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Preface

This book is devoted to antiferromagnetic oxides, both in the form of surfaces and
thin films, and in the form of interfaces and multilayers with other magnetic or
nonmagnetic materials. Films and multilayers with a thickness of a few nanome-
ters are important examples of low-dimensionality systems that can exhibit very
different physical properties with respect to their bulk counterparts. This field is
testifying a great experimental effort in the production of artificial structures with
original magnetic properties. An example of relevant scientific and technological
interest is the rapid development in the last years of spintronics, a discipline that
aims to exploit the intrinsic spin of electrons and its associated magnetic mo-
ment, in addition to its fundamental electronic charge, in solid-state devices. The
actual trend toward miniaturized magnetic devices requires new investigations of
low-dimensional magnetic systems from a fundamental point of view. While con-
fined systems based on ferromagnetic materials have been the subject of intensive
study, the investigation of the magnetic properties of antiferromagnetic surfaces,
thin films, and interfaces has received much less attention, mostly because of the
experimental difficulties in addressing the local magnetic properties of antifer-
romagnetic materials. Nevertheless, the last two decades have witnessed a rapid
development of experimental techniques characterized by a good sensitivity to such
properties. As a consequence, systems in which a ferromagnet interacts with an
antiferromagnetic partner have aroused an increasing interest in the scientific com-
munity, which is motivated by the discovery of their unique magnetic properties
(e.g., exchange coupling, modification of the magnetic domain structure, and spin
orientation) of potential interest for applications. In particular, the phenomenon
of exchange bias [1], consisting in the breaking of the time reversal symmetry and
in the onset of unidirectional magnetic anisotropy in a field-cooled system where
a ferromagnetic material is coupled to an antiferromagnetic partner, is widely
employed in the technology of reading heads for modern hard disks.

It is by now widely accepted that the key to understanding such phenomena is
the spin structure at the antiferromagnet—ferromagnet interface and its dynamical
changes. In this respect, transition-metal oxides represent an important class of
antiferromagnetic materials because of their high Néel temperature and chemical
stability. They are also large band-gap insulators so that their magnetic properties
can be accurately described in terms of magnetic moments localized on the
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cations, interacting via well-understood short-range interactions. For these reasons,
transition-metal oxides occupy a privileged space in the scientific literature and are
often considered as model antiferromagnetic systems. Moreover, the interest in
oxide antiferromagnets goes beyond the phenomena that can be observed when
they interact with a ferromagnetic system. In fact, complex behaviors such as spin
reorientation might be induced in antiferromagnetic oxides even in the absence
of bias exchange with a ferromagnetic partner. Antiferromagnetic transition-metal
oxides are also important in connection with at least three classes of oxide materials
that have a great technological relevance (but that will not be discussed in this
volume), namely, high-T. superconductor cuprates, colossal magnetoresistance
manganites, and multiferroic materials, where a widely accepted general idea is
that in these materials the interplay of charge and spin fluctuations is a central
issue. In particular, the paradigm model describing this interplay in cuprates is the
Anderson’s superexchange theory, which also governs the magnetic properties of
antiferromagnetic insulators, such as NiO or CoO, often considered as archetype
materials for the antiferromagnetic parent compounds of high-T; cuprates.

This book gives the first comprehensive account of these topics, bringing together
experimental and theoretical methods. It is focused on the study of the magnetic
behavior of spatially confined antiferromagnetic transition-metal-oxide systems
when their dimensions are scaled down to nanometric level, with particular
emphasis on the growth and the magnetic characterization through different
experimental methods and theoretical modeling approaches.

This volume is designed along the following guidelines. The tutorial Chapter 1
outlines the magnetic properties of low-dimensional antiferromagnetic transition
-metal-oxide systems and contains an overview of the significant physical phenom-
ena that intervene in determining their origin. Chapter 2 extensively discusses
the techniques employed to fabricate multilayer and thin film structures. This
chapter highlights the close relationship existing between the structure and mag-
netism in low-dimensional antiferromagnetic oxides. Chapter 3 discusses one of
the most widespread experimental techniques giving access to the properties of
antiferromagnetic materials, namely, X-ray absorption and dichroism. This chapter
represents a general introduction to X-ray absorption and how it is measured. It
discusses the selection rules that give rise to the polarization dependence of X-ray
absorption and how information about the magnetic properties of matter can be
obtained from them. Chapter 4 deals with the low-dimensional antiferromagnetic
transition-metal oxides as such, describing samples consisting of thin epitaxial
layers on nonmagnetic substrates, which are therefore not influenced by magnetic
underlayers. The effects of symmetry-lowering and crystal field in noncubic en-
vironments are addressed both experimentally, discussing X-ray absorption and
dichroism data, and theoretically, within an atomic multiplet approach. Chapter 5 is
devoted to the phenomenon of exchange bias. The central topic of this chapter is the
so-called “domain state model” in which exchange bias emerges as a consequence
of a net magnetization in the volume and also at the interface of the antiferromagnet
stabilized by nonmagnetic defects. Chapter 6 provides a theoretical discussion of
the phenomena (exchange coupling, exchange bias, spin reorientation, magnetic
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domain structure, etc.) occurring at the interface between a ferromagnetic and an
antiferromagnetic material. Phase diagrams describing the behavior of bilayers and
trilayers are obtained as a function of the relevant parameters. Chapter 7 focuses
on the experimental investigation of Fe;O4-based ferrimagnet—antiferromagnet
multilayers comprising NiO or CoO as model systems for addressing interface
morphology and chemical structure, anisotropy, interlayer exchange coupling, and
how these mechanisms affect the overall magnetic properties of the multilayers.
Finally, Chapter 8 presents an extensive X-ray microscopy study of the micromag-
netic structure in exchange-coupled interfaces constituted by a ferromagnetic metal
and an antiferromagnetic oxide.

To conclude, we would like to dedicate the last part of this preface to thank the
authors of the various chapters of this book for their cooperation. We appreciate
their patience in accepting our reminders for keeping to time and their willingness
in following the editors’ suggestions. We would also like to thank Edmund
Immergut, Wiley-VCH in New York, for his friendly help in first proposing to us
to start on this book, in enabling us to overcome our initial hesitations, and in
guiding us in the first steps of the project up to the acceptance of the same by
Wiley-VCH, and Anja Tschértner, Wiley-VCH Ed. Physics Department in Berlin,
for her continuous and extraordinary assistance during the preparation of this
book.

Finally, we would like to express our gratitude towards our friends and colleagues,
who are too numerous to list here, to whom we are much indebted for inspiring
discussions and help.

Milano, October 2009 Lamberto Duo
Marco Finazzi
Franco Ciccacci
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1
Low-Dimensional Antiferromagnetic Oxides : An Overview

Marco Finazzi, Lamberto Dud, and Franco Ciccacci

1.1
Introduction

In the last two decades, the availability of experimental techniques endowed with
high sensitivity with respect to the magnetic properties of antiferromagnetic (AFM)
materials has motivated a large amount of studies dedicated to the investigation of
low-dimensional AFM systems consisting of small particles or films deposited onto
either nonmagnetic or ferromagnetic (FM) substrates. Similar to the well-known
FM materials, such confined AFM systems are in fact characterized by magnetic
properties that, because of interface or size effects, can be considerably different
from the ones observed in the bulk [1]. Examples range from the stabilization of ex-
otic AFM ordering to the onset of uniaxial anisotropy in low-dimensional AFM sam-
ples. Moreover, systems comprising AFM—FM interfaces represent a world of their
own, thanks to their rich phenomenology related to interface exchange coupling.
Finite-size effects in both FM and AFM materials reflect deviations from bulk
properties associated with the reduction of the sample dimensions. So-called
“intrinsic” effects occur in material systems for which one or more sample
dimensions, for example, the thickness of a layer or diameter of a particle, is
comparable with the intrinsic correlation length scale of the property being
considered. Strongly correlated systems such as AFM oxides are characterized
by very short correlation lengths, so intrinsic finite-size effects can be observed
only in ultrathin films or nanoparticles. In addition, “surface-related” finite-size
effects might be caused by the competition between the properties of atoms in the
core of a particle or layer and those at the surface, possibly originating from the
reduced coordination number. As an example, surface spins often possess higher
magnetocrystal anisotropy than the ones in the sample volume because of the
reduced symmetry. “Chemical” or “structural” effects may also arise due to phe-
nomena such as surface segregation, relaxation, or reconstruction. Of course, the
environment (the material surrounding the particle or the film substrate) can also
dramatically alter the properties of interface atoms through hybridization, strain, or
chemical interdiffusion, not to mention the crucial role of exchange in determining
the magnetism of systems where an AFM material interacts with an FM partner.
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1 Low-Dimensional Antiferromagnetic Oxides : An Overview

