is achieved. The coupling depends crucially on
the overlap between the different wavefunctions, and precise calculations of the
superexchange effect need to take into account the shape and orientation of each
orbital (for a recent review, see [6]). Superexchange therefore also depends on the
local geometry in a crystalline material.

In a further development of the superexchange mechanism [7], Anderson demon-
strated that superexchange can be efficiently described by a similar Hamiltonian
as for the direct exchange case. The main difference is that the antiparallel spin
configuration lowers the total energy of the system. Antiferromagnetic coupling is
favored when the effective coupling constant Jgg is positive.

It should be noted that another condition for the occurrence of superexchange
is that the material behaves as a ”poor conductor”, i.e. that the electrons remain
localized around their original orbitals. This is in fact the case for the transition
metal monoxides MnO, FeO, CoO and NiO. In these systems, superexchange leads
to a long range antiferromagnetic coupling of magnetic ions mediated by the oxygen
2p orbital. The system is characterized by its Néel temperature Ty above which
the antiferromagnetic order disappears.

2.3 Magnetic anisotropy

Ferromagnetic materials often exhibit an intrinsic easy azis of magnetization (along
which spontaneous magnetization occurs) and a hard axis of magnetization (where
an external field has to be applied to align the magnetization). This magnetic
anisotropy is of great importance in thin films, both from technological and fun-
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damental interest, as it allows the system to adopt a well defined magnetic state,
even in the absence of an external field (remanence). The next paragraphs briefly
review the most important contributions to magnetic anisotropy in thin films. A
detailed overview of theoretical models as well as comparisons with experimental
findings can be found in review articles[8, 9].

Microscopically, the two main sources of magnetic anisotropy arise from the
dipolar interaction and the spin-orbit coupling. The long range character of the
dipolar interaction results in a contribution which depends on the shape of the spec-
imen and leads to a so-called shape anisotropy in thin films. In a ferromagnetic
sample, the dipolar interaction can be described by an anisotropic demagnetizing
field H; = —N'M where M is the magnetization vector and A the demagnetiz-
ing tensor. In a thin film, all tensor elements are zero except for the direction
perpendicular to the plane: N | = 1.

Since the magnetostatic energy can be expressed as:

L
E;j=—— | M- -H, 2.
d QV/ ddU ( 3)
|4

where p is the permeability of vacuum, it results in an anisotropy energy contri-
bution per unit volume of a film:

Ey= %quf cos *a (2.4)
where M, is the saturation magnetization and « the angle between the magneti-
zation and the film normal. This results in a preferred in-plane alignment of the
magnetization for thin films. As it is discussed below, other terms appear in the
anistropy energy in the case of ultrathin films.

In a crystalline material and in the absence of spin-orbit interaction, the energy
of the electrons is independent of the magnetization direction. In fact, the spin-
orbit interaction couples the spin to the orbit of the electrons, which is itself coupled
to the crystal lattice. This results in a total electron energy which depends on the
relative orientation of the magnetization compared to the lattice. The easy and
hard axis of magnetization in bulk materials therefore reflects the crystal symmetry.
This is the magneto-crystalline anisotropy contribution.

The lowered symmetry at an interface strongly modifies this magneto-crystalline
contribution, and leads to a so called interface anisotropy. In ultrathin films, the
proportion of interface anisotropy can overcome the ”bulk” magneto-crystalline
anisotropy. This can induce for example a transition from parallel to perpendicular
to the film plane easy axis of magnetization.

Another contribution is the magneto-elastic anisotropy which is due to stress or
strain in the material. It can have important effect in the case of epitaxially grown
multilayers, where a lattice mismatch can introduce large strain at the interface.
In particular, strain can lead to a reorientation of the film magnetization near the
interface.
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In polycrystalline materials, there are usually no strong strain fields, and the
magneto-elastic anisotropy is neligible. The magneto-crystalline anisotropy is aver-
aged due to the random distributions of grain orientations. However, it can play a
significant role in the case of textured samples (preferred orientation of the grains).
A uniaxial anisotropy (due to any one of the above mentioned contributions) can
usually be represented by a unidirectional anisotropy term in the total energy cal-
culation of the system:

E, = K,sin?p (2.5)

where ¢ is the angle between the magnetization and the anisotropy axis. K,
is the anisotropy constant whose value accounts for the strength of the uniaxial
anisotropy.

2.4 Interlayer coupling

The discovery of the superexchange mechanism more than 50 years ago demon-
strated that magnetic interactions can propagate across non magnetic elements in
poorly conducting oxides. In 1986, Griinberg et al.[10] reported for the first time
the occurrence of antiferromagnetic (AFM) coupling of Fe layers separated by a
thin Cr spacer layer. This discovery demonstrated that strong magnetic coupling
can effectively occur over larger distances.

Bilinear-biquadratic coupling

The discovery of AFM coupling in Fe/Cr multilayer triggered an enormous interest
for multilayers consisting of magnetic layers separated by non magnetic metallic
spacers. Parkin et al. [12] later generalized the results to other metallic multilayer
systems like Co/Ru and Co/Cr. They additionally observed an oscillatory be-
havior of the magnetic coupling (either ferromagnetic or antiferromagnetic) which
depended on the spacer thickness.

The coupling energy density of such multilayer system is usually described by
the following phenomenological equation:

Ep = —J,cos0 + Jycos?0 (2.6)

where 6 is the angle between the magnetic moment of the adjacent magnetic layers.
Jp is the bilinear coupling constant which relates to pure ferromagnetic (J; > 0)
or antiferromagnetic (J; < 0) coupling. As shown on Fig.2.3a, its magnitude
oscillates from positive to negative values depending on the spacer layer thickness
and results in a corresponding oscillation of the effective coupling, as depicted on
Figs.2.3b and c. J; is the biquadratic coupling constant which was introduced to
account for the orthogonal (90°) arrangement of adjacent magnetic layers observed
in some systems [11].

Numerous models have been used to describe the observed coupling behavior
(reviews on this topic can be found in reference [14, 15, 16]). The usual theory
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J, (arb. units)

Figure 2.3: a) Spacer thickness dependence of the bilinear coupling constant .J;
according to the RKKY model. b) J; < 0: Antiferromagnetic coupling is favored.
c¢) J; > 0: Ferromagnetic coupling is favored. d) In the case that J; is closed to
zero, the short period oscillation of the bilinear coupling coupled with the roughness
of the interfaces leads to measurable value of J; and orthogonal coupling is favored.

is very similar to the Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect exchange
interaction. According to this model, the long range magnetic coupling arises
from the polarization of the conduction electrons in the spacer layer due to the
direct contact with the localized spins of the magnetic layer. The oscillations of
J1 with the spacer thickness is due to the creation of polarized electron standing
waves in the spacer layer for certain thicknesses. However, the oscillation periods
derived from the RKKY model are usually much smaller than what is observed
experimentally. In fact, while the RKKY oscillation period is valid for a continuum
spacer, the discreteness of the atomic steps leads to an effective oscillation period
which is larger than in the continuum case. This phenomenon was described as a
kind of aliasing effect [17]. The model accounts for the observed oscillation period
of Jy, which is found to be around 1 nm for most metallic systems.

Additionally to that long period oscillation, a short period (around 2 atomic
layer) oscillation is also present. Its effect is usually small or statistically canceled
out due to the roughness of the interfaces. However, studies have shown [11, 18] that
when J; is small, the spin frustration induced by the lateral variation of the fast
oscillating bilinear coupling can favor the orthogonal arrangement of the adjacent
magnetic moments, as depicted in Fig. 2.3d, and leads to measurable value of J;.



18 2 Magnetic properties of multilayered structures

a) AFM coupling b) FM coupling ¢) 90° coupling

FM

AFM

FM

Figure 2.4: Schematic view of the magnetic coupling of two ferromagnetic layers
separated by an antiferromagnetic spacer. a) and b) In the case of an even (odd)
number of atomic planes in the AFM, an antiparallel (parallel) alignment is fa-
vored. ¢) In a real system with roughness, statistical variations of the AFM spacer

thickness leads to an orthogonal arrangement of the magnetic moment of adjacent
FM layers.

Proximity magnetism

The RKKY model describes the interlayer magnetic coupling of metallic multi-
layers. This mechanism relies on the interaction of localized spins with itinerant
electrons and therefore requires a non-magnetic conductive spacer layer. However,
many magnetic multilayer systems have a spacer layer which can possess some
magnetic order (Mn,Cr) or even be completely antiferromagnetically ordered and
poorly conducting (like a transition metal monoxide spacer). In the case that
the spacer layer is antiferromagnetically ordered, a completely different coupling
mechanism takes place. To describe such systems, Slonzcewski [16] developed the
proximity magnetism model, which describes the case of ferromagnetic layers sep-
arated by an antiferromagnetic spacer layer. In contrast to the RKKY interaction,
it is a direct coupling mechanism which is mediated by exchange coupling at the
FM/AFM interfaces. The magnetic coupling is transmitted from one FM to the
next through the AFM with the condition that direct exchange (ferromagnetic)
coupling is achieved at both interfaces. For perfectly flat interfaces, this would
lead either to ferromagnetic or antiferromagnetic coupling, depending on the num-
ber of AFM planes between the ferromagnets, as shown on Figs. 2.4a and b. Real
systems usually exhibit some roughness at the interfaces which leads to statistical
variation of the AFM spacer thickness. The induced spin frustration leads to the
stabilization of a 90° coupling angle, as depicted on Fig. 2.4c.

It is interesting to note the similarity between Figs. 2.3d and 2.4c. In both cases,
a 90° coupling in remanence occurs due to statistical interface roughness. However
the coupling is mediated by a completely different mechanism. It is the result of
lateral variation of the indirect RKKY interlayer coupling in the first case while
it is due to interface coupling between two magnetic materials in the second case.
As it will be shown later, this results in a different response of the coupled spin
system to an external magnetic field.
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a) Nagy = 7 b) Nppy = 6

~~ Bottom FM -
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Figure 2.5: Two examples of possible twist structures in the AFM spacer layer
when the magnetic moments of the surrounding metal layers are constrained to be
orthogonal. Depending on the number of AFM atomic planes (odd or even), the
rotation will occur clockwise or counterclockwise.

The phenomenological equation of the coupling energy density in the case of
proximity magnetism can be written as:

Ep=0C.0°+C_(0— ) (2.7)

where 6 is the angle between adjacent magnetic layers. C'y and C_ are the coupling
constants associated with ferromagnetic or antiferromagnetic coupling, respectively.
It is easily seen that in the case of statistical variations of the layer thickness
(leading to an equal proportion of even and odd number of AFM planes), C'; and
C_ are equal and the coupling angle is 90°. In paper IV I derive an expression for
the energy minimum of such coupled systems. It is worth noting that the coupling
angle in remanence is determined only by the ratio of the two coupling constants:

C, w—40 ) g T
a— 0 1.€. —1+&

(2.8)

The orthogonal arrangement of the FM magnetic moments results in a twist
in the AFM with different chirality for the even and odd number of AFM planes.
This effect is discussed in paper IV and illustrated here in Fig. 2.5. In the original
paper from Slonzcewski, it is assumed that the interfacial coupling between the
ferromagnet and the antiferromagnet is large and no anisotropy is assumed for
the AFM. Xi et al. [19] proposed an extended version of the proximity magnetism
model which takes into account the finite value of the interfacial exchange coupling
and the AFM thickness. One of the results is that compared to Fig. 2.5, the AFM
twist is also allowed to have different rotation angle between each AFM planes. An
effect which can be of importance when the thickness of the AFM becomes larger.
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a) Néel coupling b) Pinhole

FM

NM

FM

Figure 2.6: Schematic representation of possible coupling arising between two fer-
romagnetic (FM) layers separated by a non magnetic (NM) spacer. a) Néel (orange
peel) dipolar coupling due to the correlated roughness of the layer stack. Magnetic
dipoles appear within the FM layers due to the waviness of the interface. These
dipoles can couple to local dipoles in the second FM layer through dipolar interac-
tion, which favors FM coupling. b) Pinhole coupling induced by a ferromagnetic
bridge in the spacer layer.

Other coupling mechanisms

While the two above mentioned coupling terms are usually dominant, several other
mechanisms can influence the observed coupling properties.

Néel [20] introduced for the first time the possibility of direct dipolar magnetic
interactions between two infinite ferromagnetic layers separated by a non magnetic
spacer. According to this model, local dipoles are created at the interfaces due
to roughness. In the case of correlated roughness between the two interfaces, a
long range dipolar interaction can appear which favors a parallel alignment of the
two ferromagnetic layers, as depicted in Fig.2.6a. Because this type of coupling
is due to the "waviness” of the interfaces, it is often referred to as orange peel
coupling. The above conclusions were recently generalized to finite layer thickness,
with practical applications to spin valve systems[21]. The energy associated with
this dipolar interaction is usually small compared to the other type of interlayer
coupling and is mainly used as a minor correction to the observed magnetic behavior
of a multilayer system.

Another source of perturbation arises from what is called ferromagnetic pin-
holes. Due to the intrinsically small thickness of the spacer layer (usually around
onenm), defects or inhomogeneities in the spacer can lead to a discontinuity of
the layer. In that case, it is possible to form a ferromagnetic bridge between the
two magnetic layers which can influence greatly the overall interlayer coupling, as
depicted in Fig.2.6b. Fulghum et al.[22] have shown that the area influenced by
a ferromagnetic pinhole can be as large as 100 times the area of the pinhole itself.
This effect can therefore become critical in the case of sub-nanometer thick spacer
layers.

Because these effects both favor ferromagnetic coupling, they are usually con-
sidered as parasitic effects in antiferromagnetically coupled multilayers.



2.5 Total energy calculation 21

2.5 Total energy calculation

One of the most important property of a magnetic multilayer is its response to an
externally applied magnetic field, which is usually characterized by its hysteresis
(or magnetization) curve.

The determination of magnetic spin structure of a multilayer is usually carried
out by calculating the minimum of the total energy of the system. For that purpose,
the magnetic multilayer is subdivided in N layers. The system is then considered
as a one dimensional spin chain and each layer is represented by its macroscopic
magnetic moment|23]. One has to sum all the magnetic contributions to the total
energy of the system and find the spin configuration which minimizes this energy in
a given external magnetic field. In the case of thin layers constrained to an in-plane
magnetization, it is usually done by finding the minimum of the derivative 0E /00,
where 6; is the angle of the magnetization in each layer, relative to the external
field.

Summarizing the results of the previous sections, one can write the total energy
of a polycrystalline multilayer system consisting of N ferromagnetic layers (sepa-
rated by spacer layers) of thickness d, in the case of uniaxial in-plane anisotropy
K; and bilinear-biquadratic interlayer coupling .J; and J, respectively:

N-1

N N-1
> K i)d— Jy Y ritemia ey (1 mi)? (2.9)
=1

i=1 =1

DO | —

N
EN:ﬁ-Zmid+
=1

m; are the magnetization vectors of each layer, 7 is a unit vector pointing in
the direction of the easy axis and H the externally applied magnetic field. The
first term of the equation is called the Zeeman energy term and accounts for the
influence of the external magnetic field on the system. The second terms describes
the influence of the uniaxial anisotropy and the last two terms describe the bilinear
and biquadratic interlayer coupling. For each field value, the spin configuration is
determined numerically by finding the energy minimum of the spin system. This
type of procedure can be used for example to reproduce experimental magnetization
curves. In particular, a fit of a magnetization curve using the above equation will
not only yield the evolution of the spin configuration, but can also be used to
extract the values of anisotropy or coupling constants [24].

In the following paragraph, the formalism is applied to the example of a trilayer
system (two ferromagnets separated by one spacer layer). This is used to compare
the evolution of the spin configuration if the system is coupled either through a
biquadratic interaction or a proximity magnetism interaction (the case of an AFM
spacer). The layers are assumed to possess a uniaxial anisotropy. The total energy
of the coupled spins for the biquadratic interaction can be written as:

- 1
EQB =H- (Tﬁl + Tﬁg)d -+ EKU(SiIl291 + Sin292)d + JQ(Tﬁl . Tﬁé)Z (210)

where 6, and 6, are the angles of the first and second layer magnetization
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Figure 2.7: Simulated evolution of a trilayer spin structure in an external field
for biquadratic coupling and proximity magnetism coupling. a) Evolution of the
coupling angle. b) Evolution of the net magnetization parallel to the external field.
The curves show distinctive behavior for the two types of coupling.

orientation relative to the uniaxial anisotropy. A similar equation can be written
for the case of proximity magnetism:

a 1
EQP = H . (Tﬁl -+ 7ﬁ2)d + §Ku(sin291 + Sin262)d + C+(92 + C,(Q — 7T)2 (211)

where 6 is the angle between the two adjacent ferromagnetic layers.

In order to understand how the different coupling mechanisms influence the
magnetic structure of the system in an external field, the total energy of the spin
system is calculated using equations(2.10) and (2.11). The simulated system is
composed of two 2nm thick Fe layers separated by a spacer. The external field is
applied perpendicular to the axis of the uniaxial anisotropy. C'y and C'_ are chosen
to be equal (to induce a 90° coupling in remanence) with a value Cy, = C_ =
0.1erg/cm?. These values are typical from what is observed experimentally [25].
The biquadratic coupling constant is chosen to J, = 0.5erg/cm?, a value which
leads to comparable field dependence as for the proximity magnetism model (C
and C_ being fixed to experimentally measured values). The coupling angle and
the net magnetization as a function of the external magnetic field are determined
by finding the energy minimum for each field value.

The results are plotted on Fig. 2.7 where clear differences are seen between the
two coupling mechanisms. For the biquadratic coupling, a "cut off” appears at
relatively low fields (the value of which depends on the coupling strength) where
the moments align parallel to the external field. Proximity magnetism leads to an
asymptotic decrease of the canting angle, which would theoretically vanish only
at infinitely high fields. The remanent coupling angle is fixed by the ratio of C'
and C_. The absolute values of these constants are determined by the strength of
the interface exchange coupling between the ferromagnet and the antiferromagnet.
Higher values will lead to higher coupling angle in high field. Measuring the evo-
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lution of the coupling angle as a function of the external field can therefore yield
useful information regarding the interfacial interactions.

The evolution of the net magnetization along the magnetic field axis is plotted
in Fig. 2.7. The two curves exhibit different shapes upon reaching saturation. This
can therefore be used to distinguish between the two types of coupling via simple
magnetometry experiments.
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Chapter 3

Experimental techniques

In the present work, grazing incidence nuclear resonant scattering (GI-NRS) and
polarized neutron reflectometry (PNR) were combined to resolve the magnetic
structure of Fe/Fe-oxide multilayers in a layer specific manner. Because of their
isotopic sensitivity, these two techniques are well suited to study systems where the
same magnetic element is present in both types of layers. As it is shown in Paper
IV, the two methods complement themselves ideally in this case, when isotopic
probe layers are placed at selected positions in the layer structure.

In this chapter, the scattering formalism of grazing incidence nuclear resonant
and neutron scattering is outlined, emphasizing their common basis. Later on,
the specificity of both techniques to probe the structure of magnetic multilayers
is described, giving the reader the opportunity to better appreciate how these two
techniques can be combined to resolve the complex magnetic structure of Fe/Fe-
oxide multilayers. The last section of this chapter gives a brief introduction on
hard x-ray absorption spectroscopy. This technique is a powerful element specific
probe of the chemistry and local order of atoms in matter. It played a central part
in this study, enabling to resolve in-situ the chemistry of the buried oxide layer
that appears in our system.

3.1 Propagation of x-rays in matter

This section summarizes the theoretical description of grazing incidence reflectivity
from a multilayered medium. It is meant to give the basic formalism common
to x-ray reflectivity, nuclear resonant reflectivity and neutron reflectivity. The
theory will therefore be derived for the general scattering case before the particular
scattering amplitude, specific to each methods, is discussed.

Forward scattering

In the special case of forward scattering of x-rays (or neutrons), the optical prop-
erties of solid do not depend on the microscopic arrangement of the scatterers, but
are uniquely determined by the properties of the constituting atoms. In the case

25
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that the internal state of the scattering system is not modified during the scattering
process, the discrete ensemble of scatterers can be approximated by a continuous
medium having an effective index of refraction n:

27
n:1+i%2;mmﬁ (3.1)

where kg is the wavenumber of the radiation. M, is the coherent forward scattering
length of the ¢th atom of number density p;. The sum runs over all atoms in the
scattering volume. The amplitude in depth z of a slab of material is given by the
expression:

A(z) = ez A (3.2)

In this formula, n is a scalar. It can be extended to take into account the case of
anisotropic medium where the index of refraction is dependent on the polarization
state of the light. In this case n (and M;) becomes a 2x2 matrix. It should be noted
that the specificity related to each type of scattering process (x-ray, neutron,. .. )
involved is all contained in the M;. The particular form of M for NFS or PNR
will be developed in a later section of this chapter.

Grazing incidence scattering of x-rays and neutrons can be treated in the for-
ward scattering approximation but has to be treated as a two-beam case of x-ray
diffraction. The basic formalism is described in the following subsection and further
applied to x-ray (electronic and nuclear) as well as neutron scattering.

Reflection from stratified media

The dynamical theory of x-ray scattering is used to calculate the field amplitudes
in all open scattering channels of a given scattering geometry. In the case of a
homogeneous medium, the wave field amplitude in all the open scattering channels
can be described by an equation having a similar form as equation (3.2):

A(z) = eFZA(0) (3.3)

where F' is the propagation matrix. The dimensions of F' and A(z) are determined
by the number of available scattering channels. For example in the case of forward
scattering only one channel is open (forward transmitted). It is interesting to
note that equation (3.3) has a similar form as equation (3.2). For that reason,
x-ray reflection can be treated in the forward scattering approximation with the
propagation matrix F' replacing the index of refraction n.

This formalism can be applied to the case of grazing incidence reflection from
a stratified medium. In that case there are two scattering channels open at each
boundary: the forward transmitted (A, ) and the specular reflected (A_) channels,
as depicted in Fig.3.1. F will therefore be a 4x4 matrix (to take into account the
different polarization state). In a single layer i, the field amplitude A(z) at depth
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Figure 3.1: Scattering geometry and
field amplitudes for the case of graz-
ing incidence reflection from a n layer
medium.
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z is related to the field amplitude at the surface A(0) by:
A(z) = eFi# A(0) = L;i(2)A(0) (3.4)

where the matrix exponential defines the 4x4 layer matrix L;(z) of layer i. The
propagation matrix F' takes the form:

_ f + ka f
(T ) (39)
and f is given by: )
. k: > Mg (3.6)

where kg, is the unity matrix multiplied by k., the component of the incident wave
vector perpendicular to the surface. f is the 2 x 2 forward scattering matrix. In the
case of a multilayer of n layers, the field amplitude in depth z of the sample (located
in the ith layer) is given by the product of the corresponding layer matrices:

In the case of grazing incidence reflection, this equation can be solved analytically.
It is convenient to write the solution of this problem in the system of eigenpolar-
izations of the sample. In this case the 4x4 scattering (F') and propagation (L)
matrices can each be decomposed into two 2x2 matrices. In the following, the
expression for the layer matrix Ly is given for one eigenpolarization state:

; L /1 r ez () 1 rp) 1
_ iFz __ il 01 ) 10 i
Ll(z) =€ - t01 (r()l 1 ) ( 0 e—zklzz) (7,,10 1 ) tlo (38)

where ki, is the z-component of the wavevector in the layer, which is related to
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the z-component of the incident wavector by :

2
ki =ko:1 with (1 =4/1+ kfl (3.9)
0z

The r;; and t;; are the Fresnel reflection and transmission coefficients of the bound-
ary between layer i and j respectively:

Bi — B
rij = 5.1 5, and t;; = Gt 7 (3.10)
Using these expressions for the layer matrix and applying proper boundary con-
ditions, one can calculate the reflected intensity from a multilayer structure using
equation (3.7). The equation can then be solved for each value of kg, (i.e for each
incident angle) to calculate a full reflectivity curve.

So far, no assumption has been made regarding the nature of the incident radi-
ation and its interaction with matter. The formalism is therefore valid for grazing
incidence x-ray and neutron scattering. In the following section, the peculiarity
of the scattering process involved in x-ray reflectivity, grazing incidence nuclear
resonant scattering and polarized neutron reflectometry are discussed. All these
particular effects will be described by the energy and polarization dependent co-
herent scattering length M.

20;

3.2 Electronic x-ray reflectivity

Conventional x-ray reflectivity relies on interactions of the incoming photon with
the electrons of the material. The electronic scattering length F(w) is given by:

[E(w)]w = (€, &) |—Zro+ if—;ot(w) (3.11)
where €, and €, are the basis vector of the polarization basis used to describe the
scattering process. Z is the atomic number of the material, ry the classical electron
radius and o;(w) the total absorption cross section.

Away from elemental absorption edges, the electronic scattering length F(w)
increases linearly with the atomic number of the scattering material. This leads
to a material dependent propagation of the x-ray in matter. Near the absorption
edge however, the scattering length is modified and corrections have to be made
to the above formula (Holn corrections) [26]. For that reason, x-ray reflectivity
experiments are usually carried out at energies which are far from any absorption
edges of the element present in the investigated system. In a grazing incidence
reflectivity experiment, the reflected intensity as a function of the incidence angle
will depend on the thickness, density, and atomic number of the reflecting layers.
The technique can therefore provide contrast between layers of different density or
composition.
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Figure 3.2: Simulated x-ray reflectivity curve of a Si/[Fe(2nm)/FeO(1nm)];5/Al
superlattice. Bragg peak appears at positions given by Bragg’s law nA = 2dsin 6,
where d is the period of the superlattice. The incident x-ray has a wavelength of
1A which is equivalent to an energy of 12.4keV.

In a x-ray reflectivity experiment, the intensity of the specularly reflected x-ray
beam is measured as a function of the incident angle. In the case of a periodic
multilayer structure (superlattice), this leads to the appearance of Bragg peaks at
angles defined by Bragg’s law:

2dsinf = nA (3.12)

where d is the period of the multilayer structure normal to the surface plane. For
example, in the case of d = 3nm and A\ = 1 A, the position of the first order Bragg
reflection would be at § = 0.95°, which is in the grazing incidence reflection regime.
The simulated reflectivity curve of a Si/[Fe(2nm)/FeO(1 nm)];5/Al is displayed on
Fig.3.2. The first Bragg peak appears at the position calculated above. The fast
oscillating wiggles are the Kiessig fringes that result from interference between
amplitudes reflected at the surface and the substrate. Their period decreases with
an increasing total thickness of the multilayer.

As mentioned earlier, the reflectivity curve can be calculated using equation (3.7).
The main parameters being the layer thicknesses, density of each materials and
roughnesses. The influence of the later parameter is not discussed in this work
but the reader is referred to textbooks on the subject [26, 27]. If one use a fit-
ting procedure to match the calculated reflectivity to measured data, very precise
determination (<0.1nm) of layer thickness, density and roughness of thin films is
possible. The reflectivity curve presented in this work were fitted using the LSFIT
program coded by O. Seeck (DESY, Hamburg).
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3.3 Nuclear resonant scattering

In this section the focus will be on nuclear dipole transitions and in particular on
the resonant scattering from the 14.4keV resonance of *"Fe, which will be used in
the present work. Because it is a resonant process, the scattering cross section is
highly energy dependent. As will be described later, the resonance width of such
interaction is extremely narrow and requires a very high spectral flux of incident
radiation to obtain a sufficiently high signal.

The 4.7 neV energy width of the nuclear level corresponds to a comparatively
long lifetime of 141 ns for the excited state, which is indeed very long compared
to normal charge scattering (in the fs regime). When the resonance is excited
by a flash-like synchrotron pulse, proper time gating of the signal using avalanche
photodiode detectors [29] and fast electronics allows one to discriminate the nuclear
resonant signal from the non-resonant charge scattering. This provides then a
virtually background free signal. As will be described later, the long lifetime of the
nuclear level allows to carry out time resolved studies of the nuclear de-excitation,
giving access to the hyperfine interaction parameters of the atom.