The high degree of correlation between the magnetic, chemical, structural, and
morphologic features obviously makes the preparation and the characterization
of high-quality samples a crucial point in any study involving low-dimensional
systems (see 2). In this respect, AFM transition-metal (TM) monoxides are often
regarded as a privileged reference. The reasons for this choice are manifold. First,
these oxides can be grown as high-quality thin films on appropriate substrates and
are characterized by a high chemical and mechanical stability. Second, their AFM
ordering temperature (Néel temperature Ty) is relatively high: to cite two relevant
cases, Ty = 523 K for bulk NiO and Ty = 291 K for bulk CoO. In the latter case, the
proximity of Ty to room temperature represents an additional advantage in realizing
exchange-biased systems, where field cooling from above to below Ty is required.
Another important feature of TM oxides is their insulating nature resulting from
strong inter- and intra-atomic electronic correlations. Their magnetic properties
arise as a consequence of the short-range superexchange interaction mediated by
the oxygen bonds [2]. Because of the absence of itinerant magnetism associated
with conduction electrons, the only long-range magnetic interaction is represented
by the dipole—dipole interaction, which can be neglected in many cases. Therefore,
from the magnetic point of view, TM oxides can be described in the frame of
the Heisenberg or Ising formalism as ensembles of well-localized spins with
near-neighbor interactions. Finally, we would like to mention that AFM TM oxides
are also considered as model systems for the AFM parent compounds of high T
cuprates since, in the latter, the interplay between charge and magnetic ordering
is described by the Anderson’s superexchange theory, which also governs the
magnetic properties of AFM insulators such as NiO or CoO.

In this introductory chapter, we present a survey of the peculiar magnetic phe-
nomena observed in low-dimensional systems based on AFM TM oxides, such
as surfaces, thin films, interfaces with magnetic or nonmagnetic materials, and
multilayers. We also give an overview of the significant physical phenomena that
intervene in determining their origin. The chapter is organized as follows: in
Section 1.2 we address finite-size effects on the value of the Néel temperature
for AFM oxide particles and thin films. Section 1.3 is dedicated to AFM thin-film
magnetic anisotropy and how it is influenced by interaction with a nonmag-
netic substrate, while interlayer magnetic coupling and micromagnetic structure
at AFM-FM interfaces and multilayers are examined in Sections 1.4 and 1.5,
respectively. Finally, Section 1.6 concludes the chapter by discussing applications.

1.2
Finite-Size Effects on the Magnetic Ordering Temperature

The reduction of the critical magnetic ordering temperature Topger is a typical
finite-size effect in both FM (Tyg4er = Tc = Curie temperature) and AFM (Torger =
Ty) low-dimensional systems. It can be seen as a consequence of the sample
asymptotically approaching the conditions at which the Mermin—Wagner theorem
applies as its size is progressively reduced. This theorem states that, because
of fluctuations, continuous symmetry cannot be spontaneously broken (i.e., the



1.2 Finite-Size Effects on the Magnetic Ordering Temperature

sample cannot develop long-range FM or AFM order) at finite temperature in
systems with short-range interactions in dimensions d < 2 [3]. Experiments have
evidenced drastic reductions in the magnetic transition temperature Ty for a
variety of AFM oxides in low-dimensional geometries such as CuO nanoparticles
[4-7], NiO thin films [8, 9], CoO nanoparticles [10] and films [11, 12], and Co304
nanoparticles [13—15], nanotubes [16], and nanowires [17].

In a simple mean-field approach, which assumes T;4er to be proportional to the
exchange energy density of the particle or thin film, the reduction of the magnetic
transition temperature is due to the decrease in the total exchange energy associated
with the reduced number of neighboring atoms. In this picture, the system
environment is not passive and might contribute to defining the total exchange
energy, for instance, by inducing surface magnetic anisotropy via a strain field or by
modifying the magnitude of the interface moments and the strength of their mutual
coupling through hybridization or other interactions (see below). According to the
mean-field model, the variation of Tyyger With respect to the bulk value Tyger(00)
is expected to be proportional to the inverse of the particle size or of the film
thickness D. However, this prediction is not consistent with the experimental
results, and the reduction in the ordering temperature Torger With size is better
described in terms of scaling theories [18], according to which the correlation
length of the fluctuations of the AFM order parameter diverges logarithmically
with the reduced temperature (T — Torder)/ Torder as the temperature T approaches
the magnetic ordering transition Toyger. For a system with size D much larger than
a characteristic length & describing the spatial extent of the spin—spin coupling,
this yields a fractional decrease of Toyqer that follows a power-law curve [19]:

Torder(oo) - Torder(D) _ (‘g + a>)L
Torder(oo) B 2D

(1.1)

where A is the (constant) shift exponent and a is the lattice spacing. For
D K &, Torder is expected to vary linearly with respect to D [19]:
D—a
3

The details of the measured dependence of Tyqer upon D show large differences
over the experimentally investigated systems, suggesting that environment effects
play a significant role. Moreover, the value of A is model-dependent: as anticipated
above, one obtains A = 1 in mean-field theory [18], while A = 1.4 or 1.6 for a system
described by either the three-dimensional Heisenberg [20] or Ising [21] Hamilto-
nian, respectively. In practice, § and A are considered as adjustable parameters that
have to be fitted to the experimental data: A has been found to be close to 1.1 for
Co304 nanoparticles [15], while A & 1.5 for CuO thin films [11], § being of the order
of a few nanometers in both cases. A more recent model explicitly considers the dis-
ordering effect of the lattice thermal vibrations on the spin—spin coherence length
at the transition temperature. It predicts a T,.4er dependence on D of the form [22]

Torder(D) _ e_<D/1D;0a—l)
Torder(oo)

Torder(D) = Torder (OO) (12)

(1.3)
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In the previous expression, Dy = 2(3 — d)a (with d = 0 for particles, d = 1 for
nanorods, and d = 2 for thin films), while « = 02(D)/02(D), o5 and o, correspond-
ing to the root-mean square average amplitude of the oscillations of atoms at the
surface (or interface) and in the volume at the transition temperature, respectively.
In this model, Ty is again expected to depend on the total system—environment
interface exchange energy.

The models discussed above can be generalized to low-dimensional systems in
interaction with magnetic environments. In this case, the total exchange energy
density of the low-dimensional sample might be even higher than in the bulk
because of interface exchange coupling. In this case Ty might increase as the
sample size is reduced, as observed in NiO/CoO and Fe;0,/CoO multilayers
[8, 23]. Similarly, it has been demonstrated that the magnetic coupling of Co
nanoparticles embedded in a CoO matrix leads to a marked improvement in the
thermal stability of the moments of the FM nanoparticles, with an increase of almost
2 orders of magnitude in the temperature at which superparamagnetism sets in
compared to similar particles in a nonmagnetic medium [24]. An intriguing and
not yet understood size-related effect is the dependence of the blocking temperature
Tp upon the AFM layer thickness in exchange-biased AFM—FM multilayers. Tp
is defined as the temperature above which the system does not display any bias,
and in Fe304/CoO multilayers it is observed to decrease by reducing the CoO layer
thickness while Ty, as mentioned above, increases [23].

To further highlight the active role even a nonmagnetic substrate might have
in determining the value of Ty in a thin film, we conclude this section by
discussing the case of NiO ultrathin films epitaxially deposited on MgO(001)
and Ag(001) single-crystal substrates [25]. Stoichiometric and high-quality NiO
films were grown by atomic-oxygen-assisted reactive deposition and capped in situ
with a protecting MgO film consisting in 25 monolayers (MLs) that avoided NiO
film contamination by the residual gas inside the ultrahigh-vacuum chamber and
prevented possible oxygen loss during thermal cycling. NiO and MgO have the
same rock-salt crystal structure with a lattice constant of 4.2 and 4.1 A, respectively,
corresponding to a tiny lattice misfit of 0.2%. Ag has a face-centered cubic (fcc)
structure with a lattice constant equal 4.09 A and compared to NiO has a lattice
misfit of about 3%. Nevertheless, misfit dislocations are avoided by keeping the film
thickness below the critical thickness for strain relaxation (about 30 ML for NiO/Ag)
[26]. The magnetic properties of the NiO layer have been investigated with X-ray
magnetic linear dichroism (see Chapter 3) performed at the Ni L; edge. By plotting
the dichroic signal (L, ratio) as a function of temperature, as done in Figure 1.1,
one obtains a direct measure of the long-range order parameter and of the Néel
temperature of the material. Figure 1.1 reports results measured for 3-ML- and
30-ML-thick NiO films on Ag(001) and for a 3-ML-thick NiO film on MgO(001). For
the 30-ML NiO/Ag film, an ordering temperature Ty = 535 K in thus measured,
which is close to the bulk value of 523 K [27]. Apparently, the 30-ML NiO/Ag film
is already thick enough to act as the bulk oxide and is not affected any longer by the
underlying Ag substrate [28, 29]. Figure 1.1 also suggests that there is no magnetic
order in the 3-ML NiO/MgO sample in the measured temperature range, denoting
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Figure 1.1 Temperature-dependent Ni linear dichroism
signal (L, ratio) of (a) 30-ML NiO/Ag(100) and (b) 3-ML
NiO/Ag(100) and 3-ML NiO/MgO(100). Reprinted figure
with permission from [25]. © 2009, by the American Physical
Society.

a strong finite-size-induced reduction of Ty that can be interpreted as discussed
earlier in this section. Conversely, the Néel temperature of the 3-ML NiO/Ag film
is Ty = 390 K, at least a factor of 10 higher than in the 3-ML NiO/MgO sample. It
is important to notice that the NiO/Ag and NiO/MgO films are essentially identical
as far as the NiO part is concerned (same thickness, crystal quality, interface
roughness), except for the different value of the lattice mismatch with respect to
the substrate. The origin of such a strongly different Ty value in NiO/MgO and
NiO/Ag must thus be external to the NiO film itself and should be looked for in
the different types of interactions at the NiO/MgO and NiO/Ag interfaces. To this
purpose, we have to consider how the superexchange interactions in the NiO films
can be modified by the presence of the substrate. The value of the superexchange
coupling constant J in a system subjected to charge fluctuations described by the
Hubbard energy U and the cation—anion charge-transfer energy A [30] is given by
the following expression [31-33]:

22 /1 1
] = F (E + Z) (1.4)
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with ¢ being the anion 2p-cation 3d transfer integral. The value of ] can be altered
in three ways by the interaction with the substrate, resulting in a consequent
modification of Ty.

The first mechanism refers to the prediction that a medium with a high dielectric
polarizability should provide an effective screening for various charge excitations in
anearby located material [34]. Such a screening effect on the band gap, the Hubbard
energy U, and the charge-transfer energy A has indeed been experimentally
confirmed in Cgo/Ag[35] and MgO/Ag[28, 29, 36]. According to this expectation, the
observed higher Ty value for NiO/Ag compared to NiO/MgO would be associated
to the conducting nature of the Ag substrate with respect to the insulating character
of MgO, leading, in agreement with Eq. (1.4), to a higher superexchange coupling
constant | as a result of the reduction of U and A by image-charge screening.

A second explanation considers the different strain state induced in the NiO over-
layer by the Ag or MgO substrate. By modifying the in-plane interatomic distance,
strain influences the overlap between adjacent orbitals and the value of the transfer
integral t, affecting the value of | and hence Ty. We recall that the application of
hydrostatic pressure is known to enhance Ty in TM oxides [37-40]. However, the
theoretical [38] and experimental [39, 40] dependence of ] and Ty on the lattice pa-
rameter variation is too weak to justify the 10-fold increase of Ty in NiO/Ag with re-
spect to NiO/MgO as due to the different strain state. Moreover, the strain in an epi-
taxial layer is nonisotropic and one could expect that the lattice-spacing effect on Ty
will be smaller than the one in an isotropically compressed system, since, in the first
case, the change in the interatomic spacing along the surface normal is generally
opposite to that in the film plane. Indeed, it has been experimentally shown that for
NiO and CoO films on MgO uniaxial strain up to 2% has a negligible effect on T} [8].

Finally, interface hybridization might represent a third mechanism according
to which the substrate might be capable of influencing Ty. In this respect, we
note that density-functional band-structure calculations on both free-standing and
Ag(001)-supported ultrathin NiO films find that the superexchange constant |
of a 3-ML-thick film should hardly be affected by a nearby substrate [41, 42].
These arguments leave screening effects as the only possible phenomenon that
is able to account for the large value of the Néel temperature in 3-ML NiO/Ag
thin films, suggesting at the same time an effective method to counterbalance
finite-size-related reduction of critical temperatures in oxide systems.

13
AFM Anisotropy

As mentioned in the previous section, even a nonmagnetic substrate might play
an active role in determining the value of Ty in a thin film. In this section, we
discuss how the substrate can also influence the magnetic anisotropy of an AFM
overlayer. We limit the discussion to nonmagnetic substrates, leaving AFM—-FM
coupled layers to the next section.

Well known and long-studied in FM systems, magnetic anisotropy is a phe-
nomenon that has been unveiled only quite recently in AFM thin films. For
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instance, while the surface magnetic structure of cleaved NiO(001) single crystals
is said to be bulk terminated [43], NiO(001) thin layers (less than 20 ML) epitaxially
grown on MgO(001) exhibit an out-of plane uniaxial anisotropy [9]. On the other
hand, the AFM anisotropy of epitaxial NiO/Ag(001) is found to depend on the NiO
thickness: for 30-ML-thick NiO/Ag films, AFM domains with easy axis closer to
the surface normal are favored, while 3-ML NiO/Ag are characterized by in-plane
AFM anisotropy [44]. CoO films display local moments with magnitude and ori-
entation strongly dependent on the strain induced by the substrate: the magnetic
moments in CoO/MnO(001) are oriented out of plane while those in CoO/Ag(001)
are in-plane [45]. Hereafter, we discuss the possible sources of AFM magnetic
anisotropy.

131
Magnetocrystal Anisotropy

While a 3d isolated ion is described by a Hamiltonian that has spherical symmetry,
the same ion embedded in a crystal is subjected to the crystal field resulting from
the interactions of the electrons belonging to each ion with the surrounding atoms.
If this crystal field is strong enough, the orbital degeneracy is completely removed
and the ground state is an orbital singlet (the orbital momentum is “quenched”)
[46]. In these conditions, spin represents the only contribution to the total magnetic
moment of the ion, and is, to first approximation, completely decoupled from
the lattice. In other words, the system does not develop any magnetic anisotropy.
However, if the crystal field is not too large, the spin—orbit interaction, which is
proportional to L. - § (L. = total orbital momentum operator; § = total spin operator),
prevents the quenching of the orbital momentum and couples the spin to the lattice,
establishing magnetic anisotropy [46]. In a cubic ionic 3d compound, the crystal
field can be considered as a small perturbation (of the order of 10* K) with respect
to the Coulomb interactions between the electrons occupying the d-shell, but is
considerably larger than the spin—orbit interaction (about 100 K). Sizable anisotropy
can thus emerge only when the symmetry of the lattice and the degeneracy of the
ground state are further reduced by a small perturbation. The above-mentioned
anisotropy observed in CoO strained films can be explained in this frame (see also
Chapter 4): the tetragonal distortion imposed by the substrate further splits the
partially occupied t,, orbitals that constitute the ground state resulting from the
application of a cubic crystal-field to the 3d shell. The sign of the splitting depends
on the type of tetragonal strain (compressive or extensive) and determines whether
the CoO spins will preferentially align in-plane or out of plane [45].

13.2
Dipolar Anisotropy

Long-range magnetic dipole—dipole interactions have been suggested to play an
important role in determining the bulk AFM structure of TM monoxides such as
MnO and NiO, where the magnetocrystal anisotropy is expected to vanish [47].

7
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In MnO, this happens because the d-shell electronic configuration of the Mn?*
ion is 3d°, corresponding to an orbital singlet ground state even in the isolated
ion. The case of NiO is different: the Ni*" 3d fundamental state is characterized
by completely filled t,, orbitals and partially occupied e, orbitals. Now, L - § does
not have matrix elements coupling different ¢, states, implying that the spin—orbit
interaction is also negligible for NiO.

The fcc lattice formed by the cations in TM monoxides can be viewed as
a combination of four simple cubic lattices. In each sublattice, the moments
are forced by the superexchange interaction to align ferromagnetically within
{111} planes, while adjacent {111} planes are coupled antiferromagnetically. The
superexchange interaction does not couple the magnetic moments of cations in
different simple cubic sublattices since these are connected by 90° oxygen bonds.
The relative orientations of the four lattices with respect to each other and to the
crystallographic axes are instead imposed by anisotropic interactions. In MnO and
NiO, the larger source of anisotropy is provided by the magnetic dipole interaction,
which favors a collinear alignment between the sublattices, resulting in the so-called
type-II AFM order. These are characterized by AFM domains (T-domains) in which
the moments form FM foils parallel to one of the four equivalent {111} planes of
the fec lattice [47], with the spin aligned in the plane of the foil [47]. This type of
AFM ordering is further stabilized by a rhombohedral distortion in the direction
perpendicular to the foils caused by magnetostriction. Inside each (111) foil, the
spin is driven to align along one of the three equivalent [112] directions (giving three
equivalent so-called S-domains) by sources of smaller anisotropy (see Figure 1.2).