One of the particularities of NRS comes from its unique isotope sensitivity,
which renders possible the use of isotopic tracer layers to selectively probe parts of
the sample. The method itself is sensitive to the hyperfine structure of the nuclear
levels, giving access not only to the magnetic configuration but also to the elec-
tronic environment of the atom. In the past decades , the technique developed and
is nowadays widely used for investigations in various fields of science such as mag-
netic structure of thin films [27, 28], diffusion processes [30], relaxation dynamics in
liquids [31] and vibrational dynamics [32]. In the following section, the discussion is
restricted to coherent elastic scattering on magnetic thin films in grazing incidence
geometry. An extensive overview of the possibilities of the technique is available
in [27].

The nuclear scattering amplitude

The *"Fe nuclear resonance is a magnetic dipole transition with spins I, = 1/2,
I. = 3/2, magnetic moments p; = 0.091py, e = —0.153pn of the ground and
excited state respectively, and a natural lifetime 70 = 141 ns. py is the nuclear
magneton and is defined as uy = 2;? , where mp is the proton mass. In the case
that the material is magnetic (e.g. the 3d band is polarized, and hence polarizes
the 4s electrons), a magnetic field appears at the position of the nucleus that leads
to hyperfine interactions between the s electrons and the nucleus. The generated
magnetic field is often very large and is referred to as the magnetic hyperfine field
By, which amounts to 33.3 T for bulk a-Fe. In this magnetic field, the degeneracy
is lifted, resulting in a Zeeman splitting of the nuclear levels. The dipole selection
rule AM = m, —my = 0,=£1 leads to six energetically separated resonances, as
shown in Fig. 3.3. In the case of a pure magnetic hyperfine interaction, the energetic
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Figure 3.3: Nuclear level of the
14.4 keV resonance of ®"Fe under the in-
fluence of a 33.3T hyperfine field. The
splitting of the nuclear level leads to 6
allowed transitions, each separated by a
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positions of the resonance lines are given by:

Me Mg

E=F)— — —u,— | B 3.13
o (3 -7 (3.13)
where my and m,. are the magnetic quantum numbers of the ground and excited
states, respectively.

The coherent scattering length M for the case of an electric dipole transition
can be written as:

3

(M) = 1o~

{(6 - &) [Fi + Foi]
— (6, X &)M[Fyy — F_y 31
+ (6, -m)((& - m)[2Fy — Fy — F4]}

where the F); are the energy dependent resonant strengths for transitions with a
change of AM in the magnetic quantum number. They are plotted in Fig. 3.3 for
the case of bulk a->"Fe. In the case of a magnetic dipole transition (like the *"Fe
resonance), the role of the electric and magnetic fields are interchanged compared
to an electric dipole resonance. The polarization vectors are then changed from €
to € X /{%, where ];0 is a unit vector along the photon wavevector.

The three terms of equation (3.14) essentially contain all the polarization de-
pendence of the scattering process. The first term is not sensitive to the sample
magnetization and has the same polarization dependence as normal charge scat-
tering. The second term describes circular dichroism and involves an orthogonal
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Figure 3.4: Simulated nuclear reflectivity curve of a magnetically coupled
Si/[Fe(2nm)/FeO(1.1nm)];5/Al superlattice. The intensity of the magnetic half-
order Bragg peak depends on the relative orientation of the magnetizations M; and
M, relative to k?).

changes of the photon polarization (¢ — 7 and m — ). The third term describes
linear dichroism and allows for all scattering processes within the given polarization
basis. As can be seen, the second and third term of equation (3.14) are dependent
on the orientation of the magnetization m. This strong intermixing between light
polarization and magnetization orientation leads to a dependence of the nuclear
scattering amplitude on the orientation of the magnetic moment relative to the
incoming photon wavevector.

In the case of a superlattice (a multilayer where a structural unit cell is repeated
many times), this can lead to the appearance of purely magnetic reflections. For
example, if adjacent ferromagnetic layers (separated by an arbitrary spacer) have
magnetic moments aligned antiparallel, the magnetic unit cell is twice as large as
the chemical unit cell. Following equation (3.12), this leads to the appearance of
superstructure (half order) Bragg peaks which are due to the fact that the period
of the nuclear scattering length in the depth of the sample follows the magnetic
period. Therefore, the presence of half-order Bragg peaks in a nuclear reflectivity
curve are direct signs of a magnetic superstructure within a superlattice.

Practically, the orientation of the magnetic moment relative to the photon
wavevector can always be decomposed into two projections parallel (/;0 -m = +1)
or perpendicular (k?g -m = 0) to ko. In the case of perpendicular alignment the
nuclear scattering length does not change if the magnetic moments are rotated by
180°. This means the appearance of half order Bragg peaks in the nuclear reflectiv-
ity accounts only for the difference in the projection of the two magnetic moment
along ko. The height of this peak is a quantitative measure of the difference in
the projections along /{?0. Different situations are illustrated in Fig. 3.4 with three
different orientation of the magnetic sublattices. To obtain a complete information
on the magnetic moment orientation, it is usually necessary to record nuclear re-
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flectivity curves at different azimuthal rotation of the sample with respect to the
x-ray beam.

Time resolved nuclear resonant scattering

The previous section dealt with the polarization dependent nuclear scattering
length amplitude, which is measured by time-integration of the delayed signal in
a specific time window after pulsed excitation by synchrotron radiation. As men-
tioned earlier, this can be achieved by using APD detectors and fast electronics for
prompt discrimination. However, NRS can also be used in a time resolved manner
to study the time dependent de-excitation of the nucleus. In the case of a magnetic
hyperfine interaction, the six allowed transitions possess all a slightly different en-
ergy and will all be excited at the same time. The coherent de-excitation of these
transitions will lead to a beating of the nuclear intensity in time. The shape and
frequency of this beating is a direct fingerprint of the configuration of the nuclear
levels. Analysis of these so called timespectra enables to access the hyperfine pa-
rameters of the atom. This method can therefore be applied to probe the magnetic
structure and chemical environment of thin layered films.

In the case of a thin layer of thickness d deposited on a semi-infinite substrate,
the frequency dependent reflected intensity is given by [27]:

R(w) & roget/1@)ltozl’d (3.15)

The time response of the system is then obtained by Fourier transformation of

R(w):

R(t) = 6(t) — f(t)ye Xt/ (3.16)
with . ;
X = ZPUOfLM | to2 |7 P (3.17)

where f(t) is the Fourier transform of f(w). The § function describes the instan-
taneous excitation pulse which passed through the sample. The envelope of the
beating pattern is exponentially decaying in time due to the de-excitation of the
nuclear level. f (t) intrinsically contains the dependence of the temporal beat pat-
tern on the transition involved. As described in the previous section, the transition
probability of the nuclear levels depends on the orientation of the magnetization rel-
ative to the incoming photon wavevector. Different magnetic moment orientations
lead to different shapes of the timespectra. Therefore, the shape of the timespectra
can also be used to resolve magnetic moment orientations in the probed layer. This
is exemplified in Fig. 3.5 for magnetizations parallel and perpendicular to k_g]. It
should be noted that some spin configurations are degenerate in the timespectra.
For that reason, it is necessary to record timespectra at different azimuthal angles
(sample rotation). The sign of the magnetic moment can however not be distin-
guished in conventional experiments. To eventually tackle this problem, L’abbé et
al. [35] have shown that it is possible to retrieve the sign of the moment by using
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Figure 3.5: Simulated nuclear timespectra of a 50 nm Fe layer on Si. The shape of
the timespectra highly depends on the orientation of the magnetization relative to

ko.

circularly polarized light and a reference sample placed on a mossbauer drive.

The analysis of timespectra can be applied to study the magnetic structure of
multilayers containing multiple ®"Fe layers. The signal is then a coherent sum of
the signals produced by each layer, scaled by the field intensity at the position
of the probe. For that reason, it is possible to obtain accurate depth resolved
information from the time spectra by recording spectra at different incident angles,
where the contributions of the different probe layers to the total signal is different.
In particular, extreme surface sensitivity can be achieved by recording timespectra
below the critical angle of the sample.

The timespectra and nuclear reflectivity curves simulated in this work were all
calculated using the CONUSS program package [36], which performs simulations
using the full dynamical theory of coherent nuclear resonant scattering.

Experimental setup

All the nuclear resonant scattering experiments presented in this work were car-
ried out at the nuclear resonance beamline ID18 [37] of the European Synchrotron
Radiation Facility (ESRF). The schematic layout of the beamline is sketched in
Fig.3.6. Because NRS is a time resolved method requiring temporal spacing be-
tween the excitation pulses, the experiments were performed in special timing mode
of the storage ring, namely the 16 bunch mode (176 ns bunch spacing, 90 mA beam
current) and the 4 bunch mode (708 ns bunch spacing, 45 mA beam current). At
ID18, the x-rays are produced by a set of three 1.6 m long undulators (two of them
are undulators that have their first harmonic at 14.4keV and are therefore opti-
mized to deliver maximum flux at the 5"Fe resonance energy). A high heat load
monochromator provides a first stage of monochromatization to 2 eV bandwidth us-
ing the Si(111) reflection. The bandwidth is then further reduced to ~1 meV using
a high resolution monochromator (HRM). Compound refractive lenses (CRLs) [39]
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Figure 3.6: Schematic drawing of the ID18 beamline: From right to left: FE - Front
End; U32u, U32m, and U32d/U20d - undulators; OH1, OH2 - optics hutches, EH1,
EH2, and EH3 - experimental hutches, CC1, CC2, and CC3 - control cabins, CRL
- focusing and collimating compound refractive lenses, S1 and S2 - slit systems,
HHLM - high heat-load monochromator, HRMs - high-resolution monochromators,
FM - focusing monochromator, DIFF - diffractometer, UHV - set-up for in-situ
preparation, characterization and NRS measurements of surfaces and interfaces,
CRYO - cryomagnetic system. Figure taken from [38].

are placed between the two monochromators to match the divergence of the incom-
ing x-ray beam to the angular acceptances of the HRM. A second set of CRLs is
placed after the HRM to focus the beam (in the vertical direction) down to 30 pm.
This option is usually used to match the beam cross section to the apparent sample
size in grazing incidence geometry. Three experimental hutches are available. EH1
is equipped with a 6-circle diffractometer. EH2 is equipped with a cryomagnet
(temperature range 4 K<T<300K and up to magnetic fields of 7T) and an UHV
system for surface science studies [40]. The last hutch EH3 is usually free and can
be used to mount large user experimental setups, as it was the case for the in-situ
experiments described in Papers I and II.

3.4 Polarized neutron reflectometry

The scattering formalism developed in section3.1 can be applied to the case of
grazing incidence neutron scattering as well. The main difference compared to x-
rays is that neutrons interact with the nucleus and the magnetic moments of atoms.
Because of the nuclear interaction involved, the technique is isotope sensitive. The
corresponding nuclear scattering length can differ greatly for isotopes of the same
element. The neutron has also a spin which interacts with the magnetic moment of
the atoms in the case of a magnetically ordered medium. The magnetic scattering
length is here proportional to the magnetic moment of the atoms. A neutron
reflectivity curve is sensitive to the variation of the sum of the nuclear and magnetic
scattering length along the depth of the sample.
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One of the advantages of polarized neutron reflectometry lies in the possibility
to easily control the polarization state of the neutron. This renders polarization
analysis of the scattering process a decisive tool for the determination of the mag-
netic moments orientation in thin films and multilayers.

Nuclear and magnetic scattering length

Grazing incidence neutron scattering by a multilayered sample is usually described
by a depth dependent scattering potential:

V(2) = Vi(2) + Vin(2) = Viu(2) £ ji - B(2) (3.18)

=1

which is the sum of the nuclear and magnetic scattering potential. fi is the neutron

spin and B is the magnetic flux density. The scalar product already indicates that
V., will depend on the orientation of the magnetic moment relative to the neutron
spin. The polarization dependence of the total neutron scattering length will be
entirely due to the magnetic part of the interaction.

V, can be expressed in terms of the nuclear scattering length density (SLD)
pn(2):

V= 2mh

Pn(2) (3.19)

where m,, is the neutron mass. In the case of grazing incidence reflection from a
homogeneous medium, p,, is defined by:

n

J
po =S N, (320)

where J is the number of distinct isotopes in the material and N; and b; are the
number density and the coherent neutron scattering length for the ith species. The
expression for V,, is similar to what would be obtained from conventional x-ray
reflectometry, apart of the isotope sensitivity of the neutron SLD. The magnetic
SLD p,, is of similar amplitude to the nuclear one, and is proportional to the
magnetic moment of the atom:

V= 2mh

J
where C'=2.645x10"5A /B is a constant and y; the magnetic moment per formula
unit. The scattering potential difference in the sample relative to the surrounding
medium can then be written in matrix notation, taking into account the polariza-
tion convention of Fig. 3.7:

5V (z) = 2 Pnt e pa = iy (3.22)
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Figure 3.7: Scattering geometry
for polarized neutron reflectome-
try (in the case of non-spin-flip
reflection). The neutron spin is
parallel to z.
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Figure 3.8: Simulated polarized neutron reflectivity curves of a magnetically
coupled Si/[Fe(1.8nm)/FeO(1.6nm)];5/Al multilayer. The neutron wavelength is
0.441nm (the same as at the ADAM reflectometer). This illustrates the different
magnetic sensitivity of the different scattering channels. The non spin-flip-channels
(R++ and R——) are sensitive to the nuclear SLD depth profile and the magnetic
moment projection along the neutron polarization axis. The spin-flip channels
(R—+ and R+—) are only sensitive to the projection of the magnetic moments on
the propagation axis k?).

This leads to four different SLD for the four different scattering channels:

P+ = Pnt Pmz
P— = Pn — Pmz
P+— = Pmz — Z'pmy

P—+ = Pmz T Z.pmy

(3.23)

The first two terms are called the non-spin-flip channels, and the spin polariza-
tion is unchanged during the scattering process. These channels are sensitive both
to the nuclear scattering length depth profile and the magnetic moment depth pro-
file along the polarization direction. The last two terms are the spin-flip channels
and involve a 180° rotation of the neutron spin in the scattering process. These
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Figure 3.9: Schematic drawing of the ADAM reflectometer. Picture taken from [41].

channels are uniquely sensitive to the magnetic moments that are perpendicular to
the spin polarization and in the plane of the sample. Because there is no contri-
bution from the nuclear scattering length in the spin-flip channels, they are highly
sensitive to any magnetic moment orientation on that axis. The difference be-
tween spin-flip and non-spin-flip channels is illustrated in Fig. 3.8 for the case of
an antiferromagnetically coupled multilayer. If the magnetic moments are parallel
to the polarization axis, the depth variation of the total SLD leads to half-order
Bragg peaks in the non-spin-flip reflectivities. As there are no moments pointing
perpendicular to the polarization axis, no signal appears in the spin-flip reflec-
tivities. If the moments are perpendicular to the polarization axis, the magnetic
superstructure disappears in the non-spin-flip reflectivities and re-appears in the
spin-flip reflectivities.

The fact that the magnetic scattering length is directly proportional to the
magnetic moment of atoms can be used to determine the absolute magnetic mo-
ment in each layer of a multilayered film. The polarization analysis allows to fully
determine the moment orientation.

Experimental setup at ADAM

The polarized neutron reflectometry experiments were performed at the ADAM
reflectometer at the Institute Laue Langevin (ILL) [42]. The layout of the instru-
ment is shown in Fig. 3.9. Neutrons with a wavelength of 0.441 nm are selected by
a HOPG(002) monochromator and reflected towards the experimental station. A
first polarizer is used to define the polarization of the neutron beam. The sample
itself is placed in the center of a dipole magnet (maximum field ~500mT). The
analyzer is a supermirror used to filter neutrons with defined spin orientations be-
fore the neutron reaches the detector. The supermirror is magnetized and neutron
impinges on the mirror at the critical angle of the R++ reflection. This way only +
oriented neutron are reflected by the analyzer. The polarization analysis is carried
out using two spin flipper placed before and after the sample. By activating the
front spin flipper one can decide which polarization (4 or —) the neutron will have
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when reaching the sample. The back spin flipper is used to determine which neu-
tron spin orientation should pass through the analyzer. This way one can record
the four channels of the neutron reflectivity.

3.5 Comparison between GI-NFS and PNR

Having discussed the particularities of NF'S and PNR for the study of thin magnetic
films, it is worth to summarize what information the two techniques can provide:

Nuclear forward scattering

e (Almost) background free nuclear signal

e Magnetic moment orientation - no determination of the absolute direction in
which the moment is pointing

Magnetic depth profile

Hyperfine parameters - magnetic and electronic configuration of the atom

Tracer layer technique to selectively probe the magnetic structure

Polarized neutron reflectometry

e Isotopic depth profile

Magnetic depth profile

Polarization analysis - complete magnetic moment orientation (in-plane)

Absolute measure of the atomic magnetic moment

Possibility to vary the contrast by use of isotopic layers

As can be seen, magnetic information can be retrieved by both techniques.
However, they do complement quite well in the case of systems where Fe is present
in every part of the multilayer, as it is the case for Fe/Fe-oxide multilayers. The
use of isotopic probe layers placed either in the metal or in the oxide part allow
one to isolate the magnetic contributions of each part independently by NFS while
the contrast between adjacent metal /oxide layers is highlighted using PNR.

It should be noted that the development of high brilliance third generation
synchrotron sources has brought the NRS technique to a stage where studies with
sub-monolayer sensitivity can be carried out routinely. These advances render
possible in-situ studies of ultrathin layer magnetism in an ultra-high vacuum en-
vironment, as it is demonstrated in Paper I and Paper II. Compared to PNR,
the high degree of collimation of the x-ray beam enables one to study relatively
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small samples in grazing incidence. This is important in cases of thickness inhomo-
geneities one encounters when growing large samples. The relatively low intensity
delivered by present neutron sources prevents large systematic studies of magnetic
thin films. As an example, a typical nuclear resonant reflectivity curve on a Fe/Fe-
oxide multilayer is acquired within 30 minutes whereas a PNR curve needs more
than 12 hours acquisition to cover the same q range.

3.6 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAFS) at the K-edges of elements is a powerful
tool to probe the local environment of atoms in an element specific manner. As
can be seen on Fig. 3.10a, spectroscopy at the absorption edge is divided into two
parts: While the near edge structure (XANES) provides information regarding the
chemical environment, the study of the x-ray absorption extended fine structure
(EXAFS) can yield quantitative information concerning the local order around the
absorbing atom (i.e. first nearest neighbor distance, coordination number), even
for disordered or amorphous materials. This technique was applied in this work to
perform an in-situ study of the oxide formation, which is detailed in Paper III.
This gives a direct quantitative insight into the chemical and structural configu-
ration of the buried oxide present in Fe/Fe-oxide multilayers. The present section
aims at presenting the basic features of the technique, together with some discus-
sion on the experimental procedure required to perform the experiment on ultra
thin films in an ultra-high vacuum environment.

Origin of the absorption edge

A traditional XAFS experiment measures the absorption coefficient p(w) of the
sample as a function of the incoming photon energy. p(w) increases dramatically
at the absorption edges, when the incident photon energy matches a transition
energy of the absorbing element. Because the position of the energy level varies
with the valence state of the atom, the XANES is highly sensitive to the effective
valence of the probed element. In a simple picture, the absorption edge should lead
to a sharp increase of the absorption coefficient at a given energy. However, the
situation is more complicated and a XANES spectrum usually shows pre-edge and
post-edge features that cannot be explained by a simple one electron excitation
model. These features are usually due to multiple scattering of the excited electron
with the surrounding atoms and are difficult to analyze quantitatively (detailed
discussion of these effects can be found in[43]). For that reason, the XANES part
of the absorption signal is not only sensitive to the valence state of the atom but
also to its local surrounding.

Calculation of exact XANES spectra has remained a difficult task for a long
time. This is because the low energy electrons ejected from the atoms are multiply
scattered by the surrounding elements, which perturbs the absorption spectrum.
However, simulation packages like FEFF 8[44] have been developed to take into
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Figure 3.10: a) Fe K-edge XAFS spectrum of bulk metallic Fe. Two parts of the
spectrum are usually distinguished. b) The near edge region (XANES) study the
shape and position of the absorption edge. c¢) The extended fine structure spec-
troscopy (EXAFS) of the edge study the subsequent oscillations of the absorption

coefficient at higher energy.
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account multiple scattering effects. An exact match between the calculated and
experimental data is however achieved only in a limited number of cases.

Because the shape of the absorption edge (position + fine structure) is char-
acteristic for a given valence state and environment, the analysis of the XANES
can on the other hand be used as a fingerprint of the presence of a known element.
In the case of a multicomponent material where different phases are present, the
resulting XANES spectra can be described as a linear combination of the spectrum
of the individual species. The relative concentration of each species corresponds
to the weight of the corresponding sub spectrum in the linear combination. This
analysis scheme was used in Paper III to resolve the different oxide phases present
in a native oxide layer using spectra of known reference oxide phases.

Extended fine structure

The analysis of the extended fine structure (EXAFS) has an important advantage
compared to XANES. The much higher kinetic energy of the ejected electrons
(between 100-1000 eV) renders the signal much less sensitive to multiple scattering,
which can usually be neglected or calculated in an easier way.

The origin of the EXAFS oscillations can be understood if one looks at the
wave nature of the electron. The ejected electron wave has a certain wavelength
and the surrounding atoms can be seen as point scatterers from which the electron
can be scattered back towards the absorbing atom. As can be seen on Fig. 3.11, the
overlap of the forward and backscattered waves leads to interference phenomena
which modify the absorption coefficient and hence show up as oscillation in the
EXAFS signal, as shown in Fig.3.10c for bulk metallic Fe. Because the energy
of the electron (and hence its wavelength) is continuously varying in an EXAFS
experiment, the EXAFS oscillations are characteristic for the distance between the
absorbing and surrounding atoms as well as their type and spatial arrangement.
Information like radial distribution and number of nearest neighbors can therefore
be retrieved by fitting the EXAFS oscillation pattern.

It should be noted that the basic principle of the technique does not rely on
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any long range crystalline order of the absorbing atoms. This technique is therefore
well suited to investigate local order in systems which do not present long range
ordering, like glasses and amorphous materials.

The typical strategy to fit the EXAFS signal is to first perform a Fourier trans-
form from the k space (electron momentum) to the r space. This way one obtains
the radial distribution of atoms around the scatterer. High frequency oscillations
are then filtered by back Fourier transform of the radial distribution constrained
to the first (or second) subshells. The filtered EXAFS signal can be fitted using
model calculation of the local arrangement around the atom.

Detection of the XAFS signal

In a normal hard x-ray XAFS experiment, the absorption coefficient of x-rays in the
material is measured in transmission geometry by monitoring the intensity of the
x-ray beam before and after the sample as a function of the incident photon energy.
However, two other channels can be used to record the absorption signal. As can
be seen on Fig. 3.12a, the absorption of x-ray by the atom is accompanied by the
emission of a photoelectron with kinetic energy Ey = E;,. — Eg, where Ej,. is the
energy of the incident photon and Ep the energy of the electronic level involved.
The atom is now in an excited state with a hole in one of its core shells. This hole
can be filled by an electron from a higher energy level. When falling to the core
level, the excess energy of the electron is dissipated either by fluorescent emission
of a photon (Fig. 3.12b) or by energy transfer (Auger process) to an electron from a
neighboring energy level (Fig. 3.12¢). This latter Auger electron has enough energy
to escape the atom.

In the case where thin layers are deposited on thick absorbing substrates, the
transmission geometry cannot be applied and other detection schemes have to be
used. In fact, one can record the yield of fluorescent photons (FY) using an energy
dispersive detector, or measure the drain current produced by the photoabsorption.
Since both the photoelectrons and the Auger electrons will contribute to the total
current, together with secondary electrons produced by scattering of higher energy
electrons, the method is called total electron yield (TEY) detection. Because the
technique will measure a current generated by the electrons that effectively escape
the sample, it has a limited probing depth which is related to the mean free path
of electrons in matter. For hard x-ray excitation, this mean free path is estimated
to be around 50-100 nm [45].

The fluorescence yield is a single photon counting measurement where the pho-
ton energy is analyzed using an energy dispersive detector . However the method
suffers from self absorption effects which can drastically reduce the amplitude of
the EXAFS oscillation and the shape of the absorption edge. This is because the
fluorescent photons have a large probability of being reabsorbed by matter, an
effect which is predominant in the case of dense samples. This effect can be cor-
rected [46] but requires good knowledge regarding the composition of the sample
and the geometry of the experiment. Self absorption effects are almost not present
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Figure 3.12: a) Description of the x-ray absorption process at the Fe K-edge. The
absorption of the x-ray photon is accompanied by the ejection of a photoelectron.
After the absorption, the atom is in an excited state with a hole in the core level.
Two de-excitation paths are possible. b) De-excitation by fluorescent emission of
a photon with defined energy. ¢) Auger process: the energy loss of the electron is
transfered to an electron from an adjacent orbital, which is ejected from the atom

with a characteristic energy.
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in the TEY signal, which therefore resemble closer to the true absorption signal.

The XAFS experiment were performed at the Al beamline of the DORIS III
storage ring. As described in Paper I, the two detection schemes were implemented
on the UHV deposition system used in this work. The extreme sensitivity achieved
by the TEY detection allows one to carry out XAFS experiments on monolayer
thick layers at second generation x-ray sources.
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Chapter 4

Oxidation processes on Fe surfaces

Fe/native-oxide multilayers incorporate ultrathin oxide layers produced by con-
trolled oxidation of Fe at room temperature. A detailed study of the structure of
this oxide is mandatory to understand the electrical and magnetic properties of
the system. Although the existing body of scientific knowledge on bulk iron oxide
and oxidation processes is very large, there is still a lively debate in the literature
concerning the structural and magnetic properties of thin oxide layers produced
by controlled exposure to oxygen. This is in part due to the fact that Fe exhibits
two coexisting valence states leading to several stable iron oxide phases, which are
more or less likely to form depending on the growth conditions.

Understanding the properties of the buried native oxide will be a central part of
this work. In this chapter, a short review of the state-of-the-art knowledge of iron
oxidation is given. First, a brief description of the properties of the different bulk
iron oxides is presented. The second part deals with the oxidation kinetics, both
from a theoretical and experimental point of view. A short review of the observed
structural and magnetic properties of oxidized iron surfaces is presented. The last
part deals with the reported particular properties of buried native oxide, which
triggered this study.

4.1 Bulk iron oxides

The complexity of oxidation processes on Fe surfaces comes from the fact that
there exist several stable iron oxide phases. While hydroxides play an important
role in natural oxidation processes, this section describes the pure bulk iron ox-
ide (composed only of Fe and O atoms), as they are relevant for the case of iron
oxidation in a controlled ultra-high vacuum environment. One can list four ox-
ide phases of increasing thermodynamic stability: Wiistite (Fe;_,O), magnetite
(Fe3O,4), maghemite (y-Fe;O3) and hematite (a-FeyOgz). In nature, the formation
of these oxides is driven by the external conditions like availability of chemical
species, pressure and temperature.

From a structural point of view, these four iron oxides can be described as Fe
atoms distributed at interstitial positions in a close packed oxygen lattice [47]. The

47
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a) FeO (wustite) d) a-Fe,O; (hematite)

Figure 4.1: Representation of the unit cell for the 4 different bulk iron oxide phases.

oxygen anions have a much larger radius (0.14nm) compared to the Fe cations
(0.065 nm and 0.082nm respectively for Fe?™ and Fe?"). The arrangement of the
close packed anions governs the crystal structure and determines the ease of change
from one phase to the other. One can distinguish two types of crystallographic sites
for the Fe atom, either in tetrahedral (4 surrounding oxygen atoms) or octahedral
(6 surrounding oxygen atoms) environment. In the following section, a summary of
the crystallographic and magnetic properties of the four iron oxide phases is given.