The removal of translation symmetry and the possible presence of substrate
-induced strain reduce the symmetry of the bulk and cause AFM anisotropy.
Since in an AFM material there is no net magnetization, one can apply first-order

Figure 1.2 Collinear arrangement of magnetic cations in
MnO and NiO. A domain with (111) ferromagnetic foils
and moments parallel or antiparallel to the [112] direction
is shown.
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perturbation theory [48] to evaluate the effects of the AFM film finite thickness
7 and of the tetragonal strain ¢ = (¢/a) —1 (c and a being the out-of-plane
and in-plane lattice parameters, respectively). Inclusion of tetragonal strain into
a bulk AFM MnO or NiO lattice energetically favors S-domains with main
spin component perpendicular (S;) to the strain axis for ¢ < 0 (compression)
and S-domains with main spin component parallel (S)) to the strain axis
for ¢ >0 (expansion). In uniformly strained films, this effect coexists with a
thickness-dependent perturbation to the total dipolar anisotropy, which stabilizes
S); domains and in-plane anisotropy [48]. At variance with the well-known shape
anisotropy of FM thin films, which is proportional to the film volume, this
AFM shape anisotropy is proportional to 7=! [48]. In the original work [25], the
thickness-dependent AFM anisotropy experimentally observed in NiO/Ag(001)
films was indeed interpreted as being a consequence of AFM dipolar anisotropy.

1.4
Interlayer Coupling in AFM—FM Bilayers and Multilayers

AFM surfaces are said to be compensated when the surface magnetization of the
AFM material is null. In TM monoxides, which are characterized by an AFM
order similar to that shown in Figure 1.2, {001} and {011} planes are nominally
compensated, while the {111} surfaces are totally uncompensated. The latter,
however, exposes the same chemical species and a net electric charge (TM oxides
are highly ionic compounds). For this reason, the {111} surfaces are unstable and
tend to reconstruct. At compensated AFM—FM interfaces, the exchange interaction
is strongly frustrated. Frustration can be partially released by the presence of defects
(chemical interdiffusion, atomic steps, missing atoms, dislocations), which make
the interface partially uncompensated, at least on a local scale. Defects are instead a
source of frustration at nominal totally uncompensated interfaces. There is a general
consensus in the scientific community about the importance of considering this
interplay between frustration and defects to understand magnetic properties such
as exchange bias, interlayer coupling, and micromagnetic structure of AFM-FM
bilayers and multilayers. We omit to discuss exchange bias in this introductory
chapter, since this argument is extensively treated in this book (see Chapters
5-7). We concentrate instead, in Section 1.4.1, on interlayer coupling, while the
micromagnetic structure at AFM—FM interfaces is the subject of Section 1.4.2.

1.4.1
AFM-FM Interface Coupling

Micromagnetic calculations based on energy minimization show that the
ground-state configuration of an ideal magnetically compensated AFM-FM
interface corresponds to a perpendicular orientation of the bulk FM moments
relative to the AFM magnetic easy axis direction, an arrangement known as
spin-flop state [49]. This configuration is stable since the magnetic moments both

9
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Figure 1.3 Diagram describing the regions  sites occupied by such defects: u =0 for

in the parameter space for which the AFM an ideal compensated interface; u =1 for a
anisotropy axis is either collinear or orthogo- totally uncompensated interface. Japm and m
nal to the FM magnetization, obtained for an are the values of the superexchange coupling
AFM—FM bilayer with the characteristics of ~ constant and of the local magnetic moments
NiO/Fe(001). H* represents the magnitude in the AFM material, respectively. Reprinted
of the effective exchange field of magneti- figure with permission from [51]. © 2004, by
cally active defects at the AFM—FM interface, the American Physical Society.

while u is the fraction of interface atomic

in the FM and in the AFM layer exhibit a small canting from the 90° coupling
that vanishes away from the interface but induces a small magnetization in the
AFM layer. The spin-flop ground state was also suggested to lead to exchange bias
[49], a result that was later confuted by a more accurate model describing the spin
dynamics in terms of moment precession rather than energy minimization [50].
The presence of defects can, however, destroy the spin-flop ground state, inducing
a collinear coupling between the AFM and FM moments across the interface.
The reason why this happens can be captured by a mean-field calculation where
the perturbation associated with the defects is simulated by an effective exchange
field of magnitude H* acting on the atoms belonging to a compensated AFM—-FM
interface reproducing the characteristics of the NiO/Fe(001) bilayer [51, 52]. The
result is summarized in Figure 1.3, which shows the type of average AFM—-FM
coupling (collinear rather than perpendicular) between the two layers as a function
of H*™ and of the fraction u of magnetically active defects at the interface. Monte
Carlo simulations find AFM spins aligning collinearly with the FM moments
above Ty, with a transition from collinear to perpendicular alignment of the
FM and AFM spins at a lower temperature in the case of rough interfaces [53].
Besides interface defects, also volume defects such as dislocations inside the
AFM material can influence the coupling between the FM magnetization and
the AFM anisotropy axis by disrupting the collinear alignment of the spins inside
the AFM layer [54].
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Increasing NiO thickness

Figure 1.4 Photoemission electron
microscopy images excited by linear X-rays
and showing the magnetic contrast obtained
at the Fe L,3 (top) and Ni L, (bottom) ab-
sorption edges on an NiO/Fe(001) wedged
thin film. The field of view shown in each
panel straddles a domain wall separating
two Fe domains with in-plane magnetization
perpendicular to each other. The arrows in-
dicate the direction of the magnetization in
the Fe substrate and of the NiO film easy

refer to the Fe substrate. The NiO thickness
increases from the left to the right, with an
average value in the left, central, and right
panels equal to about 12, 18, and 24 A,
respectively. The NiO thickness variation in
each image is about 3 A. The direction of
the NiO easy axis has been rotated by 90°
with respect to the one previously reported
in [58] (see [59]). Reprinted figure with per-
mission from [58]. © 2006, by the American
Physical Society.

axis. The reported crystallographic directions

Because of the presence of frustration between competitive exchange interactions,
the AFM—-FM interface coupling in real systems can strongly depend on the
interface preparation conditions. Moreover, strain-induced magnetoelastic effects
should also be considered (see Chapter 8). For instance, thin FM metal films (Fe, Co)
on NiO(001) exhibit perpendicular FM—AFM coupling [55—57], while the coupling
is collinear for thin NiO films on Fe(001) [51, 58]. Actually, the original articles [51,
56-58] based on X-ray dichroism indicated the type of coupling to be the opposite
of the one reported above. This confusion originated from a misinterpretation of
the linear dichroism spectra, which was corrected in later work [59]. The coupling
in NiO/Fe(001) is also NiO thickness-dependent: the anisotropy axis is parallel to
the Fe substrate magnetization when the NiO thickness is less than about 15 A, but
rapidly becomes perpendicular parallel to the Fe magnetization for a NiO coverage
higher than 25 A, as displayed in Figure 1.4 [58].

A thorough evaluation of exchange and magnetoelastic effects has been con-
ducted for epitaxial NiO thin films on single magnetite (Fe;04) crystals [60].
Magnetite is a ferrimagnetic material that has a lattice parameter in the (001) plane
that is almost exactly twice (mismatch only 0.5%) that of NiO [61]. As a conse-
quence, in an epitaxially grown system, the surface spins of the Fe;Oy4 interact
only, to first approximation, with one of the two uncompensated sublattices of the
(001) NiO interface plane. This situation would therefore correspond to an uncom-
pensated NiO/Fe;04(001) interface where collinear coupling would be expected

n
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to be energetically favored. Instead, a spin-flop coupling is observed, stabilized by
magnetostrictive deformations induced by the magnetite substrate [60]. Collinear
coupling was indeed found for the (111) and (110) interfaces, attributed to a
strain-induced AFM stacking asymmetry in the NiO. All three interfaces display an
uncompensated AFM magnetization, with the largest value observed for the (110)
interface, while the (111) and (001) interfaces exhibit only 10% of that value [60].

The interface coupling in CoO/Fe;04(001) superlattices (see chapter 7) is also
found to be perpendicular [62]. This result, however, has not been explained as
being a consequence of magnetoelastic effects, but by rather considering [63]
the role of anisotropic exchange, a phenomenon first studied by Dzyaloshinsky
and Moriya [64, 65]. By coupling the direction of the spin to the crystal axes, the
spin—orbit interaction is responsible for single-ion magnetic anisotropy, as outlined
in Section 1.3.1. The same effect also introduces an anisotropic contribution to
the isotropic exchange Hamiltonian. This antisymmetric Dzyaloshinsky—Moriya
term can be written as D(S; x S;), with S; and S, being the spin operators of two
neighboring magnetic ions, and D a vector that vanishes when the crystal field
around each ion has inversion symmetry with respect to the center of their mid-point
[46]. Therefore, the Dzyaloshinsky—Moriya anisotropic exchange interaction, which
favors a perpendicular coupling, cannot a priori be neglected for magnetic ions
lying on opposite sides of an interface, where inversion symmetry is broken.

A strong AFM-FM interface coupling might also affect the type of order that
is stabilized in the AFM material, as demonstrated in a study conducted on
Co/CoO core/shell nanoparticles obtained by oxidation of Co nanospheres. In
such a system, Co—CoO interfaces are highly crystalline and oxidation leads to the
decompensation of the (100) CoO surface, resulting in a strong core-shell coupling
[66]. Polarized-neutron diffraction finds both (1, 1, 1) and (100) AFM modulation,
as in bulk CoO [67], corresponding to a stacking of alternate FM foils with the
normal parallel to either the [111] direction (type-II AFM order, as in Figure 1.2) or
to the [100] direction (type-I AFM order). While in bulk CoO the (3, 1, 1) neutron
diffraction peak prevails [67], oxidation of Co nanoparticles hugely enhances the
(100) peak [66].

1.4.2
Coupling between FM Layers Separated by an AFM Oxide Spacer

The insulating nature of TM AFM oxides excludes any intervention of the
Ruderman—Kittel-Kasuya—Yosida (RKKY) [68-70] interaction in determining the
relative orientation of the magnetization in FM layers in FM—AFM multilayers.
The RKKY interaction, in fact, couples the magnetic moments in FM layers
through the conduction electrons of a nonmagnetic metal spacer. Instead, when
the spacer is an AFM insulator, FM interlayer coupling can be described in terms
of Slonczewski’s proximity magnetism model [71], which has been developed for
uncompensated interfaces and requires strong AFM—-FM interfacial coupling, as
compared with the domain-wall energy in the AFM material. For perfectly flat inter-
faces, the expected coupling between the FM layers is either parallel or antiparallel
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Figure 1.5 An artist’s impression of the winding spin struc-
tures expected to form in the AFM spacer separating two
FM slabs according to Sloncewski’s proximity magnetism
model. The magnetization in the FM layers is indicated by
white arrows. Thin gray arrows indicate the spin direction in
the AFM planes.

depending on the number of AFM planes. AFM—FM interface roughness results in
a lateral modulation of the number of AFM layers, and therefore in a competition
between parallel and antiparallel coupling. According to Slonczewski, the perpen-
dicular coupling through an AFM spacer should then be described by an energy
term of the form C[0? + (6 — 7)?], where 0 is the angle between the magnetization
of the two FM layers and C the AFM-thickness-dependent coupling strength. There-
fore, the Slonczewski coupling energy displays a minimum at6 = /2, accounting
for perpendicular interlayer alignment. The particular expression of the coupling
energy term depends on the AFM spins forming winding structures, which are
schematically shown in Figure 1.5.

The proximity magnetism model has recently been generalized to the case where
the interfacial coupling and AFM domain-wall energy densities are comparable
[72]. In this “extended” proximity model, the FM—FM coupling energy can be
approximated, to lowest order, by a combination of a biquadratic contribution,
proportional to cos?d, and a term proportional to sin?(26). The main difference
between Sloncewski’s model and its extended version is the behavior of the
FM layers at high applied fields, as the magnetizations of the two FM layers
become parallel only asymptotically for the Slonczewski coupling term, while in
the extended proximity model saturation of the magnetizations of both FM layers
in the direction of the applied field is obtained at finite fields. This behavior is
related to the existence of local minima at @ = 0 and § = = in the coupling energy
term of the extended model. The existence of these additional minima stems from
the fact that, for a weak AFM-FM coupling, the AFM spins can rearrange by
unwinding the twisted AFM magnetic structure predicted by the proximity model,
confining the frustration at one of the AFM—FM interfaces [72]. The presence of
the sin’(20) term in the expression of the coupling energy is explained by the
inequivalence between 7 and 0 energy minima, which is a result of the different
arrangements of the AFM local moments in different coupling configurations [72].

Perpendicular FM interlayer coupling has indeed been observed in Fe;O4/
NiO/Fe3;04(001) trilayers [73], which appear to be well described by Slonczewski’s
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model since, as discussed above, the NiO/Fe;04(001) interface is magnetically
uncompensated while the magnetocrystal anisotropy in NiO is weak. These two
characteristics thus fulfill the conditions of strong interfacial coupling compared to
the AFM domain-wall energy density, which is approximately proportional to /K
[74], ] and K being the exchange coupling constant and the anisotropy constant of
the material, respectively. On the other hand, Fe/NiO/Fe(001) trilayers are better
described by the extended proximity magnetism model [75]. Despite that Fe;Oy is
also formed at the interface obtained by depositing NiO on Fe(001) [76], a different
oxide, namely FeO, is expected to form when Fe is deposited on NiO(001) to
complete the trilayer [77]. The AFM-FM coupling in the Fe/NiO/Fe trilayer can
thus be expected to be much lower than in Fe;0,/NiO/Fe;O,, at least at one
interface.

Both proximity models predict a perpendicular FM—FM interlayer coupling only
when the AFM spacer thickness is below a critical value t;, which is expected
to be of the same order of magnitude as the width of domain walls (§w) in the
bulk AFM material. Indeed, a transition between perpendicular to parallel FM—FM
coupling in zero applied magnetic field is observed at similar values of t. for
Fe;04/NiO/Fe;0y4 (t. ~ 5 nm) and Fe/NiO/Fe (t, ~ 4 nm) trilayers. However, the
values measured for t, are considerably smaller than the experimental value of 8y in
bulk NiO single crystals, which has been reported to vary between 134 and 184 nm
[78]. Such a large discrepancy is not surprising since proximity models assume a
coherent rotation of spins in AFM planes parallel to the interfaces of the multilayer,
and do not take into account the three-dimensional structure at the AFM domain
walls originating at defects in the AFM volume, such as vacancies and dislocations,
or at the interface, such as atomic steps. As discussed in 6, these defects are expected
to reduce the coupling energy between the FM layers, with the result that the value
of t, might be considerably smaller than that of §w in the bulk AFM material.

1.5
Micromagnetic Structure at AFM—FM Interfaces

It has been shown that in FM films grown on top of an AFM material, the
magnetic domains and domain walls tend to be small compared to the case of
otherwise similar FM films grown on nonmagnetic substrates. In some cases,
domain sizes of the order of a few micrometers have been observed [56, 57, 79-83].
Investigating the origin of the phenomena that contribute to the formation of small
magnetic domains is obviously of primary importance in information technology
[84]. Chapter 8 will thoroughly address the micromagnetic structure of AFM—AF
systems by discussing magnetic-contrast soft X-ray microscopy. In this section, we
focus instead on Fe/NiO/Fe trilayers, which display magnetic domains of the Fe
overlayer that can be even smaller, with a minimum lateral size of about 20 nm, as
shown in Figure 1.6 [85]. The magnetic contrast observed in Figure 1.6b,c is due
to domains exhibiting opposite magnetization as a result of the Fe—Fe coupling
across the NiO spacer, whose thickness has been chosen so as to obtain a collinear
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Figure 1.6 Spin-polarized low-energy electron microscopy
images of magnetic domains in: (a) Fe(001) substrate. In
the upper part of the image the spin of the primary elec-
tron beam is perpendicular to the domain wall visible in
the field of view. In the bottom part the spin is parallel.
(b) Fe/NiO/Fe with tnio = 4.5 nm and toyer = 1.3 nm. (c)
Same sample area (b) with toyer increased to 6 nm. In (b)
and (c), the spin of the primary beam is parallel to the
vertical axis of the figure. The field of view in the three
images is 4 x 4 um?. A domain coarsening going from
panel (b) to (c) is visible. The direction of the magneti-
zation in domains appearing dark or bright is indicated by
the arrows. In panel (a), the 180° domain walls are suffi-
ciently wide (8 &~ 240 nm) to reveal the spin structure of
the wall in the upper half of panel (a), obtained by using a
90° spin polarization of the primary electron beam of the
microscope. Reprinted figure with permission from [85].

© Copyright (2007) by the American Physical Society.

FM-FM coupling. Similar domains are also obtained for thinner NiO layers,
corresponding to a perpendicular coupling in zero applied field (see Section 1.4.2).
Before discussing the conditions that allow the stabilization of such small
magnetic domains, it is worth mentioning the mechanisms that determine the
width 8w of a domain in a bulk material. In fact, a domain cannot be significantly
smaller than 8w, otherwise the system would gain energy by simply suppressing
it, that is, by allowing the moments inside the domain to reorient in the same
direction as the magnetization of the surrounding material. Approximately, dw is
given by the relation [74, 84]
~anld
Sw ~ aby/ & (1.5)
where | and K are the exchange coupling and the magnetocrystal anisotropy
constants, respectively, while a is the atomic lattice spacing and b is a dimensionless
parameter, which depends on the details of the spin structure within the wall, for
example, b ~ 10 in bulk Fe [86]. A large exchange interaction with respect to the
magnetocrystal anisotropy favors thick domain walls, since the local moments
would exert a strong torque on those of the neighboring atoms.
Conversely, a large magnetic anisotropy leads to narrow domain walls since the
moments of each atom tend to align parallel with the crystallographic directions.
Generally, domain walls are quite larger than the lattice spacing since the anisotropy
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is much smaller than the exchange energy. For example, in bulk Fe K ~ 4 peV and
J ~ 100 meV per atom [86—89], corresponding to a 8w value of the order of several
hundred nanometers, as observed also in Figure 1.6a. This bulk value for 8y has to
be compared with the value 8w < 20 nm (20 nm corresponding to the lateral reso-
lution of the instrument) measured in Figure 1.6b,c on a Fe/NiO/Fe trilayer. Such
a large decrease in 8w cannot be traced back to a possible increment in the value
of the single-ion anisotropy constant K even though the low coordination number
and the presence of strain could, in principle, induce a large magnetocrystal
anisotropy at surfaces or interfaces ( see section 1.3.1). In fact seems unreasonable
that this mechanism could produce the 100-fold raise of K that would be required
to justify the observed value of 8y. The stabilization of small magnetic domains
in the FM overlayer can be instead associated with the AFM—FM interface exchange
energy.