Fe,_,O - Wiistite

Wiaistite exhibits a rocksalt crystal structure composed of two interconnected face
centered cubic (FCC) structures of Fe?* and O?~ with a lattice spacing of 0.43 nm,
as depicted in Fig.4.1a. Practically, a 1/1 stoichiometry is never obtained and a
deficiency of Fe cations is observed. The crystal structure incorporates defects like
cation vacancies in a octahedral position or Fe?" ions in tetrahedral positions.
Defect free FeO is superparamagnetic at room temperature but undergoes a
transition to an antiferromagnetic state at its Néel temperature of 198 K (a value
which depends on the stoichiometry). However, it has been demonstrated [47] that
the intrinsic defect clusters present in Fe;_,O adopt the inverse spinel structure of
magnetite, thus inducing some parasitic net magnetic moment in Fe;_,O films. In
fact, Fe304 magnetite can be seen as a giant defect cluster of Fe;_,O with z = 1/4.

Wiistite is usually considered as a p type semiconductor with a bandgap of
2.3eV [43].
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Fe;O4 - Magnetite

Magnetite is one of the most well known oxide because of its high stability and
its intrinsic magnetic moment. It has an inverse spinel structure with a lattice
parameter of 0.83nm (along the c axis), shown on Fig.4.1b. 64 tetrahedral sites
in the unit cell are occupied by 8 trivalent Fe ions. 16 Fe?™ and 16 Fe?" cations
are distributed in octahedral sites. At room temperature, a fast electron hopping
between the divalent and trivalent ions in octahedral positions renders these sites
equivalent. This fast electron hopping is frozen in at the Verwey transition [49]
which occurs at 125 K, where magnetite undergoes a metal to insulator transition.

Magnetite is ferrimagnetic at room temperature. In fact, superexchange through
the oxygen ions leads to an antiparallel arrangement of the moments of the trivalent
ions in tetrahedral and octahedral sites. The magnetic moment of divalent ions is
not compensated and accounts for the net magnetic moment of magnetite.

Magnetite has the smallest resistance of all iron oxides and behaves as a semi-
metal.

v-Fe, O3 - Maghemite

Maghemite adopts a defect spinel structure similar to magnetite, apart that all
Fe ions are in a trivalent state and that periodic defects are present, as depicted
in Fig.4.1c. Maghemite is a ferrimagnet at room temperature. The origin of the
uncompensated magnetic moments is the same as for magnetite.

a-Fe, O3 - Hematite

Hematite is the thermodynamically most stable iron oxide. It crystallizes in a
rhomboedral structure similar to corundum. Hematite usually forms at elevated
temperatures (above 500 K) and is therefore not likely to form in oxidation processes
at room temperature. As can be seen on Fig. 4.1d, the presence of adjacent oxygen
ions on the same atomic plane leads to an ordered displacement of the anions. At
room temperature, hematite is an antiferromagnet with some parasitic magnetic
moment (that vanishes below the Morin transition at 260 K).

4.2 Controlled oxidation of iron

Iron is one of the elements with the highest tendency to oxidize in contact to
oxygen, water and hydroxides. Because of its wide use in metallic alloys, the
study of the oxidation properties of Fe has generated a large amount of research
over the decades. A complete review of all the physics related to iron oxidation
in general is well beyond the scope of this work. This section therefore focuses
on the mechanism relevant for this study, namely the controlled oxidation of Fe
by exposure to molecular oxygen only. The first part deals with the oxidation
kinetics of Fe surfaces, reviewing the theoretical description together with some
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experimental findings. The second part reviews the observed properties (structural
and magnetic) of thin oxide films grown at room and elevated temperature.

Oxidation kinetics

Most of the theoretical work regarding the oxidation kinetics of metal were per-
formed between 1930 and 1970. The basic concept is that oxidation of a metal
takes place at the oxide/oxygen interface and that charged ions have to be trans-
ported from the bulk to the surface. The original theory of Mott [50] postulated
that the oxidation kinetics is driven by the possibility for Fe ions to diffuse from
the metal to the oxide/oxygen interface. Fromhold and Cook [51] later generalized
this model by introducing the concept of a coupled current mechanism where both
Fe ions and electrons are transported to the boundaries of the growing oxide layer.
A synopsis of this theory is presented hereafter.

The Fromhold and Cook (FC) theory considers both ionic and electron trans-
port through the oxide film during the growth. This transport is constrained by
the condition that no net electric charge transport across the oxide should occur:

> 4Ji=0 (4.1)

where ¢; and J; are the net charge and the flux of each species, respectively. Re-
specting this condition at all times ensures charge balance and will lead to different
oxidation regimes whether the electron flux or the cation flux is the rate limiting
factor for oxidation. The driving force for the cation or electron transport is best
understood by looking at the electron energy diagram for the metal/oxide/oxygen
system. In the steady state shown in Fig. 4.2a, there is no electric field in the oxide.
The height of the energy barrier for electron tunneling depends on the value of xq
and y; which are the metal/oxide and oxide/oxygen workfunctions respectively.
The diffusion of ions through the oxide is limited by the possibility for the ions to
hop from site to site, which are represented by energy minima in the right panel of
Fig.4.2a. The energy barrier is defined by its width being the ionic jump distance
2a and its height, the effective energy barrier W. A good part of the FC theory
deals with the identification of the expression for ion and electron flux, which are
related to the energy diagram represented in Fig. 4.2a.

Ton flux

In the steady state approximation, which implies that the flux is independent of the
position in the oxide, the flux of ionic species is influenced only by a concentration
gradient and a homogeneous electric field £, (the origin of which will be described
later). The ion flux J; is given by [54]:

ZeEra Cr — Gy exp(%)

X
i) | T ep(ZL)

W
J; = 4av exp(—-—=) sinh( (4.2)

kT
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Figure 4.2: Energy diagram for electrons (left panel) and ions (right panel) for the
metal /oxide/oxygen layer system. a) Equilibrium state without charge transfer
from the metal to the oxygen. ¢y and ¢, are the metal and oxygen workfunctions
respectively. xo and xj are the metal/oxide and oxide/oxygen workfunctions re-
spectively. FEp is the Fermi level. b) Cation supply limited growth. The Mott
potential V,, = xo — xr appears across the oxide which lowers the barrier for
ionic diffusion and promotes transport of cation to the oxide/oxygen interface. c)
Electron tunneling limited growth. A potential appears across the oxide which
decreases the tunnel barrier and promotes electron transfer.
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where 2a is the ionic jump distance, v the ionic jump frequency, W is the energy
barrier for ionic motion, k£ the Boltzmann constant, 1" the temperature, Z; the
effective charge of the diffusing ion in unit of the elementary charge e, L the in-
stantaneous film thickness and Cy and C' are the concentrations of the diffusing
species at the metal-oxide (z = 0) and oxide-oxygen (z = L) interface, respectively.
The first exponential describes the influence of the energy barrier while the hyper-
bola sinus accounts for the presence of an electric field. The last term represents
the influence of the concentration gradient.

Electron flux due to tunneling

There are two possibilities for electrons to cross the oxide’s energy barrier: Ei-
ther by quantum tunneling or thermionic emission. Tunneling is the main electron
transport mechanism at room temperature while thermionic emission is determin-
ing at elevated temperature and large film thickness. Leibbrandt et al.[52] have
confirmed that electron tunneling is virtually the only electron transport mecha-
nism at room temperature. Thermionic emission will therefore be neglected in this
section.

At T = 0K the electron flux for tunneling through the oxide energy barrier is:

2\ /mL
h

1
Jejn = S22 (2x0 + eLr L) x exp (— (2x0 + eELL>

2v/mL
— (2xr —eELL) x exp <— 5 Vv (2xr — eELL))} (4.3)

where m is the electron mass, o is the energy difference between the bottom of
the conduction band in the oxide and the Fermi level of the metal and y is the
energy difference between the bottom of the conduction band in the oxide and the
O~ level of the adsorbed oxygen. xo and xj are referenced as the metal/oxide
and oxide/oxygen workfunctions respectively. A first order approximation for the
temperature dependence of .J 4, is [54]:

Jen(T) __V2mL, . / sin (7r v2mL kT>

Jem(©) /X0 JXoh

(4.4)

Experimental confirmation

The application of the coupled current mechanism summarized above has several
implications concerning the oxidation rate of a transition metal. Three main ox-
idation regimes can be derived, depending on whether the reaction is limited by
supply of oxygen, Fe cations or electrons.

At the early stage of the oxidation, Fe cations and electrons are readily available
at the surface and oxidation is limited only by the oxygen supply. This process
ends rapidly when a continuous oxide layer is formed.
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The second stage of oxidation is usually characterized by a cation supply limited
growth. The oxide layer is so thin that electrons can still easily tunnel through
the layer. This leads to an equilibrium between the Fermi level of the metal and
the O~ level of the adsorbed oxygen. The result is the appearance of the Mott
potential V,,, = x1 — X0 across the oxide. This potential difference appears across a
nanometer thick oxide layer and therefore results in very large electric fields (larger
than 10° V/m), sufficient to reduce the energy barrier for cation diffusion, as shown
in Fig.4.2b. At this stage, the oxide thickness growth rate can be described by
a parabolic law v/, where t is the oxidation time. Afterwards, the progressive
increase of the oxide layer thickness leads to a reduction of the electron supply and
the potential across the barrier deviates from the initial value V,,. The growth
rate does not follow a parabolic law anymore but follows a more complicated time
dependence, governed by the coupled currents condition.

At larger oxide thicknesses, the electron current due to tunneling decreases
drastically and a fast decrease of the oxidation rate is observed. At that stage, the
oxide growth stops.

Several studies on polycrystalline [53, 54] as well as on single crystalline [55, 56,
57] surfaces have successfully applied the coupled current mechanism to describe the
oxidation kinetics of Fe at room and elevated temperatures. They confirmed that
the FC model efficiently describes the oxidation of iron surfaces, the consequence
being that oxidation is limited either by the cation supply or the electron supply,
depending on the thickness of the oxide layer.

Additionally to these general considerations, a study of the oxidation kinetics
on Fe single crystals [55] showed that the oxidation rate can be up to five times
higher on Fe(100) than on Fe(110) surfaces. This proved that surface orientation,
and therefore the cation density at the surface, plays an important role in the
oxidation kinetics. The oxygen pressure (in the range 107%-107% mbar) seems to
have little influence on the oxidation kinetics[56]. More recently, Roosendaal et
al. [57] showed that the cation diffusion through the oxide is hindered once an
oxygen rich oxide (consisting mainly of Fe3* ions) has formed. In that case, the
oxidation at room temperature is effectively limited by the cation diffusion and not
by electron tunneling.

The finding that an Fe3* rich layer acts as an effective barrier for cation diffusion
is a proven example that oxidation processes on Fe surfaces are more complex than
what can be derived from the original FC theory. The composition and the type
of oxide grown will play an important role for the kinetics and, in turn, for the
chemistry of the layer. Finally, the FC model does not describe the type of oxide
that forms. For that reason, a dedicated study of the composition and structure of
native oxides is of utmost importance to understand their electrical and magnetic
properties.
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Composition and magnetism of oxidized Fe layer

Besides the kinetic aspects that are important for controlled oxide growth by oxygen
exposure, the composition of the oxide formed is crucial, as it is closely related to
its magnetic properties. The exact structure of the grown oxide is still a matter of
debate but several tendencies can be derived from the literature [56, 57, 58, 59]:

At the early stage of the oxidation, the large availability of Fe metal promotes
the growth of oxides with predominantly Fe?* type of sites. With increasing
exposure, the creation of Fe3™ is promoted and the ratio Fe?"/Fe?™ decreases.
Roosendaal et al. [57] proposed a two layer model for the oxide growth were first
an Fe?™ containing layer is formed. With increasing exposure, an Fe3' overlayer is
created, keeping the Fe?* layer in the lower part of the oxide.

Some studies reported the eventual presence of Fe? metal in the grown oxide [56,
57]. This puzzling result is up to now not settled because of the influence of the
underlying metallic substrate, which can possibly disturb the detection of a weak
Fe? signal originating from the oxide layer.

There are a few studies related to the crystalline ordering of oxide grown by
exposure to oxygen at room temperature, but it is usually expected that such a
layer does not exhibit long range crystalline order. This is mainly due to the low
mobility of ions, which prevents crystalline reconstruction. In the same sense, these
oxides typically form a magnetically dead layer.

At elevated temperatures on the other hand, many studies reported crystalline
and magnetic ordering[58, 59, 60, 61]. In the case of low pressure oxidation and
temperatures of 450-500 K, the formation of an FeO layer is often reported. There
was an intense debate regarding the oxidation of Fe(110) at elevated temperature.
Koike et al. [62] reported the formation of an Fe;O4 layer which was ferrimag-
netically ordered above a magnetically dead FeO layer, and magnetically coupled
antiparallel to the underlying Fe substrate. This finding would have suggested a
new type of magnetic coupling through a non-magnetic spacer. However, Kim et
al. [61] have shown that in fact the complete layer was Fe;O,4, and the magnetic
coupling is uniquely due to direct exchange at the interface.

While these systems differ largely from the one studied in this work (single crys-
talline oxide grown at elevated temperature compared to polycrystalline substrates
oxidized at RT), these studies show how complicated the oxidation of Fe surfaces
can be when discussing the structural and magnetic properties of the formed oxide.
In particular, quantitative determination of the composition of the oxide is still a
critical issue.

If one wants to study the properties of the buried oxide in a Fe/native-oxide
multilayer, it is mandatory to understand the properties of the free oxide layer
which is formed and follow the transition to the case of the buried oxide, when the
oxide is covered with Fe metal. These considerations triggered the study presented
in PAPER III, where the oxidation of Fe and the subsequent deposition of Fe is
studied in-situ using x-ray absorption spectroscopy.
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Figure 4.4: Evolution of the expan-
sion of an Fe/native-oxide multilayer
(due to the oxidation) as a function
of the metal fraction f in the layer
system. The solid line is the na-
tive oxide multilayers. The expan-
sion is smaller than it would be for
any bulk iron oxide phase. Repro-
f duced from [3].

4.3 The unusual properties of buried oxides

A pioneering work on buried native iron oxide layers has been carried out by Beach
et al.. Most of the findings are summarized in two publications 1, 2] which dealt
with the static and dynamic magnetic properties of Co-Fe/native-oxide multilayers.
The original idea was to incorporate a nanometer thick oxide layer in its metal
parent to form a metal/native-oxide multilayer (MNOM) which combines a high
net magnetization with soft magnetic properties and a low conductivity. Beach
et al. showed that such structure could efficiently prevent the formation of eddy
currents while exposed to high frequency magnetic fields in the gigahertz regime.
The use of magnetically ordered oxide as insulating layer significantly increases the
resistivity compared to the pure metal layer, as shown in Fig. 4.3. They showed that
this increased resistivity do not compromise the net magnetization, and therefore
the signal to noise ratio.

In the course of their study, it turned out that most of the particular properties
of MNOM structures are due to the magnetic and electrical properties of the thin
buried oxide. In particular, a detailed study of a buried Fe-oxide layer [3] showed
that the structural and magnetic properties of the oxide formed drastically differs
from any bulk iron oxide:

The buried oxide has a higher density than any bulk iron oxide. Fig. 4.4 shows
the total expansion of an Fe/native oxide multilayers due to the oxidation of the
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Figure 4.5: Hyperfine field distribu-
tion of the native oxide at 4.2 K and
296 K, as derived from CEMS mea-
surement by Beach et al.. Figure re-
produced from [3].
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metal, as a function of the metal fraction. One can see that the expansion is smaller
than it would be for any bulk iron oxide phases. This therefore indicates that the
density of the buried native oxide layer is higher than any other bulk oxide.

In addition, conversion electron Mdssbauer (CEMS) and SQUID measurements
indicated that the buried oxide is indeed magnetically ordered and possess a larger
magnetic moment per atom than any bulk iron oxide phase. As shown on Fig. 4.5,
analysis of the CEMS spectra showed that the oxide was composed of a minor
(30%) component with small hyperfine field Bj,y and a major (70%) component
with By around 40 T. This latter part carries entirely the magnetic moment.

These puzzling findings triggered the present work. Because all the work of
Beach et al. where ex-situ studies, they were not able to relate the composition of
the free native oxide to the buried case. While they unraveled a particular magnetic
order of the buried oxide surrounded by its metal parent, they did not consider
possible magnetic coupling phenomena between adjacent layers. The present study
was devoted to resolve these questions.



Chapter 5

Structural properties of the
sample

Prior to the investigation of the magnetic structure of Fe/native-oxide multilayers,
it is necessary to have a good understanding of the overall structure of the sam-
ple. In particular, it is important to see how the oxidation processes described in
chapter 4 will influence the structure of the multilayer.

In this chapter, the sample preparation method is described. Details are given
on the resulting structural depth profile of the multilayers.

5.1 Preparation of Fe/native-oxide multilayers

There exist several ways to prepare metal/oxide multilayers. One can cite for
example the reactive deposition technique. In the case of sputter deposition, it is
based on the sputtering of a pure metal target using a gas mixture (in this case
Ar/0O). By changing the mixing ratio of the gas, one can deposit oxide layers having
different stoichiometry [63]. However this technique presents several drawbacks.
Because of the reactive sputtering, the target itself oxidizes, resulting in changing
sputtering parameters. For the case of the growth of a metal/oxide multilayer, the
introduction of gas mixture incorporating oxygen will result in a partial oxidation
of the metal surface prior to the oxide deposition. These effects render the precise
control of the growth process difficult, particularly for the growth of ultrathin oxide
layers.

The growth of native oxides on the other hand, renders the preparation pro-
cedure fairly easy. Omne can precisely control the amount of metal oxidized by
calculating the total exposure to oxygen. This technique has the advantage of
being highly reproducible as well as being easy to perform. As discussed in the
previous chapter, the main problem resides in the disordered oxide growth, in the
sense that the stoichiometry of the oxide cannot be easily controlled a priori.

The deposition setup used for the sample preparation is described in PAPER
I. In the course of this thesis, the deposition has been made completely computer
controlled (see Appendix A for details). This allows to perform in-situ experiments

57
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Figure 5.1: Evolution of the buried oxide thickness as a function of the original
oxygen exposure. These values are extrapolated from the total oxygen uptake of
the layer (determined by in-situ XAS) and assuming the FeO density. The inset
shows the early oxidation stage in more detail. The data were taken in the same
experiment as described in Paper III.

with a very good control of the growth parameters.

The usual procedure for the sample preparation is first to deposit an Fe layer
of defined thickness (usually 2 to 3nm) on a superpolished Si(100) substrate. The
layers are deposited by DC magnetron sputtering in an Ar gas (purity 99.9999%)
with a partial pressure of 5x1072 mbar. The Fe is then subsequently exposed to
a defined amount of molecular oxygen. This is achieved by selecting an oxygen
partial pressure of 5x107° mbar and integrating the measured pressure over time
(=the exposure) in order to achieve the desired exposure. One can control the
thickness of the oxide layer grown by choosing the correct exposure, as shown on
Fig.5.1. The values given in the figure are estimation based on the measure of the
quantity of oxygen atoms present in the layer and assuming the bulk density of FeO.
The total oxygen present in the layer was determined by in-situ x-ray absorption
spectroscopy, in a similar experiment as described in Paper III. The number of
incorporated oxygen atom is estimated from the proportion of oxide in the layer
(of known initial thickness) at the given exposure. For the sample preparation, an
exposure of 6500 L is generally chosen, which is well into the saturation regime.
Being in saturation presents several advantages. It is the way to create the thickest
native oxide layer at room temperature. Additionally, the thickness of the layer is
much less dependent on the initial parameters of pressure and exposure, increasing
the reproducibility and the thickness uniformity in the multilayer.

The next metal layer is deposited once the background pressure in the chamber
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falls below a predefined value, which was usually set to 2x 1078 mbar. This sequence
is then repeated several times to grow a superlattice.

Because the multilayers are produced by controlled oxidation of a relatively
thin metal layer, it is important to check that creating a superlattice preserves
the multilayer structure. In particular the quality of the interfaces can affect the
magnetic properties of the system. These parameters are easily accessed by x-
ray reflectivity measurements, which allow one to extract the density depth profile
of the multilayer. These experiments were carried out at the W1 beamline of the
DORIS III storage ring (Hamburg, Germany) were the energy of the incoming x-ray
beam was set to 9.8 keV. The reflectivity curve of a sample with nominal structure
Si/[Fe(2.5nm)/O(6500 L)]15/Al(3nm) is displayed on Fig. 5.2. This sample contains
oxide layers grown by exposure up to saturation, and is therefore representative
of the samples studied in this work. The non-appearance of the second order
Bragg peak is a sensitive signature that both metal and oxide layer have similar
thickness, which is found to be 1.8 nm and 1.7nm respectively. One can note the
good agreement with the expected layer thickness based on density and oxygen
uptake calculation presented in Fig.5.1. The density depth profile indicates that
the boundaries between the layers are sharp and well defined. However the root
mean square (RMS) interface roughness increases from 0.4nm at the bottom to
0.7nm for the top layer. One can also see that the first Fe layer has a slightly
smaller density, probably due to partial oxidation at the SiOy/Fe interface.

5.2 Layer integrated magnetic properties

The preparation procedure described above was applied to the preparation of all
the samples studied in this work. For nuclear resonant scattering experiment, > Fe
probe layers were deposited at selected positions within the layer structure. As
described in Paper I, these layers are deposited in oblique incidence with respect
to the sample surface. This has several implications for the homogeneity and the
magnetic properties of the sample, which are discussed here.

The thickness uniformity of such layer was determined by x-ray reflectivity along
the wedge at different position on the sample. Over the 20 mm of the sample, the
layer thickness is doubled. This means in the case of a superlattice where nominally
0.6 nm thick 5"Fe probe layers are embedded a thickness variation of £0.2nm at
the edges (compared to the center).

The oblique incidence has also some consequences regarding the magnetic prop-
erties of the layer system. In fact it is known that such deposition conditions
result in the growth of elongated grains along the direction from where the parti-
cles are impinging, inducing a preferred magnetic orientation [64, 65]. This shape
anisotropy of the grains leads to a strong uniaxial magnetic anisotropy of the films.
Fig. 5.3 displays the low field hysteresis curve of a Si/[Fe(2.5nm)/O(6500 L)]15/Al(3nm)
multilayer, as recorded by Magneto-Optical Kerr Effect (MOKE) magnetometry.
The presence of well defined easy and hard axis of magnetization relates to the
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Figure  5.2: Upper  panel: X-ray  reflectivity curve of a
Si/[Fe(2.5nm)/O(6500 L)]15/Al(3nm) multilayer recorded at 9.8keV. Only
odd-order Bragg peaks are present, indicating that both metal and oxide layer
have equal thickness. The arrow indicates the position where a second order peak
would have appeared. Lower panel: Density depth profile, as derived from the
simulation of the reflectivity curve.



5.2 Layer integrated magnetic properties 61

1.0 T T T T T T T T T T T T T T
Easy ax|s paEEREEEEEE .{:::::j:,:} e
~
0.5 4 i
Hard axis
g‘” 0.0 - .
=
-0.5 1 .
-1.0 T T T T T T T T T T T T T T T
20 -15 -10 -5 0 5 10 15 20

wH [mT]

Figure 5.3: Hysteresis curve of a Si/[Fe(2.5nm)/O(6500 L)];5/Al(3nm) multilayer
which incorporates 0.6 nm thick *"Fe probe layers, as recorded by MOKE magne-
tometry. A strong uniaxial anisotropy is observed, with the easy axis direction
parallel to the deposition direction of the *"Fe layers.

uniaxial anisotropy induced by the oblique deposition. The easy axis is parallel
to the projection of the deposition direction onto the sample surface. It is inter-
esting to note that even if the >"Fe constitutes only a fraction (in this case 25%)
of the total Fe content, its growth conditions lead to the uniaxial anisotropy of
the complete system. This oblique deposition could therefore be used as a general
method to introduce uniaxial anisotropy in magnetic thin films or multilayers. The
hysteresis curve shown in Fig. 5.3 displays a coercive field H. of 3mT. This small
value confirms the soft magnetic properties of the system.
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Chapter 6

Magnetic coupling in Fe/Fe-oxide
superlattices

As discussed in the last part of chapter 4, Beach et al. have reported that the buried
oxide present in Fe/native-oxide multilayers is magnetically ordered. However,
they did not consider the possible long range magnetic coupling that could form
in such structure between the layers. To obtain a layer selective magnetic signal,
in-situ and ez-situ nuclear resonant scattering experiments were carried out, where
isotopic probe layers are used. The complete depth profile of the magnetic structure
was resolved by a combination of NFS and PNR on multilayered samples. These
results are presented in Paper II and Paper IV. In this chapter, the results are
summarized, complemented with additional experimental findings and discussed in
the framework of the model developed in the articles.

6.1 Appearance of interlayer magnetic coupling

This section summarizes the results concerning the appearance of interlayer mag-
netic coupling between the metal layers in Fe/native-oxide multilayers. These re-
sults were mainly obtained by in-situ nuclear resonant scattering.

Noncollinear coupling of iron layers through native iron ox-
ide spacers'

The aim of the experiment was to study in-situ the evolution of the magnetic
structure of the metal part of an Fe/native-oxide multilayer during growth using
nuclear resonant scattering from *“Fe probe layers. The experiment was carried
out in the UHV deposition setup described in Paper I at the ID18 beamline of
the ESRF. To probe selectively the metal part of the sample, a 0.6 nm thick *"Fe
probe layer was embedded in the middle of **Fe layers (depleted in *’Fe). The use

!Summary of Paper II: Th. Diederich, S. Couet, R. Rohlsberger, Phys. Rev. B 76, 054401
(2007)
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of %Fe ensures that the signal will originate only from the 5"Fe probe, as natural
Fe contains 2.1% of °"Fe. A Fe/*"Fe/*°Fe trilayer will further be referred to as
a doped (%PFe) layer. The magnetization direction was defined by a permanent
magnetic field of 70 mT applied in the plane of the sample and parallel to the
incoming photon wavevector. What is observed is that upon deposition of the
second Fe layer (to form a 9PFe/*Fe-oxide/%PFe trilayer), the magnetization of
the two metal layers is not collinear anymore but adopts a canting angle of 60°,
keeping the net magnetization parallel to the external field.

In the article, it is shown that the magnetic structure is persistent upon de-
position of many bilayers to create a superlattice. In this case, the non collinear
arrangement manifests as superstructure (half-order) Bragg peak in the nuclear
reflectivity curve. As discussed in section 3.3, the intensity of this half-order peak
is determined by the difference in the projections of the magnetic moments in the
two magnetic sublattices along /50. The intensity of this peak was monitored to
measure the canting angle as a function of the external field. In high magnetic
fields, only an asymptotic decrease of the angle is observed. This behavior could
only be reproduced using the proximity magnetism interlayer coupling model of
Slonzcewski described in chapter 2.

These results were the first proof of interlayer exchange coupling between metal-
lic Fe layers separated by a native oxide spacer. According to the proximity mag-
netism model, this coupling should be mediated by an antiferromagnetic oxide
spacer layer. This finding has important implications regarding the chemical and
magnetic structure of the buried oxide, which will be discussed in chapter 7.

In the following section, the evolution of the magnetic coupling upon deposition
of an increasing number of layers is explained in detail.

Evolution of the magnetic structure

In Paper I1I, the study concentrates on a trilayer system and to the discovery of the
interlayer coupling. It is interesting to observe how the magnetic structure evolves
when growing an increasing number of layers. This situation is summarized in
Fig.6.1. The two upper timespectra correspond to the results discussed in Paper
11, the lower panels corresponds to the subsequent deposition of a third and fourth
metal layer. Careful analysis of the timespectra shows that at the third step, the
canting angle increases up to 90° while the net magnetization stays parallel to the
external field. Upon deposition of the fourth layer, the system becomes symmetric
around the external field with an effective canting angle of 60°.

It is quite surprising to see that the canting angle increased with deposition
of the third layer. According to the proximity magnetism model, the coupling
angle is only determined by the proportion of FM and AFM coupling between
the two adjacent metal layers. This situation should not change once the layers
are deposited. However one should take into account that this deposition step
corresponds to the first appearance of a ”buried” metal layer, i.e. the middle metal
layer has exchange coupling boundary conditions on both of its interfaces. At this
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Figure 6.1: Time spectra of in-situ nuclear resonant scattering where metal /oxide
bilayers are stepwise deposited to follow the evolution of the magnetic structure.

The red lines in the timespectra are fits.
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a) W/Fe(2nm) - E, =716V b) W/Fe/FeO/Fe(2nm) - E, =63 eV

Figure 6.2: Low energy electron diffraction pattern recorded on (a) W/Fe(2nm)
and (b) W/Fe/FeO /Fe(2nm). The disappearance of diffraction spot in the trilayers
indicates a decrease of the cristallinity of the top layer.

stage, the magnetic structure of the system is not symmetric. This might lead to the
adoption of a larger canting angle in order to counterbalance the magnetic moment
created by the two outermost layers and align the net magnetization along with the
external field. Upon deposition of the fourth layer, the system becomes symmetric
again and the coupled spins arrange symmetrically around the net magnetization.

6.2 Magnetic coupling in an epitaxial system

A similar in-situ experiment was carried out on epitaxially grown layers, which
present a magneto-crystalline uniaxial anisotropy (cf. section 2.3). The experiment
was carried out in a dedicated UHV system permanently installed at the 1D18
beamline [40]. The Fe layers were deposited from an electron beam evaporator. The
substrate was a flat W(110) single crystal which was cleaned by numerous cycles
of annealing to 1500 K in an oxygen partial pressure of 1x10~"mbar and flash
annealed to 2100 K. Such treatment results in a clean and well ordered surface [66].
A 0.8nm thick 5"Fe probe layer was embedded in the middle of a 2nm 5°Fe layer
(resulting in a %PFe layer). The crystallinity was checked by low energy electron
diffraction (LEED), as shown on Fig.6.2a. The four bright spots account for the
cubic symmetry of the surface. The high signal to noise ratio documents a
well ordered single crystalline surface. At this stage, the nuclear timespectrum
(Fig.6.3) shows that the magnetization is parallel to k:;, and therefore parallel to
the (110) orientation. This layer was subsequently oxidized to 6500 L, covered
by 2nm of %*Fe and another 0.8nm 5"Fe probe layer. The corresponding LEED
pattern (Fig.6.2b) shows very faint structures, indicating that the top Fe layer
is either polycrystalline, or has at least a highly distorted crystal structure. The
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M /I k, I/ (110)
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corresponding timespectrum is shown on Fig. 6.4c. The overall shape of the beating
pattern changed, indicating that at least the magnetization of the top layer should
have different orientation. Timespectra were recorded at three different incident
angles on two different orientations of the sample with respect to /;0. Variation of
the incident angle allows one to vary the probing depth, and hence increase the
signal originating from one or the other probe layer. This is illustrated in panels
i-j of Fig. 6.4. The wavefield intensity at the position of the two probe layers varies
drastically for the different incidence angles. Performing these measurements along
two different orientations of the sample allows one to unambiguously determine the
magnetization orientation of each layer. A consistent fitting of the six timespectra
is shown on Fig.6.4. The fit results indicate that the magnetic moments in both
Fe layers are canted by an angle of 45 degree with the bottom layer still aligned
along the (110) direction.

This is an interesting result in contrast to the one obtained on polycrystalline
films. In that case a magnetic field was applied during the growth. The result is
a canting of the magnetic moments symmetrically around the external magnetic
field. For the epitaxial layer, there is no magnetic field applied but an uniaxial
anisotropy in the bottom layer. Because of the subsequent oxidation, it is expected
that the top layer is not single crystalline (see the degradation of the LEED pattern
in Fig.6.2b), and should therefore yield no or smaller uniaxial anisotropy. In this
case, the orientation of the bottom layer is fixed by the uniaxial anisotropy and the
top layer’s magnetization is only determined by the coupling to the bottom layer.

The reduced canting angle could be due to two effects, which could not be
verified. One possibility would be that the oxide’s structure is much different
compared to the polycrystalline case. As described in Paper IV, the possible
presence of ferromagnetic pinholes could lead to a departure from the 90 degree
coupling angle. On the other hand, the second ®*”Fe probe layer was here placed on
top of a 2nm *°Fe layer. The reduced coupling angle could also be due to the fact
that the probe is at the extreme surface of the layer. Because the distance to the
oxide/Fe interface is rather large, the sensitivity to the interfacial coupling might
be reduced.

The fact that a reference pinning layer can be used to set the magnetization of
the whole system, together with the robustness of the coupling against the external
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Figure 6.4: in-situ nuclear resonant scattering experiment on a 9PFe/Fe-
oxide/4PFe trilayer epitaxially grown on W(110). The top panels are electronic
and nuclear reflectivities recorded around the critical edge for (a) ko//Fe(110) and
(b) ko//Fe(001). Timespectra are recorded at different incident angles marked by
a red dot. The consistent fitting of all the timespectra indicates in this case a 45°
coupling angle. (i-k) displays the calculated wavefield intensity in the depth of the
sample for the different incidence angles. From (i) to (k), the sensitivity is shifted
from the top layer to the bottom layer, meaning that one can select from which
part of the sample the main signal is originating from.



6.3 Magnetic depth profile 69

fields, could open interesting possibilities for application in magneto-engineering.
This coupling mechanism could for example be used to induce a rotation of the
magnetization in a given multilayer magnetic structure, giving more freedom for
spin manipulation in devices.

6.3 Magnetic depth profile

Up to now, the study of the magnetic structure was restricted to the metal part
of the sample, where a non-collinear magnetic coupling was observed. However, as
pointed out by Beach et al. [3], the buried native oxide layers are also expected to
be magnetically ordered. It is therefore important to be able to study in a layer
resolved manner the magnetic structure of the oxide, as well as its interaction with
the neighboring metal layers. This was the goal of the study presented in Paper
IV, which is summarized hereafter.

The magnetic structure of coupled Fe/FeO multilayers re-
vealed by nuclear resonant and neutron scattering methods?

This article presents a joint nuclear resonant scattering and polarized neutron re-
flectometry study carried out on two Fe/native-oxide superlattices where either the
metal or the oxide layers were enriched in >"Fe. NRS was used to study the mag-
netic coupling of the metal layers or the oxide layers independently while PNR was
used to obtain the magnetic contrast between adjacent metal/oxide layers. Besides
a confirmation by PNR of the above mentioned findings on the occurrence of mag-
netic coupling of the metal layer, PNR allowed to have a measure of the absolute
magnetic moment per atom of each layer. The value for the metal is found to be
equal to bulk Fe while the oxide part carries a small net magnetic moment of 0.5 up
per atom. The oxide’s magnetization is pointing in the same direction as the net
magnetization.

While the canting angle is found to be around 70 degree for the metal doped
sample®, a much smaller value is derived for the oxide doped sample which shows
a reduced canting angle of 40 degree.

According to the proximity magnetism model, statistical variations of the rough-
ness should lead to an equal proportion of ferromagnetic and antiferromagnetic
coupling and stabilize a 90 degree coupling angle. However the previous findings
show that the system does not behave like a perfect FM/AFM/FM multilayer. The
reduced canting, together with the presence of a small magnetic moment in the ox-
ide, indicates that the oxide is not perfectly antiferromagnetic but incorporates a
ferromagnetic component.

2Summary of Paper IV: S. Couet, K. Schlage, Th. Diederich, R. Riiffer, K. Theis-Brohl, K.
Zhernenkov, B. Toperverg, H. Zabel, R. Rohlsberger, New Journal of physics, accepted (2008)
3 A multilayer where the metal is composed of *Fe/®"Fe/CFe trilayers
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Hard axis

Figure 6.5: Schematic view of the magnetization reversal of a Fe/native-oxide
multilayer along the hard axis. The coupled spin system rotates as a rigid unit.

Some oxide phases are ferrimagnetic (and therefore carry a net magnetic mo-
ment). Understanding the observed magnetic properties therefore requires a com-
plete characterization of the oxide’s structure. This consideration will be discussed
in chapter 7.

6.4 Magnetization reversal on the hard axis

The magnetization reversal on the hard axis was studied with NRS and PNR meth-
ods (Paper IT and IV), showing that the system does not decay into magnetic do-
mains but rotates coherently as one unit upon magnetization reversal, as illustrated
in Fig. 6.5. The absence of domains was confirmed by off specular neutron scatter-
ing measurements, which ruled out the presence of magnetic domains smaller than
30 um. This observation of rigid rotation is quite different from what is observed
in conventional metallic multilayer systems. Usually the magnetization reversal is
accompanied by phenomena like bulk and surface spin-flop transitions [24], where
the canting angle is strongly varying depending on the applied field. In the case of
proximity magnetism, the coupling between the two sublattices is strong enough
to maintain the spin structure throughout the reversal, as illustrated on Fig.6.5.

6.5 Exchange bias at low temperature

According to the proximity magnetism model, the buried oxide should be antifer-
romagnetic at room temperature. This means that the Fe/native-oxide system is
composed of a series of FM/AFM interfaces, which are the building blocks leading
to exchange bias effects [67]. This phenomenon is usually characterized by an uni-
directional magnetic anisotropy which leads to an increase of the coercivity and a
shift of the hysteresis loop. Van der Zaag et al. [68] have shown that the Néel tem-
perature and the blocking temperature (where the exchange bias transition takes
place) are not the same in the case of ultrathin AFM layers. The observation of an
exchange bias transition would therefore be an indirect proof of the AFM order of
the buried oxide.

This question was investigated on a Si/[Fe(2.5nm)/FeO(6500L)];5/Al(3 nm)
multilayer by means of low temperature SQUID magnetometry. As shown on
Fig. 6.6, the coercivity increases below 60 K, corresponding to the exchange bias
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Figure 6.6: Upper panel: SQUID magnetometry curves recorded on a
Si/[Fe(2.5nm)/FeO(6500L)];5/Al(3nm) multilayer. The exchange bias transition
occurs at a temperature of 60 K. Lower panel: evolution of the coercive field Ho
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Figure 6.7: Schematic view of the evolution of the coupling from the magnetization
reversal up to the saturation field. Note that the horizontal axis is not scaled.

transition. This low blocking temperature is a good support to the argument of
AFM order in the buried oxide. According to van der Zaag et al., this low blocking
temperature should be accompanied by a larger Néel temperature compared to
bulk FeO. This renders the hypothesis of room temperature AFM order possible.

6.6 Conclusions

The appearance of non-collinear magnetic coupling of Fe layers separated by na-
tive oxide spacer layers has been observed for the first time. The field dependent
study of the canting angle showed that the interlayer coupling can be understood
in the framework of the proximity magnetism model, which implies an antiferro-
magnetically ordered native oxide at room temperature. The evolution of the spin
structure in high fields and the magnetization reversal on the hard axis has been
studied. The systems stay coupled upon magnetization reversal along the hard
axis and the coupling angle vanishes only in magnetic fields higher than one Tesla.
The complete spin evolution derived from this investigation is displayed on Fig. 6.7.
This emphasize the robustness of the coupling against the external field.

The magnetic depth profile of the multilayer was resolved by a combination
of NRS and PNR methods, showing that the buried oxide carries a net magnetic
moment. These findings indicate that the oxide does not behave like a perfect
antiferromagnet. The occurrence of exchange bias transition at low temperature
provides an indirect proof of AFM order. However, the fact that the layer is mag-
netically ordered at room temperature has still to be investigated. These questions
will be discussed in the next chapter.



Chapter 7

In-situ study of the native oxide

The properties of the buried native oxide seem to be completely different from free
native oxide layers, which are usually considered as non-magnetic. In this chapter,
in-situ XAS and NRS studies are presented, which aimed at resolving the chemical
and magnetic changes occurring upon transition from the free to the buried oxide.

7.1 How metallic Fe controls the composition of
its native oxide!

The chemical structure of the native oxide was studied by in-situ x-ray absorption
spectroscopy at the Fe K-edge (7.1keV). The experiments were carried out at the
A1 beamline of the DORIS III storage ring. The experimental setup is described
in Paper I while the results of the experiment are given in Paper III.

The goal was to study in a quantitative manner the composition of an ultrathin
metal layer stepwise exposed to molecular oxygen and to follow the eventual changes
occurring upon deposition of Fe metal on top of the free native oxide. This is
achieved by analyzing the near edge region (XANES) and comparing it to reference
spectra of the different oxide phases, and further analysis of the EXAFS signal.

It is found that the oxidation follows a similar growth behavior as was predicted
by the Fromhold-Cook model. However, the site sensitivity of the technique allows
one to quantitatively resolve the composition of the oxide. What is seen is that
the oxide’s composition does never correspond to a stoichiometric bulk oxide. In
saturation, a mixture of different Fe?'/Fe?" sites is formed, with apparently no
long range order.

Upon deposition of Fe metal on top of the saturated native oxide, the oxide is
reduced, leaving only Fe?* sites in the buried oxide. Analysis of the EXAFS signal
showed that the buried native oxide has essentially a disordered FeO structure.
Additional to these important findings, it is observed that a 10 to 15 % fraction of
Fe metal remains unoxidized in the oxide layer. The presence of Fe metal within the

!Summary of Paper III: S. Couet, K. Schlage, K. Saksl, R. Rohlsberger, Phys. Rev. Lett.
101, 056101 (2008)
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Figure 7.1: Oxidation and deposition experiment carried out on Ni surfaces. a)
Reference spectra of Ni and NiO. b) XANES spectra recorded at selected oxida-
tion/reduction steps. ¢) Results of the fitting procedure.

FeO matrix can eventually account for the small net magnetic moment measured
by PNR.

The fact that the buried oxide layer adopts an FeO-like structure rules out
the possibility that ferrimagnetic oxide phases are present in the layer. FeO is,
however, an antiferromagnet with a Néel temperature Ty of 198 K. The presence
of antiferromagnetically ordered FeO at room temperature means that Ty is much
increased in the case of the buried oxide. This will be the subject of the in-situ
NRS study which is presented in section 7.3.

The next section present a similar study as the one presented in Paper III,
but performed on Ni surfaces. The aim was to test if the results can be
generalized to the oxidation of other transition metals.

7.2 Oxidation of Nickel surfaces

The reduction mechanism developed in Paper III does not seem to be
specific to the case of Fe. The formation of a reduced oxide upon
deposition of metal on a native oxide could be a general property of
metal /native-oxide systems. Similar XAS experiments were therefore
carried out on Nickel surfaces at the Ni K-edge (8.3 keV).

A 1.4 nm thick Ni layer was deposited on a Pd capped Si wafer (the
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same substrate as in Paper III), stepwise oxidized up to 13000 L and
covered with Ni. To obtain quantitative information on the composition
of the layer, the experimental XANES spectra were fitted using a linear
combination of reference spectra of pure compounds. Two references
were used: Ni metal (a thick Ni layer deposited in-situ) and NiO (a
bulk single crystal). Their XANES spectra are displayed on Fig. 7.1a.

The XANES spectra corresponding to the oxidation of a thin Ni layer
and subsequent deposition of Ni are displayed in Fig.7.1b. The results
of the fitting procedure (which gives the relative concentration of the
species) are plotted in Fig. 7.1c. One can see that the oxidation proceeds
in a similar fashion as for Fe oxidation. First, a fast oxidation rate is
observed which quickly saturates above 1300 L. It should be noted that
the remaining Ni metal is due to the fact that the initial Ni layer was
thicker than what was used in Paper III for Fe. One can therefore not
conclude here on the eventual presence of Ni metal within the oxide
layer. To resolve this effect, additional study with varying initial Ni
metal layer thickness are necessary.

It was possible to fit all the experimental data with only the Ni and
NiO references, indicating that no higher oxidation state oxide is formed
during oxidation. This is confirmed by deposition of Ni on top of the
saturated oxide: No drastic changes of the spectra occurs, indicating
that only the relative ratio of Ni to NiO is changing. To some extent,
the result is not surprising. In contrast to the case of FeO, the NiO
phase is very stable at room temperature. In general, the Ni*" state is
only rarely observed in compounds or in oxide growth under particular
conditions. A Ni?" state is therefore more likely to form also in such
oxidation experiment.

Figure 7.2 shows an X-ray reflectivity curve recorded at 9.8 keV on a
superlattice with nominal structure Si/[Ni(3.1 nm)/O(6500L)];3/Pd(6 nm).
From the fit of the reflectivity curve, thicknesses of 2.5 nm and 1.5 nm
are found for the metal and oxide layers respectively. The thickness of
the oxide layer is similar to what forms on Fe. The density depth profile
shows an asymmetry between the Ni/NiO and the NiO/Ni interfaces
where root mean square roughnesses of 1.2nm and 0.5nm are deter-
mined. The lower roughness at the NiO/Ni interface might be in direct
relation with the fact that no interdiffusion happens upon deposition of
Ni on top of the native Ni-oxide. From that perspective, one can imag-
ine that the symmetric interfaces present in Fe/native-oxide multilayers
are due to the reduction process that occur when the metal is deposited.
One can see the oxide as the oxygen source, which oxidizes the deposited
metal. This process would then be to some extent similar to a normal
oxidation process, and would lead to similar structural properties for
the Fe/FeO and FeO/Fe interfaces.

These findings have important consequences for the appearance of in-
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Figure 7.2: X-ray reflectivity curve of a Ni/NiO superlattice (13 bilayers) recorded
at 9.8 keV. The density profile extracted from the fit shows an asymmetry between
the Ni/NiO and the NiO/Ni interface.
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terlayer coupling mediated by proximity magnetism. NiO is an antiferro-
magnet at room temperature, and proximity magnetism can potentially
appear in a Ni/NiO multilayer structure. However, the asymmetry of
the interfaces renders the appearance of correlated interlayer coupling
over many bilayer less likely (this process partly relies on the assumption
that interfaces are of similar kind). Further studies should be devoted
to this question, as it could provide important answers concerning the
occurrence of interlayer coupling in metal/native-oxide multilayers in
general.

7.3 Origin of magnetic order

Up to know, the information gathered on the magnetic structure of
the buried oxide shows that it should be antiferromagnetic at room
temperature, that some net magnetic moment is present, presumably
due to the presence of ferromagnetic metal in the AFM matrix. In
Paper III, it was shown that the native oxide layer reduces to FeO upon
deposition of Fe on its free surface. However, one of the main questions
remains regarding the stabilization of magnetic order in the buried oxide.

Free native oxide layers are usually considered as non-magnetic. Bulk
FeO is also paramagnetic at room temperature. Understanding how
the magnetic order appears in the oxide is therefore of importance to
understand the stabilization mechanisms that lead to nanometer thick
magnetically ordered oxide layers at room temperature.

In that view, in-situ nuclear resonant scattering experiments were
carried out, where 5"Fe probe layers were oxidized and subsequently cov-
ered with Fe. The experiment took place at the ID18 beamline of ESRF
in the setup described in Paper I. In the first experiment (presented in
Paper I), a 0.6 nm "Fe probe layer is deposited on top of a 2nm "*Fe
layer?. The corresponding timespectrum shows a beating pattern typi-
cal of ferromagnetic a-Fe. After oxidation to 6500 L, the high frequency
beating disappears, indicative of a non-magnetic or superparamagnetic
state. Upon coverage with Fe metal, magnetic order reappears, but only
progressively. 2nm of Fe is required to observe a high frequency beat-
ing pattern that indicates a magnetically ordered state. In section 7.1,
it was shown that the oxide is completely reduced to FeO as soon as one
monolayer of Fe is deposited. From the NRS experiment, one sees that
the magnetic order is stabilized only when much more Fe is deposited.
This means that the free FeO layer alone is not in itself magnetic at
room temperature but requires a magnetic surrounding to stabilize its
magnetic structure. It is remarkable that the transition to pure FeO
proceeds already after deposition of one atomic layer of Fe, while it

2natFe refers to Fe in natural isotopic composition, containing 2% of 57Fe.
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needs more than 2 nm to develop pronounced magnetic order.

These results can be put in relationship with the study of van der
Zaag et al. [68] who showed that the Néel temperature of ultrathin CoO
layers sandwiched between Fe;O, layers was increasing compared to bulk
Co0O as the CoO layer thickness was decreased. For the smallest thick-
ness, the Néel temperature is expected to match the Curie temperature
of the surrounding ferro(ferri)magnet. This phenomenon is explained by
a mean field model in which the two ordering temperatures (of the FM
and AFM) approach each other as a function of the relative thickness
of the FM and AFM layer. This implies that in the case that the AFM
layer is ultrathin compared to the FM, the corresponding Néel temper-
ature will converge towards the Curie temperature of the surrounding
FM. On the other hand, the blocking temperature (where exchange bias
transition occurs) is decreasing. This implies that above T, the AFM
layer is free to rotate upon magnetization reversal. Below Tp the inter-
facial AFM moments are frozen and an unidirectional anisotropy sets
in. The reason for the decrease of T eventually lies in a reduced ex-
change coupling at the FM /AFM interface, compared to the intra-AFM
exchange coupling.

These findings match quite well the experimental results obtained
here: Magnetism in the thin FeO layer is only stabilized once it is sur-
rounded by its metal parent, effectively increasing its Néel temperature.
The fact that exchange bias transition is observed at low temperature
supports this argument.

However, the remaining 2% of *"Fe in the metal part of the sample
(due to the use of "Fe) prevents a precise analysis of the hyperfine field
distribution. Therefore, in a subsequent experiment, the "“Fe target was
replaced by an °Fe target. The hyperfine field distributions extracted
from the fit of the timespectra, are shown on Fig.7.3. After oxidation
of the 0.6 nm °"Fe probe layer the fast beating disappears. The result-
ing hyperfine field distribution shows a broad major component (around
70 %) centered at 36 T. The remaining hyperfine fields are represented
by broad distributions below 10 T. Upon deposition of a 2nm thick °Fe
layer, a fast beating reappears. Two major components with equivalent
relative fraction appear now at 33T and 38 T, which have significantly
narrower distribution as compared to the free native oxide case. The
small hyperfine field sites have disappeared, eventually due to the chem-
ical reduction which was observed with XAS. The hyperfine field values
can be put in relationship with bulk values of iron oxides. The Fe?*
sites like in FeO are usually reported to yield a hyperfine field around
40 T. The value of 38 T found in this study can therefore account for FeO
type of site. The slightly smaller hyperfine field can either be due to a
surface/interface effect or due to a temperature effect, as normal FeO is
normally not magnetically ordered at room temperature. It is interest-
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Figure 7.3: In-situ nuclear resonant scattering experiment on °’Fe-oxide probe
layers. Upper panel: the 0.6 nm thick *"Fe is ferromagnetic and aligned parallel to
the external field. Center panel: Oxidation of the probe layer. The high frequency
beating disappears. Lower panel: Upon coverage with 2nm *Fe, a fast beating
reappear, corresponding to hyperfine field components around 33 and 38 T.
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ing to note that there always exists a component centered around 33T,
the value of ferromagnetic Fe metal. This observation supports the in-
terpretation that the Fe metal present in the oxide is ferromagnetically
ordered and can be responsible for the measured net magnetic moment
of the oxide.

These results can be compared to what was observed by Beach et al.
in their CEMS study. In fact, they performed the CEMS measurement
on Fe/native-oxide multilayers which were not selectively doped with
Fe (i.e. the complete sample was prepared with *’Fe). In order to
analyze only the CEMS spectra of the oxide, they systematically sub-
tracted the metal component. This prevented them to observe the metal
component also present in the buried oxide. It can therefore be that the
high magnetic moment they reported for the buried native oxide was
originating from the metal inclusions, and not directly from the Fe?"
sites. The determination of the (eventual) net magnetic moment of the
Fe?*t sites requires further investigations.

7.4 Conclusions

Studying the chemical and magnetic structure of the native oxide in-situ
brings a deeper understanding of the observed properties of such layer
that were observed ex-situ. The multicomponent free native oxide re-
duces to single component FeO upon deposition of Fe on its free surface.
Surprisingly, this does not correspond to a magnetic transition. Instead,
in-situ NRS shows that the oxide layer is magnetically stabilized upon
deposition of a 2nm thick metal layer. The persistence of a 33T hy-
perfine field component indicates that the metal present in the oxide is
ferromagnetically ordered and can be responsible for the observed net
magnetization of the layer.



Chapter 8

Conclusions and perspectives

This work aimed at a better understanding of the magnetic structure of
Fe/native-oxide multilayer systems. For that purpose, a series of x-ray
and neutron scattering and x-ray spectroscopy experiments were car-
ried out. The use of a dedicated ultra-high vacuum deposition system
for in-situ studies brought a decisive advantage to study the forma-
tion of buried native oxide layers. The combination of nuclear resonant
scattering and polarized neutron reflectometry proved to be ideally com-
plementing the layer resolved study of the magnetic structure. In the
following, a summary of the main findings is given.

The appearance of non-collinear magnetic coupling was for the first
time observed in Fe/native-oxide multilayers. This interlayer coupling
is mediated by a proximity magnetism type of interlayer coupling which
implies antiferromagnetically ordered oxide spacer. The joint NRS and
PNR study evidenced a net magnetization in the oxide layer.

The observation of exchange bias transition at low temperature con-
firms the antiferromagnetic nature of the buried oxide. However, a clear
understanding of the oxide’s chemical and magnetic structure required
in-situ studies of the transition from the free to the buried oxide case.

The chemical structure was studied by in-situ x-ray absorption spec-
troscopy. It was found that the free native oxide is a non stoichiometric
mixture of Fe?t and Fe?* type of sites. Upon deposition of Fe, the ox-
ide reduces to an Fe’" containing oxide which adopts a disordered FeO
structure. This finding is surprising in many aspects, in particular be-
cause FeO is normally the less stable oxide to form in nature. Being able
to create in a reproducible manner FeO nanolayers opens new possibil-
ities for the use of this compound. Comparison with the oxidation of
Nickel showed that the reduction process has a strong influence on the
morphology of the created FeO/Fe interface. From the magnetic point
of view, the reduction of the oxide observed in the XAS experiment does
not correspond to a magnetic transition. It is necessary that the oxide
is surrounded by ferromagnetic material to stabilize the AFM phase.

81
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The in-situ experiments also showed that ferromagnetic Fe remains
in the oxidized layer. This ferromagnetic part can account for the mea-
sured net magnetic moment of the buried oxide. This phenomenon
presumably also leads to the reduced canting angle (60° instead of 90°)
usually observed in Fe/FeO multilayers. The origin of this Fe metal is
still not clear. In particular it is not clear whether the metal remains
in the form of nanocrystals stable against oxidation or metal atoms at
grain boundary positions. This effect should be investigated in more de-
tail. In particular one should investigate the possibility to remove these
”defect” metal clusters by mild thermal annealing of the multilayer a
posteriori. This could lead to a pure AFM state in the oxide and larger
coupling angle.