One of the first models describing the statistical properties of the magnetic
domains at AFM-FM interfaces is due to Malozemoff [90]. In his model, the
presence of interface roughness gives rise to a random field acting on the interface
spins. The magnetically softer (either AFM or FM) material breaks up into domains
whose size is determined by the competition between the exchange interaction
and an additional uniaxial in-plane anisotropy. This random field model was the
first attempt at including the role of defects to explain why the exchange bias
energy density in AFM—FM systems is much smaller than what should be expected
from the value of the exchange interaction between AFM and FM atoms across
the surface. This model, however, considers a domain structure that resembles
a chessboard, where all the domains have a lateral dimension equal to L. This
leads to an average interface energy density scaling as 1/L, that is, to an interfacial
exchange coupling energy on the domain footprint scaling as L. On inspection of
Figure 1.6, it is seen that the domains in the Fe overlayer show instead fractal
morphology, with a fractal dimension of about 1.6, very close to the value expected
for an Ising system with random fluctuations [85]. The assimilation of the overlayer
to an Ising system seems justified by the strong coupling with the second Fe layer,
which results, as explained in Section 1.4.2, in a strong uniaxial anisotropy of
the overlayer. Models reproducing the fractal structure of the domains [91] show
that the exchange coupling energy on a minimum stable domain footprint should
instead scale as [2. Moreover, the structure of domain walls at AFM—FM interfaces
is determined by frustration of the exchange interaction rather than by the balance
between exchange and magnetocrystal anisotropy, as explained in 6. The presence
of frustration is the driving mechanism that justifies the stabilization of much
smaller domains at AFM—FM interfaces than in the bulk of the single constituent
materials [92]. By combining all these elements, one realizes that the minimum
domain size depends on the balance between the exchange energy epw contained
in a domain wall encircling a circular FM domain of diameter equal to L and the
AFM-FM interface exchange energy er or. The domain is stable if epy oc L equals
ef.af o L? [85]. If €7 4f > epw the domain expands and if ¢4 < epw the domain
shrinks. The scaling laws for epw and ef 4 allow determining of the minimum
domain size [85]. By explicitly including in the model the dependence of the
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exchange energy per unit domain-wall length, one can also reproduce the observed
coarsening of the domains, also visible from the comparison of Figure 1.6b,c,
which have been obtained on the same sample area after successive Fe depositions
[85]. The coarsening is a consequence of epy increasing with the Fe thickness
(a higher domain wall obviously requires more energy). The higher negative
pressure exerted on the domain by its wall has to be compensated by an increase
of the domain footprint to provide the necessary AFM—FM exchange energy to
prevent the domain from collapsing.

The importance of frustration over anisotropy is further confirmed by magnetic-
contrast X-ray photoemission microscopy studies on Fe/CoO/Fe(001) trilayers.
FM/AFM/FM trilayers in which the AFM material is either NiO or CoO are
characterized by interfaces with similar morphology and chemical quality, but NiO
and CoO exhibit large differences in the respective values of the magnetocrystal
anisotropy: CoO is characterized by K = 2 x 10° ergcm™3, while K = 3.3 x 10? erg
cm ™3 for NiO [48, 93]. Despite the large difference in the magnetocrystal anisotropy
(3 orders of magnitude), the morphology and the minimum domain size in the
topmost layer in Fe/NiO/Fe and Fe/CoO/Fe trilayers are very similar [94].

1.6
Applications

The most common technological application of AFM materials is in spin valves
based on the giant magnetoresistance (GMR) [95, 96] and tunnel magnetoresistance
(TMR) [97, 98] effects, which are currently used as reading heads for magnetic
storage media or as memory elements in magnetic random-access memories
(MRAMS). Such devices consist of two conducting FM materials that exhibit high
or low electrical resistance depending on the relative alignment of the magnetic
layers. An AFM layer is used to pin the harder FM reference layer by exchange bias,
so that the magnetization of only the softer layer in the spin valve is reversed by the
application of an external magnetic field. Similarly, the most advanced disk media
are antiferromagnetically coupled, making use of interfacial exchange to effectively
increase the stability of small magnetic particles whose behavior would otherwise
be superparamagnetic.

For most spin-valve sensors, metallic antiferromagnets like NiMn, PtMn, or
IrMn were and still are used. Although there were spin-valves using NiO in the
early days of the discovery of GMR effect, their use was discontinued for thermal
stability reasons. Though the idea of using Co-ferrite as a bias material to replace
PtMn in current-in-plane sensors was mooted, this was not implemented. Thus,
the number of AFM oxide applications for magnetic recording is limited. Nonethe-
less, although the AFM pinning layer in a spin-valve does not directly contribute
to the magnetoresistance and rather constitutes a parasitic resistance, a consider-
ably enhanced in-plane magnetoresistance as compared to conventional all-metal
spin-valves has been observed in Co/Cu/Co and NigyFe,/Cu/NigoFey spin-valves
confined within insulating AFM NiO layers [99, 100]. Such an improvement is
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because spin-polarized electrons are reflected back in the FM layer at the NiO /metal
interface.

However, as recording densities increase and critical dimensions shrink ac-
cordingly, the industry has moved from a current-in-plane to a current-perpendi-
cular-to-plane sensor geometry. Lower sensor cross sections require materials
with low resistance—area products like metals to obtain adequate signal-to-noise
ratios. For current-in-plane sensors, oxides were useful as they do not shunt
the current; however, these sensors have already been abandoned. At present,
current-perpendicular-to-plane sensors with conducting antiferromagnets are em-
ployed. The same is true also for MRAMs (Stefan Maat, San Jose Research Center
- Hitachi Global Storage Technologies, private communication).

1.7
Conclusions

AFM oxide materials in low-dimensional geometries, either in nonmagnetic or
magnetic environments, display a rich variety of magnetic behaviors. They are
very interesting materials to investigate the fundamental physics of finite-size
effects expressed by magnetic systems. Despite the limited applications in actual
technology, AFM oxides represent very important reference and model systems for
studying the interface coupling phenomena that are ultimately exploited in devices
such as spin-valves.

This book provides an extensive discussion of the complex and intriguing
phenomena observed in such systems, with particular emphasis on the growth
and the magnetic characterization through different experimental methods and
theoretical modeling approaches.
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Growth of Antiferromagnetic Oxide Thin Films

Sergio Valeri, Salvatore Altieri, and Paola Luches

2.1
Introduction

Because of the challenging fundamental electronic properties, of the potential
applications in different areas ranging from catalysis to spin electronics and of
their significant role in the chemical and physical processes taking place in the
ecosystem, there is a steadily growing interest in the research on metal-oxides
[1-4]. From the magnetic point of view, much of the past and current efforts
have focused on binary metal-oxide (Me,O,) thin films containing 3d transition
metals like Mn, Fe, Co, or Ni, because of their importance in magnetic devices
technology.

Antiferromagnets, unlike ferromagnets, do not exhibit a net magnetization and
cannot be readily controlled by, or coupled to, an external magnetic field. Thus,
most of the studies of magnetism for technological applications were focused on
ferromagnets. Antiferromagnets, however, are intrinsically very interesting mag-
netic systems due to the complex interplay between magnetic and structural order,
which presents new challenges and can lead to novel applications. Antiferromag-
netic (AF) films are also studied for their application in magnetic devices, where
they can be incorporated into data storage systems.

The unique properties of AF materials are especially evident in systems of reduced
dimensionality, as pointed out by a number of studies [3—8]. Therefore, special
efforts have been addressed to the preparation and study of AF transition-metal
oxide films. Phenomena influenced by the film thickness (i.e., by the vertical con-
finement) were mainly investigated, namely, the AF-superparamagnetic transition
in ultrathin AF films, the thickness-dependent Néel temperature (Ty) in AF layers,
and the coupling of ferro-, antiferro-, and nonmagnetic films in multilayers. Critical
properties such as magnetic order, ordering temperature, and interfacial moments
were found to depend on the stoichiometry, defectivity, and morphology of the
films, on the extent of the crystalline order, and on the sharpness of the interfaces
between the film and the substrate or between different films in multilayers, which
are to a great extent determined by the preparation method [3, 4, 6, 7].
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The two main driving forces to develop AF oxide materials in the form of thin films
and multilayers were on one side the progressive improvement of the fabrication
procedures and on the other, the availability of more and more sophisticated
and reliable characterization methods and apparatus. The first approach to the
fabrication of ordered oxide layers was the controlled oxidation of bulk metal
single crystals. Exposure of metal surfaces to oxygen leads to the moderately
rapid formation of a thin (3—5 monolayers (MLs) thick) oxide overlayer. At room
temperature (RT), the oxygen uptake stops once this limit is reached, because the
formed oxide passivates the surface, while at higher temperatures the slow growth
of a thicker oxide is typically observed [9-11]. The simultaneous impingement
of argon ions on the substrate during oxygen exposures was found to enhance
the oxidation process [12]. Direct (and ion assisted) oxidation of metal surfaces
generally results in the presence of a rather imperfect oxide film, that might result
from the large lattice mismatch between the oxide film and the substrate, in spite
of the use of highly oriented metal surfaces as substrates.