Bringing together the consistent results of the in-situ and ex-situ
studies, a deeper understanding of the particular structural and mag-
netic properties of these systems has been gained. It provides a link
between the observed properties of the multilayer with the basic growth
process of the buried oxide. This knowledge gives now the opportunity
to tune the properties of the multilayer. This thesis therefore lays the
foundation for extended study on transition-metal /native-oxide systems.
The results presented in this work were obtained on native Fe-oxide lay-
ers oxidized up to saturation. The knowledge gained from the XAS
experiments however showed that the buried oxide will most probably
always present an FeO-like structure. This opens interesting perspective
regarding the use of even thinner oxide layers, which would be produced
by oxidation with lower exposure. While it is difficult to predict what
effects the use of thinner oxide layers would produce, there are some
hints that there are still more interesting effects to be expected. As can
be seen in Appendix B, the reduction of the native oxide thickness leads
to an increase of the coercive of the film which is not monotonic.

Finally, one sees that the number of parameters one can vary when
preparing metal /native oxide multilayers, such as oxygen exposure, metal
thickness, deposition temperature, is large. This potentially offers the
freedom to easily tune the magnetic coupling and/or magnetic proper-
ties of the system, which should be investigated. In the upcoming fields
of spin electronics, nanometer thick oxide layers are used in tunnel mag-
netoresistance devices. Having the possibility to create nanometer thick
oxide layers by simple oxidation processes would therefore bring an ease
of preparation for the industrial development of these technologies.



Appendix A

Computer control of the
deposition system

The ultra-high vacuum system used during this doctoral thesis was also
developed in order to render the deposition process fully automatized, as
described in paper I. One of the main tasks was to develop the necessary
electronic for the control of each individual instruments, as well as the
corresponding control software. This chapter reviews the details of these
developments, with the purpose to help future users of this system.

A.1 Description of the computer controlled equip-
ment

In order to computer control the deposition process several instruments
have to be remotely operated. Namely two sputter sources and their
corresponding shutters, a mass flow controller for Argon gas and a step
motor driven leak valve for the admission of low pressure gases. These
different devices are all controlled via different interfaces (which will be
described hereafter). The scheme applied was to use a general purpose
USB protocol to control the system via a laptop computer. All the
necessary electronics to convert the different signals to USB protocol are
combined in an electronic box. A USB HUB is present to connect each
separate apparatus and a single USB cable is finally needed to connect to
the computer. In the following, the different controls available for each
instrument are described together with their converter to USB protocol.

Sputter sources

The sputter guns are controlled by MDX500 power sources from Ad-
vanced Energy Industries inc. These power supplies operate in DC mode
and therefore enable DC sputtering. The maximum power delivered
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is 500 W. However the sputter guns MAK 1.3” (from US inc., center
source) and AJA A310-XP 1”7 (AJA international inc., side sources)

support a maximum of 350 W and 125 W, respectively.

The sputter sources are controlled via an analog interface. A 25-pole
sub-D connector is present at the back of the control panel to provide
the different necessary signals. The pin to pin corresponding signals are

summarized in table A.1.

’ Pin ‘ Name Type | Description

1 | Analog | Monitoring source parameter: current.
output | 10V = 1A.
0-10V

2 Pou Analog | Monitoring source parameter: power.
output | 10V = 500 W.
0-10V

3 Vout Analog | Monitoring source parameter: voltage.
output | 10V = 1000 V.
0-10V

4 Water Digital | Interlock signal watercooling. This signal
inter- input | is physically bridged with pins 5 and 6 in
lock 0-15V | the SUB-D connector of the cables. 15V

= interlock condition satisfied.

5 Vacuum | Digital | Interlock signal vacuum conditions. This
inter- input | signal is physically bridged with pins 4
lock 0-15V | and 6 in the SUB-D connector of the ca-

bles. 15V = interlock condition satisfied.

6 Main in- | Digital | Main interlock signal. This signal is phys-

terlock input | ically bridged with pins 4 and 5 in the
0-15V | SUB-D connector of the cables. 15V =
interlock condition satisfied.

7 | RMTopr | Digital | Turn off the output power. It should be
input | used simultaneously with pin 8. 0V =
0-15V | off.

8 RMT,y | Digital | Turn on the output power. It should be
input | used simultaneously with pin 7. 0V =
0-15V | on.

9 Ground | Ground | Ground reference signal(0V).

10 | Reference 10V This pin provides a 10V reference volt-
refer- | age.

ence
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12 Level,,; | Analog | Gives the programmed setpoint. Not
output | used in the program. 10V = maximum
0-10V | setpoint.

13 | Setptpox | Digital | Indicates if the output matches the re-
output | quested setpoint. 0 V = setpoint reached.

0-15V
14 \ Output | 15V reference voltage.
15V
16 P, Digital | Select the regulation method in conjunc-

input | tion with pin 17. When P,,,=0V and
0-15V | L.,=15V, power regulation is selected.
If P,.,=1,.,=0V, voltage regulation is se-
lected.

17 | Digital | Select the regulation method in conjunc-
input | tion with pin 17. When I,,,=0V and
0-15V | P,.,,=15V, current regulation is selected.
If P,.,=I,.,=0V, voltage regulation is se-
lected.

20 | Ground | Ground | Ground reference signal (0V).

21 | Ground | Ground | Ground reference signal (0 V).

22 | Outputpg| Digital | Indicator of output power turned on.
output | 15 V=output on.

0-15V
23 Level;, | Analog | Input signal used to program the setpoint
input | of the source. 10 V = maximum setpoint
0-10V | (either 1 A, 500 W or 1000 V).

25 | Ground | Ground | Ground reference signal (0V).

Table A.1: Signal provided by the MDX 500 sputter sources through the
25 pin SUB-D connector situated on the back of the sputter sources.

As can be seen, the control of the sputter sources requires various
inputs and outputs of digital and analog signals. These signals will be
provided by a multi input/output board miniLAB 1008 from Meilhaus
GmbH. This part is a central piece in the control electronic and will be
described in the following subsection.

Input/output board

As described in the previous section, a multi purpose input/output
board is necessary to merge to an USB protocol all the signals needed
for the sputter sources. As will be described later, other devices such
as shut off valves or shutters also require digital signals, which will be
provided by the same output board.



86 A Computer control of the deposition system
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Figure A.1: Front panel of a) the miniLAB 1008 and b) the ME-UBRE relay box.

The front panel of the miniLAB 1008 is shown on Fig. A.1a. It pro-
vides 32 screw terminals with different input and output signals. For
our requirement, two ME-UBRE (Fig. A.1b) relay boxes are connected
to the miniLAB 1008. This is achieved by use of a 37 pole SUB-D
connector on the minilab side, which splits into two 15-pole SUB-D con-
nectors for the relay boxes. A single connection from the miniLAB 1008
to the USB HUB is then established.

The system can provide the following signals:

e 8 analog inputs, 0-10V, 11 bit resolution.

e 4 Digital input output, 0-5V, can be configured (via software) as
input or output.

e 2 analog output, 0-5V, 10 bit resolution.
e 16 relay controls via the 2 UBRE boxes.

A complete set of routine for control via LABVIEW are available and
will be described in a later section.

Shutters

Motorized shutters are available for each sputter gun. The shutter is
actuated via a magnetic coil motor. The opening of the shutters is
controlled via relay terminals on the UBRE control box. The applied
voltage (which determines the maximum torque the motor can stand)
is adjusted via a separate power supply. The following limitations apply
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for proper operation conditions of the motor:

Max. torque (Ncm) | Voltage (V) | Current (A) | Working time

4.5 12 1.16 unlimited
16 24 2.33 max. 5 minutes
33 36 3.5 max. 3 minutes

Mass flow controller

The sputtering process requires stable argon gas injection with work-
ing pressures in the 1073-10"2mbar range. This is achieved by a mass
flow controller EL-flow F201C from Bronkhorst GmbH. It is rated for a
maximum flow of 200 sccm (standard cubic centimeter /minute). Practi-
cally the pressure achieved in the present vacuum chamber range from
3x1073-3x10"2mbar. A stable pressure is reached by setting an opening
setpoint (between 0 and 100%) for the output valve. The mass flow con-
troller itself is powered by a dedicated control unit. Communication to
the computer is achieved using the RS232 protocol. For that purpose,
an USB to RS232 converter is present in the main electronic box.

Because a mass flow controller always allows some gas flow, even
in the closed position, an electromagnetic shut off valve is placed just
behind the mass flow controller. A 24V signal is provided by a small
power supply encapsulated in the mass flow controller power supply box.
The valve is actuated using a relay located on the UBRE box.

Oxygen leak valve

For the admission of oxygen (or other gases) at pressure in the range
1078-1073 mbar, a step motor driven leak valve (VSE vacuum technology)
is used. The opening of the valve (or better, position of the step motor)
is regulated by an analog input 0-10V signal. This signal is provided
by an USB to analog converter UTA 12 (Elektro-Automatik GmbH)
directly connected to the USB HUB. This is controlled using dedicated
routines in LABVIEW.

Electronic box

The above mentioned interfaces are all merged in an electronic box which
provides a single USB connector for connection to the remote laptop
computer. The inner arrangement of the box is shown in Fig. A.2. As
can be seen, the different instruments (miniLAB, UBRE, USB to RS232
and UTA 12) are all connected to a USB HUB which provides a single
cable output for connection to the computer. Fig. A.2 also shows all the
connections to the outside ports. The wiring diagram of the miniLAB
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Figure A.2: Schematic diagram of the inner part of the electronic box. The con-
nections from the sputter sources to the miniLAB and the UBRE relay boxes is
not drawn for clarity but are drawn separately on Fig. A.3. Only the last four
connectors of each UBRE relay box are shown.
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1008 to the SUB-D port of sputter sources is shown on Fig. A.3. This
drawing is useful to check which channel number (which will be used in
the LABVIEW program) is assigned to which pin of the sputter sources.

With this, all the necessary connections are presented. The last part
is therefore dedicated to the description of the software implementation
of these solutions.

A.2 Software control

As mentioned in Paper I, the system is completely controlled using
LABVIEW. Before discussing the general architecture of the control
program, a short introduction to the particular routine used to control
the different interfaces under LABVIEW is given.

miniLAB 1008

The minilLAB 1008 requires several drivers from Meilhaus GmbH to
run properly with LABVIEW. A zip package including all the driver can
be found on the Meilhaus website! (170 MB). First the control software
Instacal, TracerDac and Universal library should be installed. Once
this is done and that the Labview software (National Instruments) is
installed, one should additionally install the Universal library for Lab-
view?. These are routines that provide Labview-type wiring blocks for
control of the individual terminals of the miniLAB. Before starting to
use Labview, the Instacal software should be run once to configure the
board if it is a new installation.

Among the many VI's (a LABVIEW block diagram is called a VI)
available for control of the unit®, only a few of them are necessary for
the control of the necessary ports.

Analog input

The signal present at any analog input (CHO in to CH7 in) can be read
using the Ain.vi routine. The output data then have to be converted to
real (double presicion) number using the Toeng.vi routine. Because this
is always performed together, I wrote a short macro which performs both
task in a row, which is called AInread_redlab(SubVI).vi. The connector
block diagram is shown on Fig. A.4a. As input, one has to provide the
board number (which can be found by running the Instacal program),

"http://www.meilhaus.org/downloadserver/redlab/RedLab_Web_2_6.zip

2Labview 8 required an updated version of the Universal libraries which can be obtained by
contacting Meilhaus GmbH, if necessary

3For a complete list, see the operation manual SM-UL Labview.pdf provided with the software
package.
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Figure A.3: Wiring diagram of the miniLAB 1008 to the input output SUB-D port
of the sputter sources. Only the first four connectors of the UBRE relay boxes are

shown.
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the channel number (0 to 7) and the range (which is always 0-10 V). As
output one obtains the data (in Volt) and an eventual error code.

Analog output

For the analog output (mainly used to program the operating setpoint
of the sputter source), the situation is a little bit more complicated.
Additionally to the board and output channel (from 0 to 1) number,
one has to provide the desired set point as a value between 0 and 2048
(the number of channels of the digital to analog converter). In Fig. A.4b
the case of power regulation is demonstrated, where the maximum power
output is 500 W.

Digital input output

There are two types of digital ports on the miniLAB1008. The digi-
tal input output channels directly present on the board constitute one
digital port which is referred to as the AUXPORT port in the routines.
The two 8-channel ports of the UBRE relays are labeled as FIRSTPORTA.
Both have to be configured either as input or output port using the
Dcfgport.vi routine. Once the port is configured as input (or output),
all the individual bits within the ports will be input (or output). The re-
lays (and therefore FIRSTPORTA) are configured as output and the AUXPORT
are inputs which will be used to read the status of the sputter source
(Outputpx and Setptok).

The routine Dbitin.vi is used to read the value of an input bit chan-
nel. The board number, the port type (AUXPORT) as well as the bit number
(0 to 3 in this case) have to be provided. In return, the digital bit value
is given in the form of a boolean variable.

The routine Dbitout.vi is used to set the state of an output bit chan-
nel. The board number, the port type (FIRSTPORTA), the bit number (0
to 15 in this case) and the bit value (as a boolean) have to provided.

All the mentioned routines enable one to operate the sputtering
sources, the shutters and the shut off valve using LABVIEW. The other
instruments, however, use different interfaces, the details of which are
given hereafter.

Mass flow controller

The power connection to the mass flow controller (MFC) is done using
an standard RJ45 cable connected to a dedicated power supply. The
interface for connection to the computer is the RS232 protocol. For that
reason, an USB to RS232 (USB4COM, Meilhaus GmbH) is implemented
in the control box and provides 4 additional COM ports. The MFC is
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Figure A.4: Labview wiring diagram of the routines used to control the miniLAB
1008 unit.
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usually plugged in the first port, which is for the moment recognized as
COM port 3 under windows.

The mass flow controller (MFC) is controlled using a dedicated pro-
gram called FLOWDDE!. This program controls the MFC and acts as a
server for other programs like LABVIEW. In this sense, request will be
made from LABVIEW to FLOWDDE to operate the MFC. For that rea-
son the FLOWDDE software should be started, and the communication
initiated before the LABVIEW software is started.

The DDE (Dynamic Data Exchange) protocol is directly implemented
in LABVIEW. The corresponding routines can be used to access the
FLOWDDE server. Self made routines are available to easily read and
write the MFC setpoint. For further details on data exchange using
DDE and its implementation, the reader is referred to the FLOWDDE
and DDEFE under labview manuals.

Two self made subroutines are used to write and read the setpoint
of the MFC: Setpoint mass flow 3.0.vi and Setpoint mass flow read.vi .
The first one takes as input the desired mass flow setpoint (between 1
and 100%) while the second one gives the actual set point as output.

As mentioned previously, the MFC is equipped with a shut off valve
which is separately controlled using relays on the UBRE box. The valve
requires 24V to open. This voltage is provided by a small power supply
placed inside the MFC control box.

Oxygen leak valve

The opening of the oxygen leak valve is controled by an analog 0 to 10V
signal. This cannot be provided by the miniLAB (which provides maxi-
mum 5V output). An additional USB to analog converter is used, which
enables 0 to 10V signal. Prior to use with LABVIEW, the driver for the
UTA12 unit should be installed®. Some ready made VI’s should then be
installed® as they will be used to access the converter from LABVIEW.
Details on the use of the device can be found in the corresponding man-
ual’.

Practically, a self made macro is used to set a new voltage on the
controller: UTA12 setvoltage 3.0.vi. It takes two inputs: the command
and the desired voltage. The command input should be ”setvoltage”
and the voltage is a real number from 0 to 10.

4http://downloads.bronkhorst.com/
Shttp://www.elektroautomatik.de/fileadmin/downloads/uta_usb_driver.zip
Shttp://www.elektroautomatik.de/fileadmin/downloads/UTA12_7.0.zip
"http://www.elektroautomatik.de/fileadmin/downloads/uta_direct_guide.zip
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Pressure reading

In addition to the control of the instruments, it is necessary to con-
tinuously read the pressure inside the chamber. This is read from the
pressure gauge controller Center One (Leybold GmbH), which is con-
nected to the main pressure gauge of the chamber, through an RS232
interface. The Center One is usually connected to COM port 2 of the
USB to RS232 converter. A self made routine can be used to read the
pressure: pressure reading 3.0.vi. The only input is the COM port
number (5 in this case). The pressure is then output as a real number
(in mbar units). The Center One reads the pressure every 0.1s. The
maximum reading rate for the pressure is therefore hardware limited to
10 Hz.

A.3 LABVIEW program architecture

The LABVIEW based control program is written as a modular architec-
ture. The main concept lies in an infinite loop where the different tasks
are run simultaneously and results obtained are transferred to global
variables. This brings full flexibility to separately control the different
instruments and ease the data exchange from subroutine to subroutine.
The different actions the user can perform are usually supported by
event handlers, which will perform requested tasks upon the completion
of specific actions (like a mouse click). The block diagram of the main
control program is given in Fig A.5.

Two special subroutines are implemented to perform dedicated tasks.
The first one is the oxidation cycle routine. It allows to perform a con-
trolled oxidation of the layers. The input parameter are the desired
oxidation pressure (4 tolerance to variation), the total exposure and
a starting value for the leak valve voltage (to give a starting value for
the valve regulation). Once it is started, the valve is operated so that
the requested pressure is reached using a regulation loop. The pressure
is integrated over time to obtain a precise calculation of the total ex-
posure. The block diagram of the oxidation cycle subroutine is shown
in Fig A.6. The second subroutine is called multilayer preparation and
is used to perform a completely automatized deposition process. That
means that mass flow controller, sputter sources and shutters will be
operated automatically. From the graphical user interface frontend, one
can select the deposition time, pre-sputtering time, source setpoint and
mass flow controller setpoint. Also one can use up to three different
sputtering parameters in a row, and include oxidation cycles between
the deposition. After that, one can also decide to repeat the layer stack
a defined number of time, to create a superlattice. The block diagram
corresponding to a simple deposition cycle is shown in Fig. A.7. If one
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A.3 LABVIEW program architecture

Figure A.5: Block diagram of the main control program.
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Figure A.6: Block diagram of the oxidation cycle subroutine.
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adds oxidation cycles or other sputtering steps, they would be added at
the end of the first sputtering step.
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Figure A.7: Block diagram of the multilayer preparation subroutine.



Appendix B

Influence of the oxide thickness

In the following, magneto-optical Kerr effect hysteresis curve of Fe/Fe-
oxide multilayers are displayed. The sample preparation was similar to
what is described in chapter 5. For each sample, a total of 15 bilayers
was deposited. The initial Fe thickness was kept constant at 2.5 nm
and the oxygen exposure was varied. As can be seen in Fig.B.1, the
coercivity is strongly varying when thinner oxide layer are used. One
can also see that the magnetic anisotropy is also thickness dependent.
The comparison of hysteresis curves at 1170 L and 520 L. shows that both
axis seems to be inverted. Several curves also displays a double switching
behavior. In particular the transition from 650 L to 260 L. shows that an
increasing part of the moments switch at higher fields. This behavior
is not clearly understood yet but might be related to an increase of the
coercivity of the layer stack due to the formation of ferromagnetic bridge
(pinholes) when ultrathin oxide layer are used.

Figure B.2 displays the measured coercivity as a function of the oxy-
gen exposure used to grow the oxide layers. Surprisingly, this curve
presents two minimas and show a general increase of the coercivity for
thinner layer. Understanding this phenomenon requires further studies
which are behind the scope of this work. However, it clearly shows that
one can obtain layer systems with strongly varying magnetic response
by simply varying the oxide layer thickness. The role of the oxide layer
thickness should be investigated in more details in the future.
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Figure B.1: MOKE hysteresis curves recorded on Si/[Fe(2.5nm)/O(x)]15/Ta(3 nm)
multilayers where the native oxide was grown with different oxygen exposures.
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multilayers where the native oxide was grown with different oxygen exposures.
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Paper I

A compact UHYV deposition
system for in-situ study of
ultrathin films via hard x-ray
scattering and spectroscopy
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A compact UHV deposition system for in situ study of ultrathin films
via hard x-ray scattering and spectroscopy

Sebastien Couet,? Thomas Diederich, Kai Schlage, and Ralf Réhlisberger
Deutsches Elektronen Synchrotron (DESY), Notkestrafie 85, 22603 Hamburg, Germany

(Received 4 June 2008; accepted 25 August 2008; published online 23 September 2008)

We report on a compact ultrahigh vacuum deposition system developed for in situ experiments using
hard x rays. The chamber can be mounted on various synchrotron beamlines for spectroscopic as
well as scattering experiments in grazing incidence geometry. The deposition process is completely
remotely controlled and an ellipsometer is available for online monitoring of the layer growth
process. The unique sample position in the chamber allows one to perform deposition, grazing
incidence x-ray experiments, and ellipsometry measurements at the same time, enabling to correlate
the x-ray analysis with parameters of the growth process. Additionally, the setup can be used to
study in situ chemical and structural changes in an element specific manner by x-ray absorption
spectroscopy. The flexibility and versatility of the system brings new possibilities to study the
chemistry and structure of surfaces and interfaces in thin films systems during their formation.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2982059]

I. INTRODUCTION

Nowadays, thin films and multilayer structures are used
in a large range of applications such as optical coating,
microelectronics,’ solar cell technology,2 or magnetic
recording.3 Physical vapor deposition techniques such as mo-
lecular beam epitaxy or sputter deposition allow for a con-
trolled deposition process and are widely used to grow thin
films or multilayer structures. Generally, the properties of the
complete system are largely influenced by the quality (struc-
ture, chemistry, thickness) of the different interfaces. The
study of the growth process during the interface formation is
therefore mandatory to tailor the properties of the final de-
vice. Usually, an ultrahigh vacuum (UHV) environment is
required to study free surfaces, interface formation, or more
generally, for any type of in situ study where analysis has to
be carried out at selected steps of the preparation procedure.
A large variety of analysis technique based on electron
probes (Auger spectroscopy, x-ray photoelectron spectros-
copy, low energy electron diffraction, etc.) as well as scan-
ning probe microscopy techniques are readily available in
common UHV systems. While a combination of these tech-
niques can bring a complete characterization of the chemis-
try and morphology of thin film surfaces, their probing depth
is usually restricted to a few nanometers.

On the other hand, hard x-ray scattering techniques are
usually used to probe the structure of bulk material on vari-
ous length scales in a noninvasive way. The possibility to
tune the energy (or wavelength) of the x-ray photons to a
particular absorption edge can be used to study chemical and
structural parameters of the sample in an element specific
manner.” The case of grazing incidence scattering is particu-
larly interesting for the study of thin films and multilayers

Y Author to whom correspondence should be addressed. Electronic mail:
sebastien.couet@desy.de.

0034-6748/2008/79(9)/093908/9/$23.00

79, 093908-1

because this geometry allows to control the penetration depth
of the x rays. Scattering and spectroscopy techniques can
therefore be used in a depth resolved manner to study buried
layers and interfaces.

Specular x-ray reflectivity can be used to obtain depth
resolved density profiles with subnanometer resolution.™®
The analysis of the diffusely scattered radiation at small
angles of incidence allows one to obtain information on the
lateral ordering of layers or clusters on various length
scales.’ Resonant techniques such as nuclear forward scatter-
ing combined with the use of isotopic probe layers can be
used to obtain magnetic depth profiles with sub nm
resolution.®

The high intensity provided by modern synchrotron ra-
diation sources enables one to collect data sufficiently fast to
perform time resolved studies. In the last decade, the appli-
cations of x-ray scattering techniques to follow thin film
growth in situ have attracted an increasing interest. In par-
ticular, in situ x-ray reflectivity was often used to follow the
evolution of the film morphology (roughness, thickness) in
real time during growth.g’13 In order to perform reflectivity
as well as other x-ray scattering experiments, several por-
table deposition systems have been developed.n_15 They
usually feature a compact design with large x-ray windows
which allows to perform different x-ray scattering experi-
ments such as reflectivity and small angle scattering. They
usually accommodate space for Knudsen cells, e-beam
evaporators, or sputter guns and have high (sometimes ultra-
high) vacuum capabilities.

In this paper, we describe a compact UHV deposition
chamber that was developed to perform grazing incidence
scattering and spectroscopy experiments in situ using hard
x rays. The primary goal of this device is to study the growth
and the interface formation of transition metal elements (Fe,
Co, and Ni), as well as oxidation processes on such metallic
surfaces. This requires particular care regarding vacuum

© 2008 American Institute of Physics
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FIG. 1. (Color online) Sketch of the UHV deposition system. The sample is located in the center of the deposition/scattering chamber. Three sputter guns are
implemented for deposition of different materials. An ellipsometer attached to the chamber allows one to monitor the growth process during deposition. The
sample is in the center of rotation of a two-circle goniometer, allowing for precise angular adjustment with respect to the incoming x-ray beam. A load lock
attached to the system is used for fast sample transfer without breaking the main chamber vacuum. The relatively compact dimensions of the system allows
one to install it in many experimental stations of present synchrotron radiation sources.

quality and surface modification monitoring. The system has
been kept compact to fit in most synchrotron experimental
hutches without compromising the experimental flexibility.
In particular it is equipped with a load/lock system for fast
sample exchange and an ellipsometer for online monitoring
of the growth process. The ellipsometry, together with a
complete remote control of the deposition process, allows
one to precisely follow the evolution of the sample surface
during the x-ray scattering experiments. In the first part, the
technical design and the general possibilities of the setup are
discussed. As an example and a first application of this sys-
tem, we will present two techniques which were combined to
resolve the magnetic and chemical structure of free and bur-
ied native iron oxide layers. First, an in sifu nuclear forward
scattering experiment will demonstrate the possibilities to
study magnetic thin film’s growth in grazing incidence ge-
ometry. The second part is devoted to in situ x-ray absorption
spectroscopy (XAS) experiments on ultrathin transition
metal layers.

Il. TECHNICAL DESIGN

One of the main goals was to build a system that is small
enough to fit in most of the synchrotron experimental sta-
tions yet having enough freedom to keep flexibility in the
sample preparation. The main concept relies on the sample
position in the center of the chamber which is the same for
deposition, grazing incidence x-ray scattering, and ellipsom-
etry measurements, as depicted in Fig. 1. As will be de-
scribed later, this geometry allows one to perform real-time
studies where the deposition takes place at the same time as
x-ray scattering data are collected.

The system is composed of a main UHV chamber that is
used for the film preparation and the analysis using x rays,
and a load-lock system for fast sample transfer without
breaking the main chamber vacuum. As can be seen in Fig.
2, the system is surrounded by a rigid aluminum cradle
(made of aluminum profile Rose-Krieger F50), which can be
mounted on a heavy duty two-circle goniometer (maximum
load 200 kg, HUBER Diffraktionstechnik GmbH, model

5202.8). This goniometer is equipped with step motors which
achieve an angular precision of 10~ deg. The center of ro-
tation of this double tilt stage is located at the sample posi-
tion, 390 mm above the goniometer plate. As will be de-
scribed later, precise sample alignment with respect to the
x-ray beam is achieved by moving the complete system
placed on heavy duty horizontal and vertical (X-Z) transla-
tion tables commonly available at synchrotron facilities.
This scheme leads to sample positioning precision of few
microns with respect to the beam, without affecting the
sample position in the chamber. With total dimensions of
222X 80 cm?, the system is still compact enough to be
mounted on various synchrotron experimental stations.

UHYV conditions are reached using a two stage turbomo-
lecular pumping scheme coupled to a membrane pump. This
is an oil-free pumping system that can easily reach UHV
conditions (<5 X 107'% mbar routinely achieved) and sustain
gas injection at moderate pressure (10°—10"> mbar). The
pressure in the main chamber is read out by a hot cathode
pressure gauge ITR100 from Leybold (pressure range of
1.0X107'°-3 X 1072 mbar). In addition to the flanges used
for sputter sources, ellipsometry and gas inlets, 3 CF40 and 1
CF63 flange can be used to connect other equipments such as
additional gas inlet or a mass spectrometer.

FIG. 2. (Color online) Picture of the deposition system at the BW4 beamline
of HASYLAB. The beam enters and exits the chamber in grazing incidence
geometry. A protection cap is placed on the Be exit window.
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The load lock is equipped with a turbopump connected
to another membrane pump. When high vacuum is reached
in the load-lock chamber (p <1 X 10~ mbar), the membrane
pump is disconnected to allow the load/lock turbopump to be
connected to the second turbomolecular pumping stage. This
way, pressures below 13X 107 mbar can be reached in the
load lock without the need for a baking out procedure. A
sample magazine containing a maximum of four samples is
available and transfer to the main chamber is done through a
large CF100 gate valve. The details of the sample transfer
system are given in Sec. Il A. Two entrance and exit beryl-
lium (PF-1 grade, Brush Wellman Inc.) windows for hard
x rays can be used. They are 3.5 cm in diameter (placed on a
CF40 flange) and have a thickness of 120 wm. This small
thickness, together with the high purity grade, is chosen to
avoid parasitic signal from eventual traces of heavy ele-
ments. In particular, the low concentration in Fe is particu-
larly suited for nuclear forward scattering experiments on
37Fe nuclei where any traces of Fe along the path of the x-ray
beam lead to background signal. The transmission through
this type of window is as high as 70% for energies above 3.5
keV. Moreover, the windows do not modify the beam profile
significantly, as evidenced in a recent grazing incidence
small angle x-ray spectroscopy (GISAXS) experiment.16

The system can be mounted on the beamline in 1 day
while proper bakeout and cool down procedure requires an-
other 3 days. For that reason, the setup is usually mounted in
an unused experimental hutch while other experiments can
be carried out in another experimental hutch of the beamline.
If this scheme is not applicable, mounting the system during
a longer shutdown period of the synchrotron (such as main-
tenance week) is usually preferred to maximize the use of the
photon beam.

A. Sample environment

The main specifications for the sample holder system are
imposed by the grazing incidence geometry used. The x-ray
beam usually exhibits a vertical beam size in the range of
30-60 um. Because the beam impinges on the surface at
grazing angles (usually below 1°), this leads to a beam foot-
print size on the sample of 10-20 mm. In order to collect the
full signal and avoid parasitic scattering from the sample
edges, this requires samples of similar dimensions. The
sample holder was therefore designed to accommodate rela-
tively large samples and provide a completely free pathway
for the x-ray beam in grazing incidence.

Three different types of sample holders are available.
The first one is designed to fit samples as large as 25
X 40 mm?. It can be used in any case where parasitic scat-
tering from the sample holder edges has to be avoided, like
in GISAXS. The second type of sample holder was devel-
oped to perform magnetic studies. It provides a permanent
magnetic field of 70 mT in the plane of the sample. As
shown on Fig. 3(a), it consists of hard (NdFeB) and soft (Fe)
magnetic material and the design was optimized to provide
better than 3% field homogeneity over the sample surface
(20X 15 mm?). Finally, a sample holder equipped with a
specially designed heater stage was developed to perform
temperature dependent studies. As depicted in Fig. 3(b), the
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FIG. 3. (Color online) (a) Picture of the magnetic sample holder. The right
part displays a schematic of the magnet configuration leading to an in-plane
permanent magnetic field of 70 mT. (b) Picture and principle diagram of the
heater. The sample is resistively heated via current flow through a 500 nm
thick Ta layer on a Si wafer. The temperature is measured by a PT100
temperature sensor placed on the backside of the Si wafer.

Ceramic plate

sample is placed on a Si wafer coated with a 500 nm thick Ta
layer. Heating is achieved by feeding a current of a few
amperes through the Ta layer. This particular design allows
for fast heating (up to 600 K/min) and cooling of the sample.
The temperature is measured by a UHV compatible PT100
temperature sensor placed on the backside of the Si wafer.
Temperature stability better than 0.1 K is achieved by pro-
portional integral derivative regulation of the heating current.
In situ temperature dependent x-ray experiments have not yet
been carried out, but it is expected that the temperature sta-
bility achieved here should ensure stable experimental con-
ditions once thermal equilibrium is reached.

In all cases, the holder is placed on a three axis rotary
manipulator that allows a positioning of the sample in the
center of the chamber with 0.1 mm accuracy. The position of
the sample surface with respect to the center of rotation was
determined by placing the sample in the center of the en-
trance window. This position can be easily reproduced upon
sample change by controlling the position of the reflected
laser beam of the ellipsometer from the sample surface. The
position of the center of the window above the goniometer
plate is then calculated to be in the center of rotation of the
goniometer. The rotation of the sample enables one to per-
form scattering experiments along different in-plane orienta-
tions of the sample.

Two different sample transfers are available. In both
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FIG. 4. (Color online) (a) Picture of the sample transfer system for room
temperature sample holder. The sample is attached to the manipulator from
the backside using a bayonet locking system. (b) Schematic drawing of the
transfer system for the heater stage. The two clamps provide electrical con-
tact for the heating plate and the PT100.

cases, the sample is slid horizontally from the load lock us-
ing a transfer stick. For the room temperature holders, the
manipulator attaches to the backside of the holder using a
bayonet system, as shown on Fig. 4(a). For the heater stage,
a two fork clamping system is used on the manipulator. The
two forks are used to provide electric contact to the heating
plate as well as for the PT100, as shown on Fig. 4(b). Typical
time needed to transfer a sample from the load lock to the
main chamber is 1 min while the load lock can be pumped to
sufficiently low pressure to allow sample transfer in less than
an hour.

B. Deposition system

The basic setup of the chamber provides three conflat
flanges (one CF100 at the bottom and two CF40 on the sides)
centered on the sample position. While several different
deposition systems can be implemented (such as Knudsen
cells or electron beam evaporators), dc magnetron sputter
deposition is usually preferred here for its pronounced ad-
vantages. For a given material, the deposition rate is a func-
tion of the argon gas pressure and of the power set point of
the source only. The growth rate and the energy distribution
of the sputtered atoms can be adjusted by controlling those
parameters.]7 This gives the opportunity to adjust the mor-
phology of the deposited films. For example, at high Ar pres-
sure the sputtered atoms are thermalized and cluster growth
is promoted. Second, the layers produced are homogeneous
over areas of several square centimeters (10% thickness
variation on a 50 mm diameter film). These are necessary
conditions in view of the x-ray grazing incidence experi-
ments. The deposition process is fast: a complete deposition
cycle can be achieved in less than 1 min, and allows maxi-
mizing the measuring time during the experiment. This type
of system can be easily computer controlled, as will be
shown in Sec. IID. Finally, dc magnetron sputter deposition
is a widely used deposition process in the industry. This
setup can therefore be used to mimic industrial processes.
The chamber is usually equipped with three dc magnetron
sputter sources. The main deposition source is placed below
the sample (normal incidence) at a distance of 63 mm from
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the sample and fits a 33 mm diameter target. At this target-
sample distance, the homogeneity of the film is better than
10% on a 50 mm diameter sample. Two other sources (25.4
mm target) are placed on both sides of the sample with an
incidence angle of 35° relative to the sample plane. While
the oblique incidence prevents the formation of homoge-
neous layer, it can be used, for example, to imprint magnetic
anisotropies in transition metal layers18 or to deposit a pro-
tection layer before bringing the sample back to atmosphere.
The deposition of a wedge layer can also provide a means to
produce a thickness gradient in the sample. The three sputter
guns are equipped with motorized shutters to precisely con-
trol the deposition time (opening time<<0.5 s). Argon gas
(99.9999% purity) is admitted using a mass flow controller
which ensures stability and reproducibility of the Ar pressure
better than 1% over a pressure range from 3 X107 to
3X 1072 mbar.

Additionally, a step motor driven leak valve is mounted
on the chamber to admit various gases in the pressure range
from 5X 1078 to 5X 10~ mbar. As will be shown later, it
can be used to perform defined oxidation processes by pre-
cisely controlling the total oxygen exposure.

C. Ellipsometry

As described above, the chamber is equipped with an
ellipsometer used here to monitor the layer growth online.
Ellipsometry is based on the measurement of the change in
polarization state of visible light upon reflection from a me-
dium. The fundamental ellipsometry parameters (that are
measured) are A (intensity ratio) and W (phase shift) and can
be directly related to the ratio of R” and R®, the reflection
coefficients for s and p polarized light, respectively,19

P

%:tan Pelh, (1)
Since the reflection coefficients depend on the thickness and
refractive index of the layer, measuring the change in A and
W during the deposition allows one to evaluate the thickness
and composition of the layer being grown. We use an ELX-1
ellipsometer (Dr. Riss Ellipsometer Bau GmbH, Germany)
equipped with a He—Ne laser emitting at 632.8 nm. The laser
and detector are attached to the chamber symmetric to the
sample position and perpendicular to the x-ray scattering
plane, as shown on Fig. 1. The incidence and exit angle is
fixed to 65° with respect to the sample surface. The determi-
nation of A and WV is performed by rotation of a quarter wave
plate and an analyzer (placed in front of the detection diode)
to minimize the transmitted intensity. A measurement cycle
can be performed at 1 Hz repetition rate.

Figure 5 shows the ellipsometry curve for a typical
multilayer structure grown during our experiments. In this
case, a 2.5 nm thick Fe layer is sputter deposited at a growth
rate of 0.1 nm/s. The layer is subsequently oxidized by con-
trolled exposure to oxygen. A second Fe layer and an Al
capping layer are subsequently deposited. Ellipsometry data
are acquired continuously during the deposition. The growth
of each layer corresponds to characteristic variation of A and
W in the ellipsometry curve. Modeling of the multilayer
a posteriori allows one to relate the change in A and W to the
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FIG. 5. (Color online) Ellipsometry curve of the growth of a

Si/Fe (2.2 nm)/’’Fe~O (1.5 nm)/Fe (2.2 nm)/Al (3 nm) multilayer.
The growth of each different layer shows a distinct evolution of the ellip-
sometry parameters A and V. The simulation allows one to estimate the
refractive index and the thickness of each layer.

refractive index and the thickness of each layer. This model
can subsequently be used to monitor the growth process and
determine when a certain layer thickness has been deposited.
In the case of films below 5 nm, the precision is sufficient to
measure monolayer coverage. Above that thickness the sen-
sitivity progressively decreases due to the limited probing
depth of light in metals. Furthermore, the technique is highly
sensitive to oxidation processes on the surface and can be
used to monitor eventual surface chemistry changes during
an ongoing x-ray analysis. This is an important aspect either
to monitor beam damage in the case of soft substrate (poly-
mer), or to monitor adsorption of molecules due to the rest
gas pressure on reactive surfaces.

As mentioned earlier, the ellipsometer is also used to
check the position of the sample in the center of the chamber.
Because the photodiode as a small entrance window of 2 mm
diameter only, the position of the reflected beam is highly
sensitive to the height of the sample in the chamber. Check-
ing the reflection, one can easily reproduce the same sample
position upon sample change.

D. Remote control system

For an x-ray experiment, the UHV system will be
mounted inside the experimental hutch which will not be
accessible during the measurement. To provide maximum
flexibility and allow for real-time (deposition plus analysis)
experiments to be performed, the deposition is completely
remote controlled from outside the experimental hutch.

The different equipments operate using different com-
munication protocols (analog signals for the sputter sources,
RS232 for mass flow controller and pressure gauge, etc.). An
interface box containing all the necessary converters (analog
to digital and digital to analog converters, digital input out-
put, relays, etc.) has therefore been designed to merge all the
required connections to one single input/output USB port.
The complete setup is then controlled using a LABVIEW pro-
gram running on a remote laptop computer. This flexible
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solution is easily transportable and completely independent
of the different computer systems used at the various syn-
chrotron facilities. The control program presents itself as a
single window graphical user interface (GUI), as shown in
Fig. 6. Each instrument can be operated independently or at
the same time with a continuous monitoring of all the rel-
evant parameters such as pressure, mass flow controller set
point, current, voltage, and power of the sputter sources. This
gives full flexibility and security over the preparation proce-
dure. Additionally, special procedures have been imple-
mented to perform automatized tasks. The “oxidation cycle”
routine can, for example, be used to perform a controlled
oxidation of the deposited layer. In that case, the gas pressure
is recorded as a function of time (10 Hz sampling rate). The
pressure is then integrated over time, which allows one to
calculate and precisely control the total exposure (pressure
X time) of the sample to the gas. This can be used to perform
oxidation cycles with exposure reproducibility better than
1%. The two parameters that have to be provided are there-
fore the gas pressure and total exposure desired. Addition-
ally, a deposition sequence can be programed to grow com-
plex multilayer or superlattice structures.

lll. X-RAY SCATTERING TECHNIQUES TO STUDY THE
GROWTH OF THIN METAL AND OXIDE FILMS

The general geometry for grazing incidence experiments
is depicted on the right side of Fig. 1. This is a vertical
scattering geometry where the x-ray beam is reflected down-
ward. The two Be windows are placed on each side of
the chamber to let the x-ray beam in and out in grazing
incidence geometry. The distance from the center of the
sample to the entrance or exit window is fixed to 17.5 cm
which therefore allows measurements up to incident angles
of 6=4° (26=8°).

In the following, we describe an experiment that aimed
at the determination of the evolution of the magnetic struc-
ture of buried native iron oxide layers during their formation.
This type of ultrathin oxide layers (produced by exposure of
a metal substrate to molecular oxygen) embedded in its metal
counterpart are expected to exhibit structural and magnetic
properties that deviate strongly from any bulk iron oxide
phases. In particular, an anomalously high magnetic moment
per atom™ as well as an antiferromagnetic ordering at room
temperalture21 were reported recently. In order to unravel how
such magnetic properties evolve in buried native oxide lay-
ers, we studied the formation of these layers in situ by
nuclear forward scattering. For an overview of the experi-
mental technique, see Ref. 22 and references therein. The
sensitivity of the method to the magnetic structure of buried
layers combined with the possibility to completely isolate the
oxide signal from the surrounding metallic Fe by using iso-
topic probe layers render this technique an ideal candidate
for this type of investigations. This experiment is a stepwise
experiment where x-ray scattering is performed after each
deposition/oxidation and was for the first time made possible
thanks to this setup.

The experiment was performed at the nuclear resonance
beamline ID18 of the European Synchrotron Radiation
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FIG. 6. (Color online) GUI of the LABVIEW based control program for the deposition process. Separate control and monitoring is available for each sputter
sources and gas inlets. A sequence of deposition and gas exposure step can be programed to grow multilayer structures consisting of metal and oxide films.

Facility (ESRF).” The UHV system was placed on the
double tilt stage referenced in Fig. 1. To precisely position
the sample relative to the incoming x-ray beam, the
whole system was placed on an X-Z table (lateral
+vertical movement which allowed alignment of the sample
with respect to the X-ray beam with a few micron accuracy).
The beam was focused to 30 um in the vertical direction
using a Kirkpatrick—Baez mirror to match the sample cross
section in grazing incidence geometry. The substrate [super-
polished Si(100) wafer] was placed on a magnetic sample
holder to fix the magnetization direction. In order to study
exclusively the magnetic properties of the native oxide, we
deposited an ultrathin (0.6 nm) >’Fe probe layer on top of a
2 nm thick Fe layer. The layer was then oxidized to satura-
tion and stepwise covered with Fe. The experiment was per-
formed at a fixed incidence angle 6 of 0.24°, which is well
above the critical angle of Fe (0.21°) at 14.4 keV. At each
preparation step, nuclear time spectra (the temporal evolu-
tion of the nuclear decay after pulsed excitation) were re-
corded to follow the evolution of the magnetic structure.
Figure 7(a) shows the time spectra corresponding to the

pure 0.6 nm thick >’Fe layer deposited on top of the 2 nm
thick "'Fe layer. The fast beating pattern corresponds to a
hyperfine field By of 32 T, a typical value for ferromagnetic
a-Fe at room temperature. The shape of the spectra indicates
that the magnetization is oriented in the plane of the sample
parallel to the incoming photon wavevector and the external
field. After exposure to 6500 L (I L=10"° Torr s) of oxy-
gen, the >’Fe probe layer is completely oxidized and the fast
beating is replaced by a long period oscillation [Fig. 7(b)]
due to residual quadrupole interactions in the oxide. The
small hyperfine field associated with this beating indicates
that the free native oxide is in a superparamagnetic or non-
magnetic state. Subsequent deposition of Fe [Figs. 7(c)-7(e)]
leads to a reappearance of a fast beating, indicating a pro-
gressive magnetic ordering of the oxide layer. While chemi-
cal changes in the oxide are expected upon deposition of Fe,
the progressive magnetic transition suggests that the magne-
tism in the buried native oxide is supported and stabilized by
the surrounding metallic Fe. Complementary results can be
found in Ref. 21.

The experiment shows the potential to perform in situ
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FIG. 7. (Color online) Results of a nuclear forward scattering experiment
where an ultrathin >’Fe probe layer is used to resolve the magnetic structure
of a buried native oxide layer at different steps of the growth. (a) Time
spectra of the pure 0.6 nm thick ’Fe probe layer placed on top of a 2 nm
NaEe Jayer. The fast beating is related to the ferromagnetic ordering of a-Fe.
(b) Oxidized *’Fe oxide. The large period beating indicates a nonmagnetic
state. [(c)—(e)] Progressive reappearance of the beating pattern with increas-
ing Fe coverage, sign of a recovery of the magnetic order.

X-ray scattering experiments, as it is the only way to observe
changes in buried layers during the deposition. In this case,
the use of isotopic probe layers allows one to access the
magnetic properties of the sample in a layer specific manner.
Because of its relation with oxidation process on Fe surfaces,
it requires a sufficiently clean environment to avoid contami-
nation during the x-ray analysis (typically 30 min acquisition
time). The continuous ellipsometer analysis confirms that the
surfaces do not suffer from the long x-ray exposure or from
the residual gas pressure. This experiment was made possible
for the first time with this setup.

The ability to measure GISAXS was also demonstrated
recently. The experiment, performed at the beamline BW4 of
the DORIS 1II storage ring (Hamburg, Germany), showed
the possibility to use in situ GISAXS to study metal growth
on polymer surfaces.'® In that case, gold was stepwise de-
posited on a mixed diblock-triblock copolymer and GISAXS
patterns were taken at selected gold coverages. This allowed
evidencing a progressive diffusion of the gold particles into
the polymer matrix and a preferred agglomeration of gold
clusters around one of the two polymer chains. This type of
experiments can also be coupled with the ellipsometry mea-
surement, providing a unique picture of the optical properties
as well as the microscopic structure of the film in real time.

Another possible approach is to record GISAXS patterns
during the growth. Preliminary experiments carried out at the
BW4 beamline*® have shown that GISAXS patterns with
sufficiently high statistics can be acquired within 1 s with
this setup. The development of fast read-out large area
single photon counting detectors based on hybrid pixel
technology25 opens the possibility to record GISAXS pattern
in only a few ten ms.

IV. X-RAY SPECTROSCOPY OF ULTRATHIN FILMS

Soft XAS is already a widely used technique to probe
chemistry and magnetism of thin films in situ. In this energy
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FIG. 8. (Color online) Sketch of the setup for x-ray absorption experiment.
Compared to the setup presented in Fig. 1, the manipulator is placed in
horizontal position. The incidence angle is therefore adjusted manually. The
load lock is connected to the main chamber through a smaller CF40 gate
valve. This allows placing the fluorescence detector in vertical geometry
4 cm above the sample. The TEY is recorded by measuring the drain current
on the sample using a low current electrometer (Keithley 4517A).

range however, the resonant absorption usually leads to a
strong reduction in the probing depth. This results in com-
plicated data analysis in the case of depth sensitive experi-
ments. In addition, when the fluorescence signal is measured,
it is often integrated over the energy. This prevents, for ex-
ample, to isolate the extended fine structure part of the signal
(which usually extents up to 800 eV above the edge). These
problems are overcome in the case of hard XAS where
energy dispersive fluorescence detectors are generally
available.

A classical hard x-ray absorption experiment takes place
in transmission geometry where the intensity of the incident
and transmitted x-ray beam is measured as a function of the
photon energy. However, thin films are usually grown on
thick, absorbing substrates (such as silicon or glass) and the
transmission geometry is not applicable.

Two other detection schemes can be used for thin film
studies: the fluorescence yield (FY) and the total electron
yield (TEY). The FY measures the fluorescent photons re-
emitted by the absorbing atoms. This is an energy dispersive
single photon counting measurement which allows one to
isolate the contributions from different elements. The tech-
nique has a large probing depth (limited only by the attenu-
ation of x ray in matter) but suffers from self-absorption
effects®® in concentrated samples. On the other hand, the
measure of the TEY provides an energy integrated signal that
is intrinsically surface sensitive. It is based on the measure of
the drain current on the sample which is induced by the
photoabsorption. The usual probing depth of the method is
determined by the average mean free path of the electrons in
the sample and is estimated to be around 50-100 nm for
excitation with hard x mys.27

These two systems are therefore complementary: FY can
be element selective while TEY provides the desired surface
sensitivity. Both detection schemes were implemented on the
chamber. As the fluorescent photons are emitted isotropi-
cally, the detector has to be placed as close as possible to the
sample to cover a sufficiently large solid angle. As shown in
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FIG. 9. (Color online) Comparison of the TEY and FY signals of a 30 nm
thick Fe layer. The incidence angle was 20°. (a) Normalized XANES spec-
tra. (b) Weighted EXAFS spectra. [(c) and (d)] Results after correction of
the FY for self absorption: the two signals match almost perfectly.

Fig. 8, the geometry of the experiment has to be changed
compared to the grazing incidence case. The sample manipu-
lator is now placed horizontally, the incidence angle of the
x rays with respect to the sample will therefore be adjusted
manually. The load lock is now connected to the chamber
through a CF40 gate valve. The sample holding system has
been modified to accommodate for the new geometry. In
particular only one sample can be placed in the sample
magazine. The free CF100 flanges on the top of the chamber
enables the use of a special tube equipped with a Be window
which allows to bring the external Ge detector (Canberra) as
close as 40 mm to the sample surface. The TEY is measured
by isolating the sample from the ground and connecting it to
a Keithley low current electrometer (Keithley 4517A) using
shielded cables and standard safe high voltage feedthrough.

We tested the performance of the two detection systems
at the A1 beamline of the DORIS III storage ring (Hamburg,
Germany). As a reference layer, we deposited a 30 nm Fe
layer onto a Pd coated Si wafer. Both the x-ray appearance
near edge structure (XANES) and extended x-ray absorption
fine structure (EXAFS) of the Fe K-edge (7112 eV) were
recorded up to 700 eV above the edge. The normalized spec-
tra are shown in Figs. 9(a) and 9(b). It is directly seen that
the TEY provides a much better signal to noise ratio. The
result for TEY is remarkable with respect to the small current
measured: the background current is around 30 pA and the
edge jump is around 300% of this value (5% for a 0.4 nm
thick layer). The observed noise in the EXAFS oscillation
accounts for a signal stability of few tens of femtoampere. It
is a remarkable result in regards of the relatively simple de-
tection scheme used. However, the TEY and FY spectra do
not exhibit the same shape. This is especially seen in the
EXAFS signal where the oscillation amplitude of the FY is
reduced. This behavior is typical for self-absorption effects
which seem to be significant even in the case of thin (but
dense) films. Proper corrections for self-absorption were
done using the algorithm developed by Booth and Bridges28
which was implemented in the ATHENA analysis software.”’
As can be seen in Figs. 9(c) and 9(d), correction for self-
absorption leads to an almost perfect matching of the two
signals. This means that both the energy resolved (FY) and

Rev. Sci. Instrum. 79, 093908 (2008)

m)
S 10+
o
(5]
N
‘® 05
E
[=}
z

0.0 I X T J T T T !

7110 7120 7130 7140 7150
Photon energy [eV]
o\? 100 ] T T T T T
S 80 —=—Fe
- 4 2+
S 60 = e F93
ad

g . ——Fe
[ = 40 4
8 o
o 20 —
2 . e ——
% 05 T T T T T T
¥ 0 1000 5000 6000

Oxygen exposure [L]

FIG. 10. (Color online) (a) XANES spectra at selected step of the oxidation
of a 0.4 nm thick Fe layer. The shift of the edge toward higher energy
indicates an increase in the oxidation stage. (b) Relative concentration of the
different oxide species as a function of the oxygen exposure. The growth
law for Fe?* differs from the general growth law for oxide.

energy integrated (TEY) signals provide the same informa-
tion in the case of thin films. A comparison of both signals
should lead to proper correction of self-absorption effect in
FY. Due to better statistical quality, the TEY signal should be
used whenever energy discrimination is not required.

As a first experiment with this setup, we followed the
initial stages of the oxidation process of an ultrathin Fe layer.
We deposited a 0.4 nm thick Fe layer onto a Pd coated Si
substrate and performed a stepwise oxidation at an oxygen
pressure of 1X 10~ mbar. The corresponding XANES spec-
tra are shown in Fig. 10(a). Starting with the pure Fe layer,
we observe a gradual shift of the edge toward higher energies
with increasing oxygen exposure, indicating an increase in
the overall oxidation state of the Fe atoms up to saturation at
6500 L. Using a linear combination of reference spectra of
the pure oxide compounds, it is possible to extract the rela-
tive concentration of each chemical sites. The results are
shown in Fig. 10(b). One observes that the growth differs
for Fe?* and Fe* type of sites, especially that Fe?* is created
only at the early stage of the oxidation, when the Fe supply
is sufficient. A more detailed study of these results will be
published elsewhere.*

We see that the extreme stability of the TEY signal al-
lows one to record hard x-ray XAS spectra in the monolayer
regime, which would become even more advantageous at
third generation synchrotron sources. In particular, this opens
interesting perspectives for time resolved x-ray absorption
studies on thin films growth or interface formation in hetero-
structures and multilayers.

V. CONCLUSIONS AND PERSPECTIVES

We have described a compact UHV setup which can be
used for in situ studies via x-ray scattering and spectroscopy.
The sample position in the main chamber allows simulta-
neously performing deposition, ellipsometry measurement,
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and grazing incidence x-ray scattering. This offers unique
possibilities to study in sifu thin film growth, magnetic tran-
sitions in thin films, cluster growth on surfaces, and interface
formation. The instrument described here has enabled us to
gain insight into thin film growth processes that would not
have been possible otherwise. The possibility to perform
XAS with the same deposition setup allows one to look at
different aspects of the same system. In the case of the XAS
experiment, the development of an efficient TEY detection
scheme capable of measuring ultrathin films with good sig-
nal stability opens interesting possibilities to perform time
resolved XAS studies. The examples presented here demon-
strate that both grazing incidence scattering and absorption
spectroscopy can be performed in separate experiments. A
unique application of this setup would be to combine these
techniques in a single experiment on a beamline that com-
bines both techniques. This scheme would, for example, al-
low direct correlation between density depth profile and
chemistry at selected steps of the growth of a multilayer
structure. Together with ellipsometry, this scheme can pro-
vide a link between optical properties and microscopic prop-
erties of surfaces and buried layers, a key role in the devel-
opment of polymer/metal systems. A future development of
the experimental setup will include a complete temperature
control of the sample from the frontend GUI, allowing con-
trolled deposition process at elevated temperature.
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Noncollinear coupling of iron layers through native iron oxide spacers
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Hamburger Synchrotronstrahlungslabor (HASYLAB), Deutsches Elektronen-Synchrotron (DESY), Notkestrafie 85, 22603 Hamburg,
Germany
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We have found a magnetic superstructure in multilayers that consist of iron and its native oxide. Employing
nuclear resonant scattering of synchrotron radiation from STRe probe layers, this manifests as 1/2-order Bragg
peaks in the reflectivity curve. From the field dependence of their intensity, we deduce the existence of two
magnetic sublattices that are canted by an angle of almost 90° and rotate as one unit in low fields. For higher
fields, the two sets of moments gradually align collinear to the external field. This behavior can be explained
by a coupling of two adjacent Fe layers that is mediated by an antiferromagnetic order in the oxide spacer

between them.