Oxidation of thin metal films predeposited on suitable substrates has successively
been explored to reduce the mismatch and improve the quality of the oxide films.
Metal deposition, postoxidation, and annealing cycles can be repeated several times
to overcome the diffusion limit and obtain several monolayer thick oxide films
[13-15]. Thicker oxide layers can be produced by sputtering of bulk oxide targets
or by reactive sputtering of pure metal targets in Ar*—O, mixed atmosphere. Tens
of nanometer thick NiO layers have also been epitaxially grown on MgO or Si
substrates by radio frequency (RF) or direct current (DC) sputtering [16, 17]. Pulsed
laser deposition was also exploited for the fabrication of very thick NiO and CoO
films [18], and of FeO and Fe, 03 films [19].

However, in recent years the interesting and novel physical properties of thin and
ultrathin films and multilayers claimed for a much better control of film thickness,
morphology, and crystal quality. Since the crystal quality and morphology of
ultrathin films can strongly influence their electronic and magnetic properties
[3], new growth protocols have been proposed to ensure high-quality epitaxial
growth, mainly based on the reactive deposition of metal layers on low mismatch
substrates under a controlled oxygen atmosphere. Reactive deposition represents
the most popular and successful method for metal-oxide thin film fabrication [1]
and a number of selected examples will be discussed in the following sections of
this work. This very flexible approach opened up the way to overlayer structural
engineering via the mismatch-induced interfacial strain and to the modification of
the oxide properties via the electronic interactions between the overlayer and the
substrate atoms.

[tis noteworthy to mention that a further step in the reactive deposition procedure
is represented by the use of more reactive oxidizing agents like atomic oxygen or
NO, [1, 20, 21]. It has been reported that this procedure significantly improves the
film quality mainly in terms of interface sharpness, surface flatness, and substrate
wettability even at the lowest coverages. Relevant recent examples refer to the
preparation of NiO [22] and FeO [23] films.



2.1 Introduction

As mentioned before, the availability of more and more sophisticated and reliable
characterization methods and apparatus was a key factor in pushing both funda-
mental and technological activities on magnetic films in general and oxide AF
films in particular. Pioneering characterization activity was mainly based on X-ray
photoemission spectroscopy (XPS) and Auger electron spectroscopy (AES) as far
as the composition and electronic properties of the metal-oxide AF films are
concerned, while structure and growth morphology were mainly investigated by
low-energy electron diffraction (LEED) and reflection high-energy electron diffrac-
tion (RHEED) [21], respectively. XPS technique was successfully complemented
by inverse photoemission (IP) for the full description and complete understanding
of the electronic states in correlated oxides [24, 25]. Species-specific structural
characterization of oxide films was possible by exploiting forward focusing of either
outgoing Auger electrons (Auger electron diffraction (AED)) [26] and photoelectrons
(X-ray photoelectron diffraction (XPD)) [27] or ingoing primary electrons (primary
beam diffraction modulated electron emission (PDMEE)) [28], while the growth
morphology took advantage of the profile analysis (spot profile analysis (SPA)) of
LEED spots [29]. Strain analysis, relaxation behavior, and interface studies in a
number of metal-oxide films on metals or oxide substrates have been performed
by using this set of techniques.

The advent of scanning probes opened up a wide range of exciting opportunities
for the morphologic characterization of oxide films on metal substrates by imaging
surfaces in real space. The growth and the local electronic structure of NiO and
CoO oxide films have been studied from submonolayer coverage up to several
layer thickness by scanning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS) [30, 31].

A relevant step in the analytical capabilities was represented by the use of
synchrotron facilities. Polarization-dependent X-ray absorption spectroscopy (XAS)
has allowed us to obtain an accurate description of the local atomic environment
of metal atoms in metal-oxides, including the exact determination of the in-plane
and out-of-plane strains in oxide layers [32, 33]. Specular X-ray reflectivity (XRR)
has allowed a very accurate film thickness and interface roughness evaluation [34,
35]. Grazing incidence X-ray scattering (GIXS) has provided very precise details
on the atomic structure, roughness, relaxation, reconstruction, growth mode, and
interface morphology of a number of oxide thin films [36].

The study of magnetism in AF thin films has posed a real experimental chal-
lenge due to the magnetically compensated nature of the systems. Conventional
optical, X-ray, and neutron techniques [37] were implemented by the use of X-ray
magnetic linear dichroism (XMLD) spectroscopy [3, 38]. XMLD spectroscopy can
be applied to all uniaxial magnetic systems, for example, antiferromagnets. It has
been shown that XMLD spectroscopy in conjunction with photoelectron emission
microscopy (PEEM) is capable of imaging the detailed AF domain structure of
a surface or interface [39, 40]. In comparison to other imaging techniques of
AF domains, XMLD/PEEM spectromicroscopy offers elemental specificity, surface
sensitivity, and improved spatial resolution. The first unambiguous surface images
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with AF contrast were obtained by XMLD microscopy for NiO(100) grown on
MgO(100) [41].

Modeling of metal-oxide films fully supported the experimental investigations
and in a number of cases it provided a major help in designing more focused
experiments. However, theoretical investigations also present some difficulties.
First, it is not trivial to select a quantum-mechanical ab initio approach capable of
describing at the same level of accuracy both a metal and a magnetic insulator;
furthermore, a periodic model is necessary to take into account both short- and
long-range Coulomb effects, which play a fundamental role in the characteristics
of the electronic structure of the interface.

A quantum-mechanical ab initio approach based on the use of a periodic
model and of a hybrid-exchange Hamiltonian has been adopted to simulate the
properties of ultrathin layers of nickel oxide epitaxially grown on Ag(001) [42].
Density-functional theory (DFT) methods fail in describing the electronic structure
of transition-metal oxides, when these are dominated by the on-site Coulomb
repulsion between d electrons. To overcome this shortcoming, an approach that
combines DFT with a Hubbard Hamiltonian for the Coulomb repulsion and ex-
change interaction has been used to investigate the relative stability of various
FeO/Pt(111) interface structures, taking also into account different magnetic con-
figurations [43] and helping in the interpretation of STM images [43, 44]. The
structure and thermodynamic stability of other AF oxides, such as the (0001)
surfaces of hematite, as a function of temperature and oxygen pressure, were
investigated by ab initio DFT with the generalized gradient approximation [45].
Molecular dynamics calculations were carried out to understand the formation of
misfit dislocations and the interfacial structural features at the buried interface
of epitaxially grown «-Fe;03(0001)/a-Al;03(0001) system. The calculations show
that misfit dislocations form in the Al,O3 substrate and terminate at the interface,
in agreement with the experimental observations [46]. The surface termination
of Fe,03(0001) prepared on «-Al,03(0001) has been studied by a comparison of
XPD experiments with quantum-mechanical scattering theory [47]. The stability
of epitaxial MnO(100) and MnO(111) layers on Pd(100) surface as a function of
lattice strain has been examined by ab initio DFT. All calculations were performed
using the “Vienna” ab initio simulation package within the spin-polarized gen-
eralized gradient approximation and are based on the projector augmented-wave
method. It was suggested that the growth of MnO(111) layers is energetically
preferred over MnO(100) due to the epitaxial stabilization at the metal-oxide
interface [48].