DOI: 10.1103/PhysRevB.76.054401

I. INTRODUCTION

The discovery of oscillatory interlayer coupling of ferro-
magnetic layers through nonmagnetic spacers has initiated a
multitude of activities in fundamental and applied research.
Meanwhile, also the properties of multilayered systems con-
sisting of directly coupled magnetic layers have found in-
creasing interest due to their rich landscape of magnetic
phases.! Relatively unexplored systems are heterostructures
that are formed of a magnetic material and its native oxide.
These layer systems were recently proposed as a new mate-
rial with high magnetization and low electrical conductivity.?
The magnetic order, however, that develops in such systems
and leads to their remarkable magnetic properties remained
rather unexplored.

In this paper, we report on the magnetic structure of poly-
crystalline multilayers consisting of Fe and its native oxide.
Remarkably, we find a magnetic superstructure with an al-
most orthogonal moment alignment between adjacent Fe lay-
ers that are separated by an ultrathin oxide layer. The mag-
netic structure could be revealed by employing nuclear
resonant scattering (NRS) of synchrotron radiation from ul-
trathin >’Fe probe layers embedded in the layer system.3
Samples are typically illuminated under grazing angles of a
few milliradians and the specularly reflected signal is re-
corded. The magnetic hyperfine interaction renders this tech-
nique very sensitive to the magnitude and the direction of
magnetic fields at the position of the 3’Fe nuclei. These pa-
rameters become accessible via the analysis of temporal beat
patterns in the reflected signal that is recorded after pulsed
excitation by synchrotron radiation. Analyzing this signal as
a function of momentum transfer, the method allows one to
determine the depth profile of the magnetic moment orienta-
tion. For instance, magnetic superstructures in periodic layer
systems manifest as additional Bragg peaks that appear be-
tween the structural Bragg peaks,® similar as in polarized
neutron reflectometry.

II. EXPERIMENTS

In this experiment, Fe layers with a thin (0.6 nm) >'Fe
probe layer embedded were prepared by dc sputter deposi-

1098-0121/2007/76(5)/054401(5)
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tion in a UHV chamber on Si(100) substrates. Native Fe-
oxide layers were formed at room temperature via exposure
to 6500 L (1 L=10° Torr s) oxygen at a pressure of about
5% 107 mbar. Under these conditions, a 1.6 nm thick film
of Fe oxide forms. Multilayers were then obtained by alter-
nating deposition of Fe and subsequent exposure to oxygen.
A terminating Al layer (4 nm) was used for protection
against oxidation in ex sifu experiments.

The experiments have been carried out at the Nuclear
Resonance beamline ID18 of the European Synchrotron
Radiation Facility (ESRF).” A series of time spectra was
recorded in situ to follow the evolution from a single
iron layer over an Fe/Fe-oxide bilayer to a trilayer
(Fe[1.7 nm]/Fe oxide[1.6 nm]/Fe[2.5 nm]), as shown in
Figs. 1(a)-1(c), respectively. In these measurements, an ex-
ternal field of H=700 Oe was oriented parallel to the photon
wave vector 120. The incident angle was kept at ¢=0.24°,
which is above the critical angle of Fe (¢,=0.22°) and en-
sures that the whole depth of the sample is probed.

III. RESULTS

The beat pattern in Fig. 1(a) is characteristic for a parallel
alignment of the Fe layer magnetization with IZO, and its pe-
riod corresponds to a magnetic hyperfine field of 32.6 T at
the nuclei. This situation does not change if the Fe layer is
oxidized, as shown in Fig. 1(b). Even though the oxide is in
very close proximity (0.6 nm apart) to the probing *Fe layer,
neither the magnitude of the hyperfine field nor its orienta-
tion is affected. This proves the very sharp boundary be-
tween the Fe metal and its native oxide. However, covering
this bilayer with another iron layer (with >'Fe embedded)
leads to a significant change in the time spectrum as shown
in Fig. 1(c). The envelope of the beats is no longer exponen-
tial, but the intensity ratios of neighboring peaks exhibit an
extra modulation. This can be attributed to a noncollinear
alignment of the magnetic hyperfine fields in the two probe
layers with the external magnetic field. From the data, one
derives a coupling angle between the magnetic moments of
these layers of 60° +5°, which is symmetric about the direc-
tion of the external field.

©2007 The American Physical Society
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FIG. 1. (Color online) Time spectra of NRS at three different
stages of the growth of an Fe/Fe-oxide/Fe trilayer. The solid lines
are theoretical simulations from which the magnetization direction
in the 'Fe probe layers relative to the external magnetic field of
H=70 mT was deduced. While for a single iron layer the magneti-

zation is parallel to H, the two magnetic moments in the trilayer are
canted by an angle of about 60°.

Of particular interest now is the evolution of this spin
structure with increasing number of bilayers. In order to in-
vestigate the long-range order between the moments in the
Fe layers, a multilayer stack consisting of 15 bilayers
([Fe(1.7 nm)/Fe oxide(1.6 nm)]) was prepared with the °’Fe
layer embedded in the center of every Fe layer. The elec-
tronic reflectivity in Fig. 2(a) shows a pronounced first-order
Bragg peak, which arises due to the chemical periodicity.
From these data, one can determine the thicknesses of the Fe
and the Fe oxide that constitute the bilayer with an accuracy
of about 0.1 nm. Almost equal thicknesses of the Fe and the
Fe-oxide layers lead to a suppression of the second-order
peak. For measurement of the nuclear reflectivity (i.e., the
time-integrated delayed photons within a time window rang-
ing from 12 to 170 ns after excitation), the sample was
aligned with the hard axis of magnetization parallel to the
external field and perpendicular to the photon beam direc-
tion. The magnetic hard and easy axes were determined via
magneto-optical Kerr effect (MOKE) measurements, as
shown in Fig. 3(a). The MOKE hysteresis loop for the easy
axis is very square with a coercivity of 35 Oe, indicating the
soft magnetic properties of this system. This anisotropy was
most likely induced by the arrangement of the sputter
sources within the chamber, leading to an oblique
deposition® of the 3’Fe, while the atoms from the *°Fe target
reached the substrate in normal incidence. Nuclear reflectiv-
ity curves of the multilayer are shown in Figs. 2(b) and 2(c).

In an external field of H=200 Oe applied perpendicular to Igo
(transverse geometry), additional half-order Bragg peaks ap-
pear [Fig. 2(b)], indicating a magnetic periodicity that is
twice as large as the chemical one. In the case of NRS, these
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FIG. 2. (Color online) (a) Electronic and [(b) and (c)] nuclear
reflectivity curves of the Fe/Fe-oxide multilayer. In the nuclear re-
flectivity (b), half-order Bragg peaks appear due to a noncollinear
arrangement of the magnetic moments in adjacent iron layers. In the
scattering geometry used here (arrows), these peaks vanish for zero
field (c), proving their pure magnetic origin. The solid line in (b) is
a simulation.

half-order peaks are observed if the projection of the mag-
netic moments of subsequent Fe layers on the direction of 120
is different, as it could be the case for two canted moments.
The difference of these projections determines the intensity
of the half-order peaks which would reach its maximum
value for an antiparallel alignment of the moments along Igo.
In remanence, only a small residue of the half-order peak
remains [Fig. 2(c)]. Obviously, a reorientation of the mo-
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FIG. 3. (Color online) (a) MOKE hysteresis loops for easy and
hard axes of the Fe/Fe oxide multilayer. (b) Field dependence of
the 1/2-order peak for the magnetic field perpendicular and parallel
to the incident photon beam. The hard axis was, in both cases,
parallel to the external field.
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ments has taken place where the difference in the projections
of the moments on the direction of k, vanishes. The half-
order peaks also disappear if the sample, together with the

external field, is rotated azimuthally by 90°, so that H is
parallel to k, (longitudinal geometry). These observations
prove the purely magnetic origin of the half-order peaks.
Moreover, one can conclude that the canting of the succes-
sive iron moments must be symmetric around the direction
of the external magnetic field. From the simulation of the
nuclear reflectivity shown in Fig. 2(b), we derive a canting
angle of about 85° between adjacent iron layers.
Monitoring the intensity of the magnetic 1/2-order peak,
we investigate the low-field properties and the switching be-
havior of the coupled iron layer spins. This has been done in

longitudinal (H [4) and transverse (H L k) geometries with
the hard axis parallel to the external field. The respective
curves are presented in Fig. 3(b). In the transverse geometry,
the 1/2-order peak intensity drops with decreasing field and
reaches again its maximum value after field reversal. This
behavior can be attributed to a rotation of the coupled mo-
ments as one unit with a fixed canting angle. The minimum
position at =30 Oe then corresponds to the coercive field
where the magnetic moments are symmetric about ko. How-
ever, the measured field dependence of the 1/2-order peak
intensity could also be explained if the magnetization of the
iron layers breaks up into randomly oriented domains in low
fields. To rule out this interpretation, we measured the field
dependence also in longitudinal geometry. In the case of do-
main formation, one does not expect any change in the
1/2-order signal with external field. The measured curve,
however, clearly shows a pronounced maximum for small
field values, confirming the coherent rotation of the canted
moments as a single domain. The absence of a domain struc-
ture is also supported by the analysis of the diffuse NRS. Its
angular distribution does not show any sign of lateral mag-
netic inhomogeneities that are smaller than the resolution
limit of about 60 pm.

With further increasing fields, the 1/2-order peak inten-
sity decreases gradually, as shown in Fig. 4, and reversibly
recovers upon releasing the external field back to zero. The
inset in Fig. 4 shows the longitudinal magnetization of the
sample as determined via MOKE magnetometry. The shape
of the curve is in accordance with the model presented here:
While the steep rise at low fields is due to the rotation of the
effective moment toward the external field, the slow increase
toward high fields reflects the gradual alignment of the two
coupled moments, very similar to the case of a coupled
trilayer as demonstrated in Ref. 9. The pictograms in Fig. 4
summarize the orientation and the relative coupling angle of
the two sets of moments in the sample. The field dependence
of the coupling angle as derived from the 1/2-order peak
intensity is shown in Fig. 6 and will be discussed later.

IV. DISCUSSION

It is clear that the mechanism leading to the observed
coupling strongly depends on the properties of the native
Fe-oxide layer. In the literature, one finds a lively debate on
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FIG. 4. (Color online) Intensity of the 1/2-order peak as a func-
tion of the external magnetic field in a geometry given by the ar-
rows. Pictograms indicate the orientation of the system of coupled
moments. The inset shows the positive branch of a longitudinal
MOKE magnetization curve of this sample.

the nature of such oxide layers,'%!3 the structure of which is
governed by the crystalline orientation of the surface, the
temperature, and the oxygen pressure. In our case, the situa-
tion is even more complex due to the polycrystalline struc-
ture of the Fe metal from which the oxide originates. Recent
studies have shown that buried native oxide layers are intrin-
sically different from any known surface or bulk Fe oxides.?
These layers appear to be ferromagnetically ordered, consist-
ing of two different components, one carrying no magnetic
moment like an antiferromagnet and the other exhibiting fer-
rimagnetic order with an anomalously high moment. In order
to reveal the chemical nature of the oxide, we performed
x-ray absorption measurements at the DORIS storage ring
(DESY, Hamburg). The normalized absorption coefficient of
a 5 nm thick Fe-oxide layer on Si (produced by multiple
deposition of Fe and subsequent oxidation) is shown in Fig.
5. The dashed lines are ab initio self-consistent multiple scat-
tering calculations of x-ray absorption for FeO and Fe;O, by

\
2.0~ T
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\
7150

0.0 .
7130 7140

Energy (eV)
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FIG. 5. (Color online) Normalized x-ray absorption coefficient
of a 5 nm Fe-oxide layer on Si, produced via multiple deposition of
Fe and subsequent oxidation under the same conditions as applied
for production of the Fe/Fe-oxide multilayer. The dashed and dot-
ted lines are theoretical calculations for FeO and Fe;Oy, respec-
tively, based on the FEFF code for x-ray absorption (Ref. 16). The
solid red line results from a 1:1 superposition of both calculated
curves.
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employing the FEFF code.'® The basic shape of the measured
curve is reproduced by assuming a mixture of these oxides in
a ratio of roughly 1:1. The contribution of Fe,O5 to the mea-
sured data seems to be negligible. The remaining deviations
in the regime around the absorption edge are most probably
due to variations in the chemical state of the oxide in com-
bination with structural disorder that render it to be nonsto-
ichiometric. Although the nature of the oxide is not fully
resolved at this stage, these data provide enough evidence to
conclude that the oxide contains a significant fraction of an-
tiferromagnetically ordered Fe spins.

These observations lead us to the conclusion that the ori-
gin of the magnetic interlayer coupling observed here is most
likely a mechanism that was suggested by Slonczewski.'” In
this model, an antiferromagnetic spacer layer mediates the
coupling between two ferromagnetic layers via the short-
range Heisenberg exchange coupling. Assuming perfectly
flat, uncompensated interfaces of the spacer layer, one would
obtain either ferromagnetic or antiferromagnetic coupling
depending on the number of lattice planes in the spacer layer.
Lateral variations of the thickness, however, lead to a com-
petition between ferro- and antiferromagnetic coupling, that
results in a noncollinear coupling between the adjacent fer-
romagnetic layers, as reported previously for coupled
trilayers,”'8!°  Fe/Cr multilayers,”® and Fe;0,/CoO
superlattices.?! The equilibrium configuration is given by the
local minima of the magnetic free energy F=F.+F,

-H- (]tjl 1 +1\712) dp., where F. is the coupling energy density,
F, is the anisotropy energy density, and the last term de-
scribes the Zeeman energy of the coupled moments M, and

1\7[2 in the external field H with dg, being the thickness of the
Fe layers. According to Slonczewski, the coupling energy
has the form

F.=C,0#+C_(6-m?, (1)

where 6 is the angle between the magnetizations of adjacent
layers. If the constants C, and C_ are of equal magnitude,
orthogonal coupling of the moments is favored. This descrip-
tion is in contrast to models that rely on bilinear and/or bi-
quadratic coupling based on RKKY-type interaction between
adjacent layers, where the coupling energy is given by

F.=—Jg cos 0—JBQ0052 0, (2)

with Jp; and Jp, being the constants for bilinear and biqua-
dratic couplings, respectively. Therefore, a fit of the experi-
mental data with these two models should allow us to distin-
guish between them. In fact, a fit with Eq. (1) (solid line in
Fig. 6) leads to a very good agreement with the data. For C,
and C_, we obtain the values of 0.122 and 0.086 erg/cmz,
respectively. These values are in the same range as those
found for some previously studied trilayer systems.”!® On
the other hand, the best fit with Eq. (2), shown as a dashed
line, significantly deviates from the measured data. This
strongly supports the validity of the Slonczewski model in
our case.
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FIG. 6. (Color online) Coupling angle between the two mag-
netic Fe sublattices in the Fe/Fe-oxide multilayer. The solid line is
a fit according to the Slonczewski model, and the dashed line is the
best fit obtained assuming bilinear and/or biquadratic coupling. The
inset shows the thickness dependence of the coupling angle for an
external field of 700 Oe, where the solid line is a visual guide while
the dashed line is a calculation according to Eq. (1).

More details about the coupling mechanism could be re-
vealed via the thickness dependence of the magnetic struc-
ture. While the Fe-oxide thickness is difficult to control in
case of such polycrystalline systems, we have investigated
the magnetic coupling here as a function of Fe layer thick-
ness dg.. The inset of Fig. 6 displays the low-field canting
angle as it decreases with increasing dp.. This dependence
cannot be described by the Zeeman term in the magnetic free
energy alone, because it leads only to a weak thickness de-
pendence (dashed line). It is clear that the model introduced
here has to be refined to take also into account the ferrimag-
netic part of the oxide (contributed by the Fe;O,) that par-
ticipates in the coupling. For that reason, the microscopic
structure of the native oxide layers still has to be explored.

In conclusion, using NRS, we were able to directly ob-
serve a noncollinear coupling of polycrystalline iron layers
through a native oxide spacer. This coupling seems to be
mediated by antiferromagnetically ordered components in
the oxide. The canting angle between adjacent layers is close
to 90° as observed before for some single-crystalline sys-
tems. Remarkably, the coupling persists over a large number
of Fe/Fe-oxide bilayers, giving rise to a long-range magnetic
correlation in a multilayer that is stable up to rather high
fields beyond 12 kOe. This easy-to-prepare system may open
interesting perspectives for applications in magnetoengineer-
ing and related fields.
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We have studied in sifu the oxidation of ultrathin iron layers and monitored the chemical changes
induced by subsequent deposition of Fe metal using hard x-ray absorption spectroscopy. The site
sensitivity of the technique allows us to quantify the composition of the layer throughout the oxidation
or deposition process. It is found that the thin native oxide incorporates a significant fraction of Fe atoms
remaining in a metallic configuration even in the saturated state. Subsequent deposition of Fe leads to a
complete reduction of the oxide that adopts an FeO-like structure containing Fe?* sites only.

DOI: 10.1103/PhysRevLett.101.056101

In recent years, intensive research has been conducted
on transition metal oxide compounds, thin films, and multi-
layers due to their potential use as building blocks in
magnetic structures like spin valves and magnetic tunnel
junctions (for a review, see [1] and references therein).
Recently, metal—native-oxide multilayers (MNOM, pro-
duced by metal deposition and subsequent oxygen expo-
sure) have been proposed as new compounds combining
high magnetization and low conductivity [2]. In these
systems, the buried oxide possesses magnetic properties
that strongly deviate from any bulk iron oxide phase [2,3].
However, the influence of the surrounding metal on the
structure of the oxide is not yet identified and prevents
clear understanding of the observed magnetic properties of
MNOM systems.

The oxidation of iron itself has been extensively studied
in the past decades. Studies performed on polycrystalline
[4] as well as on single crystalline [5] surfaces have shown
that the oxidation of iron can be understood in the frame-
work of the coupled current mechanism introduced by
Fromhold and Cook more than 50 years ago [6]. While
those experiments explain very well the observed growth
kinetics, the actual composition of the native oxide is still a
matter of debate and is obviously highly dependent on
preparation parameters like temperature and surface ori-
entation ([7-11] and references therein). X-ray absorption
spectroscopy at the L edges was recently used to character-
ize the extent of oxidation or reduction processes arising at
the interface between Fe and other transition metal oxides
(CoO and NiO) [12]. Remarkably, the interaction of Fe
with its own oxide phases was never quantitatively studied
before.

In this Letter, we present a quantitative x-ray absorption
spectroscopy (XAS) study of the oxidation of ultrathin iron
layers and the changes induced by subsequent coverage
with Fe. The sensitivity of the XAS signal to the oxidation
state and the local environment of the absorbing atom is
used to follow the evolution of the oxide’s structure in a
quantitative and site specific manner. The use of ultrathin
layers (in contrast to other studies which used thick sub-
strates [4,5,7-9]) allows one to directly resolve the intrin-
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sic composition of the growing oxide and disentangle the
influence of the substrate.

The experiment was performed in situ in a compact
UHV deposition chamber (base pressure 1 X 10~° mbar)
mounted on the A1 beam line of the DORIS III storage ring
(DESY, Hamburg). The Fe K-edge absorption signal was
recorded by measure of the total electron yield and fluo-
rescence yield. Polycrystalline layers were grown by dc
magnetron sputtering (Ar pressure 5 X 1073 mbar) on
superpolished Si(001) substrates. Prior to the Fe deposi-
tion, a 6 nm thick Pd buffer layer was deposited to avoid
unwanted oxidation at the SiO,/Fe interface. Iron layers,
with thicknesses ranging from 0.4 to 2 nm, were then
deposited, stepwise oxidized to saturation (oxygen pres-
sure 1 X 107> mbar), and subsequently covered with a
second Fe layer. Both the near edge (XANES) and the
extended fine structure (EXAFS) spectra of the Fe K
edge were recorded (30 min acquisition time) at selected
steps of the preparation. The influence of the residual gas
pressure was checked by repeated XAS scans on a 0.8 nm
thick metallic Fe layer, showing no detectable changes
over several hours.

The different bulk iron oxide phases can be described as
a combination of three different Fe sites distributed over
interstitial positions in a close packed fcc oxygen lattice
[13]. For quantitative XANES analysis, we used bulk iron
oxide reference samples of FeO (single crystal, Mateck
GmbH, Germany), Fe;0, and y-Fe,O5 (both are powders
diluted in a polyethylene matrix). As we do not expect that
the oxidized layer adopts a long range crystalline ordering,
the three bulk oxide references will rather be used to obtain
the site specific concentration of Fe2}, Fe}", and Fel, in
the layer. The subscripts “tet”” and “oct’ refer to ions in
tetrahedral or octahedral positions.

Figure 1(b) shows the XANES spectra illustrating the
stepwise oxidation of a 0.8 nm thick Fe layer. With in-
creasing oxygen exposure, the onset of the absorption edge
shifts to higher energies, indicating an increase of the over-
all oxidation state. Above 1300 L (1L = 107¢ Torrs), the
saturation regime is reached and only little changes are still
visible towards 6500 L. To quantify the composition of the

© 2008 The American Physical Society
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FIG. 1 (color online).
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(a) Fe K-edge XANES spectra of reference samples for Fe, FeO, Fe;0,, and y-Fe,05. (b) Evolution of the

absorption edge position and shape for a 0.8 nm Fe layer exposed to an increasing amount of oxygen. (c) Evolution of the spectrum
upon coverage of the saturated oxide by Fe. (d) Least square fitting of the saturated oxide spectra using a linear combination of
reference spectra. (e) Evolution of the relative concentration of the different chemical sites as a function of oxygen exposure (left) and
as a function of the Fe coverage on top of the saturated oxide (right).

layer, we fitted the spectrum of the oxidizing layer with a
linear combination of the reference spectra. A fit of the
saturated oxide, along with the contributions of the differ-
ent references, is displayed in Fig. 1(d). Quantitative re-
sults are shown in the left-hand panel of Fig. 1(e). At low
exposures, Fe2' and Fel/ sites are created in equal quan-
tities. Above 250 L, the formation of Fe2}, is hindered due
to the reduced availability of Fe atoms at the surface while
the number of Fe}.; and Fe} sites continues to grow. It is
important to note that the oxide composition never corre-
sponds to a stoichiometric bulk oxide. In principle, this
could correspond to the formation of different stoichiomet-
ric oxides at crystallites exposing differently oriented sur-
faces to the oxygen. Grazing incidence x-ray diffraction
measurements from a multilayered Fe/oxide sample indi-
cated a lateral grain size of 10 nm for the 1.5 nm thick
metal layers. No sign of crystalline structure was found for
the oxide layers. We therefore expect that the oxidation
does not lead in this case to stoichiometric oxide. The
oxidation procedure was performed with Fe layer thick-
nesses ranging from 0.4 to 2 nm. In each case, the oxidation
curve follows a similar evolution as in Fig. 1(e). This
indicates that the influence of an eventual nonuniformity
of the initial Fe layers plays a minor role in the conclusions
developed here.

Several studies on iron oxidation at room temperature
(RT) reported the possible presence of metallic Fe in the
oxide layer [2,5,9], without being able to disentangle the
influence of the thick Fe substrate on the origin of the
signal. The use of ultrathin Fe layers allows us to address
this question in a more quantitative manner. In Fig. 1(e),

we see that the concentration of Fe metal is not zero in
saturation, although one would expect the layer to be
completely oxidized, as reported in Ref. [2]. Figure 2
shows the evolution of the Fe® concentration in the satu-
rated (6500 L) oxide as a function of the initial Fe layer
thickness. The Fe® concentration remains around 12% (a
constant fraction of the total Fe content) for all Fe thick-
nesses below 0.8 nm, even for exposures as high as
25000 L. Above 0.8 nm, the proportion of metallic Fe
increases almost linearly, indicating that a metallic layer
remains below the oxide in the thicker layer. We can
therefore expect that the metallic signal observed for the
thin layers originates from Fe atoms which are still in a
metallic environment and distributed throughout the oxide.
While it is difficult to address the exact origin of this
phenomenon, these measurements give new insight in the
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FIG. 2. Evolution of the Fe® concentration in the saturated
(6500 L) oxide as a function of the initial Fe layer thickness.
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previously reported possible presence of metallic Fe in an
oxidized layer. These considerations should be taken into
account when discussing the structure of such oxide.

As discussed by Beach et al. [2], buried native iron oxide
layers (i.e., Fe oxidized at RT and covered with Fe) possess
structural and magnetic properties different from any bulk
iron oxide phase, like a higher density and an anomalously
high magnetic moment per atom. However, they were not
able to relate the initial structure of the free oxide to the
observed properties of the buried oxide. These questions
can be directly addressed here by performing stepwise Fe
deposition on top of the saturated oxide and analyzing the
near edge structure of the x-ray absorption signal. The
corresponding XANES spectra are shown in Fig. 1(c).
Starting with the saturated native oxide, a drastic change
of the spectrum occurs upon coverage with only 0.2 nm of
Fe. The profile obtained differs from what was observed
during the oxidation and indicates a fundamental change of
the Fe’s chemical environment. The result of the fitting
procedure is shown in the right-hand panel of Fig. 1(e). The
change is attributed to a reduction of the native oxide to an
FeO-like structure where only Fe2} sites are present. This
was observed for every initial Fe layer thicknesses. In
contrast to the free native oxide which exhibits a mixture
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FIG. 3. Electron energy diagram (left-hand panels) and net
charge distribution (right-hand panels) at different stages of
the oxidation or reduction. Ej is the Fermi level. ¢,, and ¢,
are the metal and O~ level work functions, respectively. E- and
Ey are the energy levels of the conduction and valence band of
the oxide, respectively. (a) Oxidation. The Mott potential V,, =
¢, — ¢, appears across the oxide layer, promoting the cation
diffusion. (b) When the oxygen supply is shut off, the system is
in equilibrium and only a small residual electric field is present
at the metal-oxide interface due to the induced space charge in
the oxide. (c) After deposition of Fe. The space charge in the
oxide induces a net charge on the ultrathin Fe adsorbate which
promote the Fe diffusion in the oxide. The right-hand inset
shows the progressive growth of the Fe?" layer.

of several different chemical environments the buried na-
tive oxide adopts a well-defined composition made of Fe2;
sites only (plus the original Fe® content).

The fact that the 1.5 nm thick oxide layer is reduced to
an FeO-like environment is remarkable. It implies that the
Fe deposited on top of the layer can effectively diffuse to
distances larger than 1 nm from the interface. At room
temperature, thermal diffusion of cations is negligible and
additional driving mechanisms are therefore expected to
induce the diffusion. During the oxidation, the difference
in the work functions of the metal and the oxygen O~ level
leads to the appearance of a potential V;, = ¢, — ¢,, (the
Mott potential [6]) across the oxide that induces a suffi-
ciently large electric field to promote the cation diffusion
through the oxide, as shown in Fig. 3(a). When the oxygen
supply is shut off [Fig. 3(b)], V;, disappears and only a
residual electric field is present at the metal-oxide interface
due to the space charges built up in the oxide [14].
Deposition of Fe on top of the saturated oxide results in
a reduction of the first Fe3™ monolayer to Fe* (this
process does not require cations transport). In the case of
an ultrathin metal adsorbate like here, the space charges
appearing at the new oxide-metal interface leads to a net
charge on the metal overlayer. A strong electric field is
created at the interface which promotes the diffusion of
ions. It should be noted that the process of Fe-oxide
reduction is not an artifact of the stepwise deposition of
Fe described above but occurs also for deposition of thicker
Fe layers in one step.

From the chemical point of view, only one type of
coordination site exists in the buried oxide. However, the
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FIG. 4 (color online). (a) Fourier transform (FT) modules in
the r space of the EXAFS signal of unoxidized Fe layers of
different thickness. The inset shows the evolution of the mean
square displacement o of the first coordination shell. (b) FT of
the EXAFS signal for the saturated native oxide (6500 L) and
subsequent coverage with 0.2 nm Fe ( + 0.2 nm Fe). The fitted
radial distribution of the latter was obtained by fitting the filtered
EXAFS signal constrained to the first two subshells (r <
0.3 nm). For comparison, a FeO reference for bulk FeO is given
(dashed line).
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oxidation and reduction processes involve diffusion of
cations through the oxide, which implies a modification
of the structural quality of the lattice. To investigate the
structural changes that take place during the oxidation
process, we used the EXAFS part of the absorption signal,
which is sensitive to the local order (i.e., nearest neighbor
distance, coordination numbers) of the absorbing atoms.
Figure 4(a) shows the Fourier transform of the EXAFS
signal for different thicknesses of the initial, nonoxidized
Fe layer. The intensity of the first coordination shell peak
gradually increases with increasing layer thickness. Values
of the mean square displacement o> shown in the inset
were extracted from the EXAFS fit procedure by fixing the
total number of atoms N in the first shell to 14 (bulk value
for bee Fe). While the values found for the thinnest layers
are typical for highly disordered systems, o gradually
decreases and almost reaches the bulk value of polycrys-
talline Fe for the 2 nm thick layer. The linear dependence
of o on the initial amount of Fe deposited documents a
smooth transition from ultrathin to thin films. This supports
our interpretation that even the 0.4 nm thick layer behaves
essentially as a continuous Fe layer. Figure 4(b) shows the
Fourier transform modules of the EXAFS signal for the
saturated oxide, for the reduced layer, and for the pure FeO
reference sample. The Fe-O (first nearest neighbor) peak
for the reduced oxide layer matches the profile of the FeO
reference, indicating that each Fe atom has the same direct
environment as FeO. However, the lower intensity of the
Fe-Fe peak compared to FeO points to a rather disordered
structure. In fact, the results indicate a large o? of
0.0165 A%, This value is 2 times larger than the value
related to thermal vibration observed in Fe;O4 at room
temperature [15], indicating a high degree of static disor-
der. In that sense, we see that deposition of Fe on top of a
free native oxide leads to the formation of a layer with a
well-defined local order that is comparable to that of bulk
FeO, but with a larger degree of structural disorder.

In summary, we have quantitatively studied the chemical
change occurring during the oxidation of Fe layers as well
as during the deposition of Fe on such oxide. The use of
ultrathin layers combined with the site specificity of x-ray
absorption allowed us to quantitatively resolve the compo-
sition of the oxide at all stages of the oxidation or reduction
process. We evidenced the presence of metallic Fe as a
constituent of ultrathin iron layers that were oxidized at
room temperature. Deposition of Fe on top of the multi-
component oxide leads to a reduction of this layer resulting
in a single type of Fe2) sites arranged in an FeO-like
structure. These findings bring new insight into the previ-
ously reported properties of buried native iron oxides. The
higher density and the higher magnetic moment per atom
that was reported by Beach et al. [2] can be partly ac-
counted for by the presence of metallic Fe in the layer. The
fact that the native oxide covered with Fe exhibits a unique
FeO-like structure raises new questions regarding mag-

netic ordering. In particular, the RT magnetic order ob-
served recently [2,3] implies that the ordering temperature
of the buried native oxide is much increased compared to
the bulk Néel temperature of FeO (T = 198 K).
Understanding how the complex magnetic structure of
such ultrathin oxide layers influence the electronic trans-
port in Fe/FeO multilayers might open interesting possi-
bilities for spin electronic applications.

The results of this study are expected to be valid not only
for iron, but apply to any metal with several coexisting
oxidation states. This means that the coverage of a native
metal oxide with the pure metal reduces the oxide to its
lowest oxidation state and stabilizes it. The deposition
procedure described here thus represents a simple way to
obtain metal—metal-oxide heterostructures with unique
electronic and magnetic properties.
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Abstract. We have studied the magnetic structure that forms in a Fe/native
Fe oxide multilayer by nuclear resonant scattering of synchrotron radiation and
polarized neutron reflectometry. Magnetic field dependent experiments revealed a non
collinear magnetic arrangement of the adjacent metallic layer which is mediated by
an antiferromagnetically ordered oxide layer. Despite its antiferromagnetic (AFM)
order, the oxide presents a small net magnetization attributed to the presence of
metallic Fe clusters within the AFM matrix which align parallel with the external
field. The presence of a strong uniaxial anisotropy prevents the system to form small
magnetic domains in remanence. Rather the canting remains close to 90° throughout
the magnetization reversal on the hard axis. The results and the influence of the
uniaxial anisotropy are discussed in the framework of the proximity magnetism model.



Magnetic structure of Fe/FeO multilayers 2

1. Introduction

The discovery of an antiferromagnetic coupling between ferromagnetic (FM) layers
separated by metallic spacer layers has triggered a multitude of activities in fundamental
and applied research. This, for example, led to the development of giant magneto
resistive read heads which are now widely used in the hard disk technology. This
interlayer spin coupling is fairly well understood in terms of the RKKY model, which
implies long range exchange interaction mediated by conducting band electrons in
the spacer layer |1, 2|. Transition metal monoxides (TMO) like CoO or NiO have
recently attracted special interest to be used as spacer layer [3, 4] due to their unique
magnetic and electric properties. They possess an antiferromagnetic (AFM) ground
state combined with a low conductivity which prevents long range RKKY-type exchange
interactions. Instead, their magnetic coupling properties are mainly ruled by the
interfacial exchange interaction between metallic FM and insulating AFM layers. This
means that the interface of the TMO with the FM layers plays a determining role to the
overall magnetic coupling. A FM/AFM interface is also the basic requirement for the
appearance of the well known exchange bias effect [5] where an unidirectional anisotropy
is induced in the coupled FM, an effect which is characterized by an increased coercitivity
and a shift of the hysteresis loop. The presence of many FM/AFM interfaces in a
TM/TMO layer stack could lead to a combination of long interlayer magnetic ordering
and exchange bias phenomena, which has not been extensively studied so far.

In a recent study, Beach et al.[6] proposed to use natively grown oxide layers
(i.e. oxide layers grown by exposure to oxygen) to form metal/native oxide multilayers
(MNOM) combining a large magnetic moment with a low conductivity. These two
properties render this type of multilayers ideal candidates for high frequency magnetic
applications for their ability to efficiently damp eddy currents while maintaining a
high net magnetization. Recently, we reported on the occurrence of non-collinear
magnetic coupling between adjacent Fe layers in similar Fe/native oxide systems [7].
The magnetic field dependence of the spin arrangement pointed towards a proximity
magnetism coupling model [2] which implies an AFM order of the buried native oxide.
However, the microscopic spin arrangement of both the metal and the oxide layers has
not yet been resolved and prevents a complete understanding of the observed magnetic
properties of these systems.

Element specific X-ray scattering methods based on magnetic dichroism effects
(e.g. XMCD, XMLD) [8, 9] are difficult to apply in this case to obtain layer resolved
information because the magnetic atom (Fe) is present in both the metal and the oxide
layer. On the other hand, isotope sensitive scattering methods like nuclear forward
scattering of synchrotron radiation (NFS) and polarized neutron reflectometry (PNR)
can provide a large nuclear contrast and a sub nm depth resolution [10] if isotopic probe
layers (°°Fe,’"Fe) are embedded into the layer system.

In this study, we combined the two methods of nuclear forward scattering
and polarized neutron reflectometry to study the microscopic magnetic structure of
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isotopically enriched Fe/native oxide superlattices. The use of isotopic "Fe probe
layers placed either in the metallic or in the oxide part of the system allowed to study
independently the magnetic structure of each set of layers by NFS. PNR was applied to
obtain the magnetic contrast between the metal and the oxide, ideally complementing
the NF'S results.

2. Sample characterization

Two different types of superlattices were prepared that are depicted in Figs. la and b.
The first one with a 0.6 nm °"Fe probe layer placed in the middle of the metallic °Fe
layer will be referenced as the metal doped sample. The second one has an 5"Fe-oxide
probe layer embedded in the oxide part of the system and will be referenced has the
oxide doped sample. The samples were prepared by DC magnetron sputter deposition
in a UHV chamber (base pressure 5x107%mbar) described in detail elsewhere [11].
The Fe/native oxide superlattices were grown on superpolished Si(100) substrates by
deposition of a 2 to 3 nm thick Fe layer and subsequent controlled exposure to 6500
Langmuir (1 L=10"%mbarxs) of molecular oxygen. This sequence is then repeated to
produce a superlattice of 15 bilayers. A final 3 nm Al capping layer is deposited to
prevent further oxidation of the samples in air. The nominal structure of the samples
is Si/[Fe(1.8nm)/FeO,(1.6nm)];5/Al(3nm). In[12], the chemical structure of the buried
native oxide was investigated by in-situ X-ray absorption spectroscopy which showed
that the layer adopts a disordered but pure FeO like structure upon deposition of the
metal on top of the saturated oxide.

The oblique incidence of the sputtered 5"Fe atoms with respect to the sample surface
leads to a strong uniaxial anisotropy due to preferential alignment of polycrystalline
columns during the growth process[13]. The low-field hysteresis curves along the easy
and hard axis, as recorded by MOKE magnetometry, are shown on Fig.1lc. The inset
shows the progressive increase of the net magnetization in high fields which saturates
only above 1.2T, as reported in [7].

3. Experimental methods

As will be shown later, Fe/FeO, multilayers exhibit a complex magnetic structure where
both the metal and the oxide are magnetically ordered. The two scattering methods
that we employed will yield complementary information. NF'S is used as a layer selective
probe to study separately the metal or the oxide part of the system while PNR will
provide the contrast between adjacent metal/oxide layers.

Nuclear forward scattering of synchrotron radiation is a time resolved method where
the time dependent de-excitation of 5"Fe nuclei in the sample is recorded after pulsed
excitation by a synchrotron radiation source. Because this de-excitation occurs on the
nanosecond timescale, the signal from the °"Fe probe layer can be isolated from the
electronic charge scattering (which occurs on the fs timescale) using fast avalanche
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Figure 1. Schematic sample structure for (a) the metal doped and (b) the oxide doped
sample. A 0.6nm °“Fe probe layer is embedded in each metal (a) or oxide (b) layers
of the superlattices. ¢) Typical easy and hard axis hysteresis curve of these systems.
An uniaxial anisotropy is induced by the oblique deposition of the >"Fe with respect
to the sample surface. The inset shows the high field branch of the hysteresis, which
exhibit a slow increase of the net magnetization with increasing field. Saturation is
reached only above 1.2T.

photodiode (APD) detectors [14]. The recorded signal is therefore intrinsically free of
charge scattering background. The sensitivity to the hyperfine structure of the nucleus
renders the techniques highly sensitive to the magnitude and orientation of the magnetic
field at the position of the ®"Fe nuclei. The advantage of the technique here comes from
the possibility to selectively probe the magnetic structure of the metal or the oxide by
placing ultrathin *"Fe probe layers in these parts. The sample is typically illuminated in
grazing incidence geometry and the specularly reflected signal is recorded. If this signal
is recorded as a function of the momentum transfer (nuclear resonant reflectivity), one
can obtain the magnetic depth profile of the ®"Fe in the system. In particular, periodic
magnetic structure cause a variation of the nuclear scattering amplitude that leads to
superstructure peaks between the structural Bragg peaks in the nuclear reflectivity.

Polarized neutron reflectometry shares some of the formalism of magnetic X-ray
scattering. However, as a nuclear scattering technique, PNR can provide large scattering
contrast even for different isotopes of the same element (further details on the PNR
method can be found in Ref[15, 16]). In ours case the large difference in the nuclear
scattering length density between Fe and 5"Fe (8.36x1076A~2 and 1.9x1076A2,
respectively) allows to vary the nuclear contrast in the multilayer structure[17]. The
magnetic scattering length is on the other hand due to the interaction of neutrons with
the magnetic moment of the atoms (it will be the same for *Fe and 5"Fe) and is a
fingerprint of the absolute magnetic moment of the atom. The full polarization analysis
allows one to resolve the complete in-plane magnetization of the sample. In contrast to
the NFS studies, we used PNR to determine the magnetic contrast between the metal
and the oxide layers.

The nuclear forward scattering experiments where carried out at the nuclear
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Figure 2. Electronic (a and ¢) and nuclear (b and d) X-ray reflectivity for the metal
doped (a and b) and oxide doped (c and d) superlattices recorded with nuclear forward
scattering. The red lines are fit. The appearance of superstructure half order Bragg
peak accounts for a magnetic unit cell twice as large as the chemical one. The intensity
of this peak is directly related to the difference in the projection of the two magnetic
sublattices along the photon wavevector ko, as depicted in the inset of (b). In this
case we found a canting angle between the magnetization of two adjacent Fe layers
of 80° for the metal doped sample and an average canting angle of 20° between the
magnetization of adjacent oxide layer in the oxide doped sample.

resonance beamline ID18[18] of the European Synchrotron Radiation Facility (ESRF)
in the 16 bunch mode of operation. The energy of the incoming photon was tuned to the
5"Fe nuclear resonance at 14.4keV which corresponds to a photon wavelength of 0.862
A. The polarized neutron reflectometry experiment was performed at the ADAM high
resolution reflectometer [19] of the Institute Laue Langevin (ILL) where the wavelength
of the neutrons was set to 4.41 A.

4. Layer resolved magnetic structure

4.1. Nuclear forward scattering results

Major features of the magnetic structure in the Fe/FeO superlattice were revealed using
the nuclear forward scattering technique (NFS) on the metal doped sample. A small
magnetic field of 20 mT is applied parallel to the film surface and perpendicularly to
the scattering plane to define the magnetization. As can be seen on Fig. 2b, a half order
Bragg peak appears between the structural Bragg peak in the nuclear reflectivity. Its
position accounts for a magnetic period two times larger than the chemical one and is
indicative of non-collinear magnetization orientation in neighboring metallic Fe layers.
In this geometry, the intensity of the half order Bragg peak is directly related to the
difference in the projection of the magnetic hyperfine fields within the two magnetic
sublattices along the photon wave vector ko [20]. As depicted in the inset of Fig.2b for
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a symmetric opening of the magnetization of the two magnetic sublattices relative to
the external magnetic field, the projection difference increases with increasing canting
angle. The intensity of the 1/2 order peak therefore accurately determines the relative
orientation of two adjacent Fe layers which is found to be around 80° in a 20 mT field.
The nuclear reflectivity curves in Fig. 2 were fitted using the CONUSS program package
for analysis of nuclear resonant scattering data[21]. A field dependent study [7] shows
that the canting angle decreases only asymptotically with increasing external field.
This type of behavior is described by the proximity magnetism model developed by
Slonczewski [2] which assumes an AFM order in the spacer layer.

In the present case, the coupling is mediated by direct exchange interaction at the
FM/AFM interface that is then transferred via the AFM order to the top ferromagnetic
layer. Statistical variations of the thickness of the AFM layer results in a distribution
of even or odd numbers of atomic planes in the AFM. Thus, the energetically favored
configuration is a 90° coupling angle between the ferromagnetic layer, a value close
to what is found in our experiment. Several other studies reported similar coupling
behavior for trilayer systems [3, 4], where the 90° coupling is supposed to be sustained
by a twist in the AFM to match the magnetization directions that are imposed by the
exchange interactions at the adjacent interfaces. The occurrence of a correlated magnetic
order over many bilayers implies a strong exchange coupling between the metal and the
oxide.

The fact that the native oxide adopts an AFM ordering is quite surprising because
the bulk Néel temperature of FeO is 198 K. However, as was established by van der
Zaag et al.[22], the Néel temperature of thin AFM layers embedded between FM layers
can drastically increase compared to bulk values to reach the Curie temperature of the
surrounding FM in the limit of ultrathin films. In that case, the blocking temperature
T below which exchange bias effects appear do not match T but is drastically reduced
compared to the bulk case. Low temperature magnetization measurements indicated a
blocking temperature of 70 K for our layer system, supporting the interpretation that
the oxide is antiferromagnetically ordered at room temperature.

A similar nuclear reflectivity study was performed on the ozide doped sample, as
shown on Fig. 2d. Surprisingly, a half-order Bragg peak is also observed, which indicates
that a long range non-collinear magnetic order exists also within the oxide layers. A fit
of this peak assuming a magnetically correlated system of oxide layers would yield an
average canting angle of 20° between the magnetization direction in the oxide layers.
However, the same fit could be obtained if one assumes that only a fraction (around
25%) of the moments in the oxide adopts a 90° canting angle while the rest of the layer
remains in a compensated AFM state. Hence, this measurement does not provide a
unique solution concerning the internal magnetic structure of the oxide. However, it
still implies that the oxide layers exhibit a long range magnetic correlation throughout
the layer stack, and indicates that parts of the oxide layer are not in a purely AFM
state.
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Figure 3. Polarized neutron reflectivity curves of the metal doped and oxide doped
Fe/native oxide superlattices. The red lines are results of the fit. A magnetic field of
20 mT was applied in-plane of the sample and parallel to the neutron spin polarization.
Top row: The appearance of 1/2 order Bragg peak in the spin flip channels evidences
the non collinear orientation of the magnetization in adjacent Fe layers symmetric
around the magnetic field direction. Bottom row: For the oxide doped sample, the
presence of a small 1/2 order Bragg peak in the non spin flip channels indicates that
the net magnetization of the oxide layers is not collinear with the external field.

4.2. Polarized neutron reflectivity results

The use of probe layers enables us to study the magnetic structure of defined part of the
multilayers. The metal adopts a non-collinear coupling through an AFM like oxide which
also possess some net magnetic moment. However, these informations were obtained on
different samples. So far no direct information on the interaction between adjacent
metal /oxide layers have been gained. In particular, the restriction of the information
to the *"Fe probe layers does not allow to distinguish the relative orientation of the net
magnetization of the oxide compared to the metal. The same samples were therefore
studied with polarized neutron reflectometry. A small magnetic field of 20mT was
applied along the hard axis and parallel to the neutron spin polarization in both cases.
The two sets of reflectivity are shown on Fig.3. The red lines are results of the least
square routine [23] applied to simultaneously fit all four PNR curves to the theoretical
model. The non-spin-flip (NSF) reflectivities (R++ and R——) are mostly sensitive
to the layer’s magnetization parallel to the neutron spin (in this case parallel to the
external field). The different positions of the critical edge for R++ and R—— directly
relate to the net magnetization of the sample. For the metal doped sample, the scattering
length densities of the metal and oxide layers (resulting from the weighted sum of the
constituent species) are equal. This means that the first order Bragg peak observed here
is of pure magnetic origin. The half order Bragg peak in the spin flip channels references
to a coupling angle between the metal layers of 80°, symmetric around the direction of
the applied magnetic field. The fit of the reflectivity curve indicates that the metal
layer possess a magnetic moment of 2.15 g per atom, a similar value compared to bulk
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Figure 4. (a) to (d) Nuclear resonant reflectivity curve during magnetization reversal
of the metal doped sample. The magnetic field is applied close to the hard axis and
perpendicular to the scattering plane. The decrease of the half-order Bragg peak
intensity account for a coherent rotation of the coupled moment as one unit. In
remanence, the net magnetization is aligned on the easy axis. (e) The half order
Bragg peak reappears once the sample is turned by 90°, confirming that the magnetic
moments stay coupled in remanence. (f) to (i) Polarized neutron reflectivity in the
remanent state. The 1/2 order peak appears now in the spin flip channels. A coupling
angle of 70° in remanence is derived from both the NFS and PNR measurements
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Fe (2.2 ug). The oxide also possesses a small net magnetic moment of 0.5 up per atom
pointing in the same direction as the net magnetization of the metal layers.

For the ozide doped sample, the situation is somewhat different. The presence of
the half order Bragg peak in the spin flip reflectivity accounts for a canting of the metal
layers which amounts here to 40°, a smaller value compared to the metal doped sample.
Additionally, it is necessary to assume a non collinear spin arrangement in the oxide
part of the layer to account for the small half order peak present in the non spin flip
channels. In this case, the overall net magnetization of the oxide is perpendicular to the
magnetic field. The reason for this phenomenon is not clear but might be due to small
structural differences of the metal doped and ozide doped sample, the effect of which
will be discussed in a later section.

5. Magnetization reversal

The hard axis magnetization reversal was monitored by taking NFS reflectivity curves
of the metal doped sample at defined steps of the reversal. The corresponding curves are
depicted on Figs. 4a to d, where the external field was applied close to the hard axis and
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perpendicular to k?o. In this geometry, the half order Bragg peak intensity is maximum
when the magnetization of the two sublattices are symmetrically tilted to left and to the
right with respect to the magnetic field. When the external field is reduced, the half order
Bragg peak intensity decreases and almost vanishes in zero applied field. This could be
due either to a reduction of the canting angle, domain formation or coherent rotation of
the net magnetization of the total system (with constant canting angle) back into the
easy axis direction. The first two possibilities can be ruled out by taking measurements
with the sample rotated by 90° in remanence, as shown on Fig.4e. In this case, the
half order Bragg peak reappears and accounts for a 70° canting angle, indicating that
the layers magnetization stayed canted through the magnetization reversal and that the
net magnetization is now aligned along the easy axis. This is confirmed by a polarized
neutron reflectivity curve recorded in remanence. As the position of the critical edge in
the R+4 and R—— channels is the same, we infer that there is no net magnetization
along the hard axis. The half order Bragg peak accounts for a 70° canting angle in
remanence. These measurements therefore confirm the canting angle found with the
NFS data. However PNR allows to determine the magnetic moment per atom, which
is found to be 2.15up, the same value as was found prior to the magnetization reversal.
This supports the notion of a coherent rotation of the coupled ferromagnetic layers as
one unit.

The formation of small magnetic domains is also ruled out by a 2D mapping of
the off specular diffuse neutron scattering. Magnetic domains usually lead to diffuse
scattering sheets running across the magnetic Bragg peak [24]. As shown on Fig.5, the
absence of diffuse scattering in remanence accounts for magnetic domains that must be
larger than 30 pym and can therefore be considered as macroscopic.

6. Discussion

From the results presented above, two particular properties of the oxide can be derived.
First, the oxide layer always possesses some magnetic moment, although it is supposed
to be in an antiferromagnetic state. Second, the uniaxial anisotropy induced by the
oblique deposition of the 5"Fe probe layer influences the system differently, depending
on whether the probe layer is embedded into the metal or into the oxide. In particular,
it prevents the system from forming small magnetic domains in remanence.

According to the proximity magnetism model of Slonzcewski [2], the 90° coupling
angle between adjacent Fe layers is the result of a competition between areas of
differing interlayer thickness which favor either a parallel or anti parallel alignment
of the FM layers. The coupling energy density W can be described by the following
phenomenological equation.

W=C0%+C_(0—r) (1)

where C'; and C_ are constants related to parallel or anti parallel alignment. The energy
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Figure 5. 2D scattering map measured on the metal doped sample in remanence. The
specularly reflected beam is indicated by the ridge running along the diagonal on the
graph. The absence of diffuse scattering around the half order Bragg peak indicates
that the system does not decay into small magnetic domains. The lower limit for the
domain size is estimated to be around 3 um.

minimum of the system is found by setting the derivative of W to 0. That is:

d
which leads to the expression:
O+ ™ — 9
-t _ 3
C_ 0 (3)

This equation shows that the important quantity to determine the canting angle in

remanence is the ratio g—f A 90° coupling angle minimizes the system energy if both

thicknesses are present in the same fraction (i.e. g—f = 1). Physically , the interface
coupling induces a twist of the AFM which differs depending on the number of AFM
layers [3], as depicted in Fig.6. In this case, the resulting net magnetic moment of the
AFM is close to zero. For a polycrystalline layer, the twist is supposed to be confined to
one grain [25] and only a very small net moment can eventually be expected at the grain
surface. However, as we demonstrated recently [12], buried native oxide layers grown at
room temperature incorporate a fraction of around 10% of Fe in a metallic state. In
the case that the metallic regions are ferromagnetic and align to the external field, they
could be responsible for the measured net moment in the oxide. This picture would be
consistent with the findings that the coupling angle is below 90° in low magnetic fields,
which indicates a larger value of C'; and therefore a predominance of ferromagnetic

coupling.
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Figure 6. Two examples of possible twist structures in the AFM spacer layer when the
magnetic moments of the surrounding metal layers are constrained to be non-collinear.
Depending on the number of AFM atomic planes (even or odd), the rotation will occur
clockwise or counterclockwise. The canting angle will deviate from the 90° coupling
case if on the average the distribution of the layer thicknesses is not balanced.

The influence of the oblique deposition of the *"Fe probe layers on the magnetic
structure of the superlattice is somewhat more complicated to understand. It clearly
provides a way to create a strong uniaxial anisotropy which allows one to have a well
defined remanent state. However, it dramatically changes the magnetic structure of the
oxide spacer layer when the ®"Fe probe layers are placed in its middle. According to
equation 3 the reduced coupling angle of 40° between the metallic layers accounts for a
ratio C'; /C_ larger than 4 which means that ferromagnetic coupling is greatly favored.
This large proportion of FM coupling might be a hint of deviation from a pure proximity
coupling through an AFM spacer. In particular, the oblique deposition of the "Fe might
leave defects in the polycrystalline oxide layer which would allow for direct FM coupling
through pinholes, as depicted on Fig.7a. This direct pinhole coupling could then be
responsible for the reduced coupling angle observed. This interpretation would also be
in agreement with the more pronounced coupling angle measured on the metal doped
sample. In that case, the >"Fe probe layer is in the middle of the metal. As shown on
Fig. 7b, defects in this layer would not influence the overall magnetic properties of the
metal, and would therefore have little influence on the coupling through the AFM oxide.

7. Conclusions and outlook

Using a combination of isotope sensitive scattering methods, we have obtained a layer
resolved magnetic depth profile in a superlattice composed of metallic Fe and its native
oxide. The antiferromagnetic arrangement of the oxide spacer layers leads to a strong
exchange coupling of adjacent metallic layers which is mediated by exchange interactions
at the metal/oxide interfaces. The non-collinear arrangement is robust against external
magnetic field and completely reversible. We measured the magnetization reversal with
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Figure 7. Schematic representation of the presence of defects in the oxide or in the
metal layer. a) Pinholes in the AFM oxide layers leads to an effective ferromagnetic
coupling between the two metal, reducing the overall coupling angle. b) A defect in
the metal layer would not affect the overall magnetic structure but eventually leads to
small reduction of the total moment.

the field applied along the hard axis, which takes place via coherent rotation of the
coupled moments as one unit. Off specular neutron scattering confirmed that the system
stays single domain in remanence and the decay into magnetic domains can be excluded
within the resolution limit of the instrument. The presence of metallic Fe in the natively
grown oxide can account for the observed net magnetic moment in the antiferromagnetic
layer which tends to reduce the coupling angles between the metallic layers. We expect
that removal of these clusters for example by mild thermal treatments should help to
optimize the observed magnetic coupling properties. The ease of preparation of such
MNOM systems and the strength of the 90° coupling could open interesting possibilities
for spin engineering of magnetic layer systems.

The two nuclear techniques used here complement themselves ideally to study
complex magnetic structures. x-ray based nuclear forward scattering is ideal to perform
systematic studies of selected parts of the sample using isotopic probe layers while
the sensitivity of polarized neutron reflectometry to the magnetic moment of atoms
is ideally suited to take snapshots of the whole system in a defined magnetic state.
These considerations should trigger further joint x-ray and neutron scattering studies
of magnetic multilayer systems.
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