This chapter is organized as follows. In Section 2.2, we discuss the most recent
studies on NiO films. Section 2.3 is dedicated to the most relevant results obtained
on CoO films. Section 2.4 deals with the relatively less studied AF binary oxides,
such as MnO, FeO, and «-Fe;03. In Sections 2.5 and 2.6 some special topics, such
as the oxide—substrate interface and films exposing polar surfaces, are discussed.
Finally, Section 2.7 reports the conclusions and shows some trends for future
studies in this field.
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2.2
Nickel Oxide

2.2.1
Ultrathin NiO Layers

The recent discovery of unprecedented properties in metal-supported subnano-
metric oxide films [6, 49-52] has fostered growing interest for ML oxide layers
on metal substrates. This is a very subtle issue which requires the control at
the atomic scale of chemical and structural interface abruptness in complex het-
erostructures, through atomic-layer control of the growth processes. Among the
3d oxides, monolayer NiO and CoO on Ag(001), Pd(001), Pt(111), Ir(001), and Rh
vicinal surfaces are the most studied systems [1, 15, 21, 22, 29, 31, 53-68]. For a
film thickness larger than 2 ML, epitaxial and stoichiometric oxide layers can be
easily prepared on various metallic and insulating substrates by standard O,-based
reactive deposition [1]. Nevertheless, even for these simple rock-salt-oxide mono-
layers, controlling and understanding the growth properties at the 3d oxide—metal
interface remains a challenging problem. Indeed, there is a general consensus in
the literature that monolayer films of 3d oxide deposited on metal substrates by
O;-based reactive deposition result in a very puzzling growth behavior characterized
by complex atomic reconstruction, nonuniform oxide layer thickness, and multiple
oxidation states with properties that drastically depend on the particular growth
parameters such as O, pressure and/or deposition/annealing temperature [1, 15,
29, 31, 53-63, 66, 67] and by the particular nature of the oxidizing gas used [22].
The case of 1-ML NiO/Ag(001) is somehow a special one since it has been
extensively studied by several groups and it has also recently been used to address
the general question of why a single monolayer of a 3d oxide can be easily
grown as a chemically and structurally well defined single epitaxial phase on
insulating substrates but not so on metallic substrates [22]. For a coverage up to
1ML, the O,-reactive deposition of Ni on Ag(001) at substrate temperatures in
the range of 300-500K and O, pressure in the 10~ mbar range results in the
formation of a characteristic 90°-rotated two-domain (2 x 1) structure (see STM
data in Figure 2.1) [1, 29, 53—56] which evolves into a (1 x 1) structure as the film
thickness is increased to 2 ML or higher [54, 55]. The (2 x 1) superstructure of
1-ML NiO/Ag(001) is a peculiar oxide—metal interface phase, which is one atom
high and wets the Ag(001) surface [1, 29, 53—56]. Postgrowth annealing treatments
at 500K either under ultra-high-vacuum (UHV) or under O, atmosphere result
in the disappearance of the (2 x 1) superstructure accompanied by a dramatic
restructuring of the deposited NiO film, which condenses into double-layer NiO
islands with a height of two atomic planes (Figure 2.1) [53, 55, 56], for which the
opening of a bulk-like conductivity gap has been observed by STS [53]. The low
sticking coefficient of O, on Ag(001), the solubility of nickel atoms in the silver
subsurface, and the high mobility of silver atoms even at relatively low temperatures
are believed to play an important role in the formation of the (2 x 1) phase [55]. To
explain its origin, a model of the atomic structure was proposed, which is based
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Figure 2.1 (a) 30 x 30nm? STM im- deposited on Ag(100) with O, at 463 K; (d)
age of two-thirds ML NiO deposited at RT 50 x 100nm? STM image showing the for-
with O, on Ag(001) showing Ag islands of ~ mation of double-layer NiO/Ag islands ob-

monoatomic height on the substrate (1), tained after annealing at 450K the two-thirds
islands with (2 x 1) periodicity mainly pro- ML NiO deposited at RT, measured with

truding from the substrate (2), but also V =5Vand | = 2nA; (e) same as (d) mea-
incorporated within the substrate (3); (b) sured with V = 1V. (Reprinted from [53, 54]

LEED pattern of clean Ag(100) surface; (c) with permission.)
LEED pattern of the (2 x 1)—1 ML NiO

on the formation of rows of Ni and O atoms with different possible registries
[53]. Tensor LEED calculations indicated that the atomic structure of the (2 x 1)
phase is similar to that of a NiO(111) polar surface consisting of coplanar and
alternating Ni and O layers, where the (2 x 1) symmetry is a result of the in-plane
displacement of the nickel and oxygen atoms compared to those in ideal NiO(111)
surface [55].

While there is a universal consensus about the formation of the (2 x 1) phase
for Oj-reactive deposition of Ni on Ag(001), the chemical composition of this
monolayer phase is more controversial. Some reports claim that the (2 x 1)—1
ML NiO/Ag(001) is chemically stoichiometric [53, 55, 56]. However, low-energy
ion scattering (LEIS) and XPS studies clearly showed the presence of nonoxidized
metallic nickel atoms in the 1-ML NiO/Ag(001) film deposited by O,-reactive
deposition [54, 55], and a connection between the existence of the (2 x 1) phase
and the presence of metallic nickel was established [54]. In particular, it was
shown that by substantially increasing the O,/Ni ratio during the reactive depo-
sition of the 1-ML NiO(001)/Ag(001), an almost complete disappearance of the
(2 x 1) superstructure and a simultaneous strong reduction of the fraction of
nonoxidized nickel can be achieved [55]. This behavior could be traced back to
the substantial solubility of nickel atoms in Ag which might be limited by in-
creasing the oxidation probability for nickel atoms impinging on the Ag substrate
surface [55].

The O,-reactive deposition of monolayer amount of Ni on the Pt(111) metal
surface has been studied by STM and LEED as a function of substrate temperature
and O, pressure in the range 400-550 K and 1071°~10~° mbar, respectively [57].
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It was found that one-dimensional network-like Ni-O structures and islands grow
at 400 K under an O, atmosphere of 10~® mbar. Depending on the combination
of substrate temperature and O, pressure, Ni-O structures with (7 x 1) and
(4 x 2) reconstructions were observed and found to transform reversibly into a
(2 x 2) reconstruction within a narrow O, pressure range of 1.5-2.0 x 10~ mbar.
In analogy with the known (2 x 2) reconstruction observed for oxygen adsorbed
on a Ni(111) surface, the Ni-O (2 x 2) phase was assigned to the adsorption of
0.25 ML of oxygen on the Pt(111)-supported Ni(111) monolayer, while the Ni-O
(7 x 1) and (4 x 2) were tentatively interpreted as due to the partial oxidation
of the Ni(111) monolayer to NiO(001). All the observed Ni-O structures were
stable only under high O, pressure. Indeed, a reduction of the oxygen pressure
down to the 107° mbar range led to oxygen desorption, leaving metallic Ni(111)
monolayer islands on the Pt(111) surface [57]. The atomically reconstructed Ni-O
phases observed on Pt(111) bear similarities with those reported for the oxidation
of a monolayer amount of Ni deposited on Rh(15 15 13) and (5 5 3) vicinal
surfaces, although in the latter case the prepared nickel oxide structures turned
out to be more stable under UHV conditions [58, 59]. When deposited on the
rhodium vicinal surfaces, the nickel atoms decorate the step edges, and upon
dosing 15 Langmuir (1 L = 1.33 x 10~° mbar s) of O, at 573 K uniaxially ordered
quasi-one-dimensional monolayer Ni—-O structures are formed exhibiting (2 x 1)
and (6 x 1) symmetries [58, 59] with an oxygen-deficient chemical composition.
The growth of 1-ML NiO on a metal substrate which exhibits a high reactivity
toward oxygen and high intermixing with nickel atoms presents additional
experimental complications, which call for more elaborated growth solutions.
This is the case of 1-ML NiO/Pd(001) for which it was shown that oxygen can
act either as an inhibitor or as a promoter of NiO epitaxial growth, depending on
the dose of metallic Ni deposited on the Pd(001) surface [60-63]. For this system,
two distinct growth procedures were developed, namely, RT O,-reactive deposition
and postoxidation methods, consisting of repeated cycles of UHV deposition of
a predetermined amount of metallic nickel atoms followed by annealing at 440 K
under O, atmosphere in the 10~® mbar range [60—63]. The postoxidation method
turned out to be effective for the growth of epitaxial NiO film only if the initial
dose of Ni evaporated on the clean Pd(001) substrate exceeded a critical value corre-
sponding approximately to two NiO equivalent monolayers. In this case, however,
the obtained oxide overlayer was strongly oxygen deficient and poorly long-range
ordered. For a Ni dose smaller than the critical one, a polycrystalline NiO film
is obtained due to a substantial oxidation of the Pd substrate promoted by the
presence of Ni. The O,-reactive deposition method starting from the bare Pd(001)
surface yielded a NiO layer with improved quality. To avoid both Pd(001) oxidation
and Ni-Pd intermixing, the deposition of the NiO monolayer either by reactive
deposition or by postannealing methods was performed on an oxygen preadsorbed
(v/5 x +/5)-R27° O/Pd(001) surface obtained by dosing the Pd surface with 600 L
of O, at 570 K. The use of a starting oxygen-preadsorbed Pd(001) surface prevents
the surface oxidation during film growth and warrants the best long-range ordered
oxide monolayer. The monolayer NiO film obtained in this way has a very peculiar
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c(4 x 2)-defective structure due to the formation of a regular Ni vacancy array with
a strongly two-dimensional wetting character and a Ni;O4 chemical composition,
which was also directly proved by atomically resolved STM experiments (Figure 2.2)
[58, 59]. The c(4 x 2)-Ni3;O4/Pd(001) monolayer is a very peculiar phase which is
stabilized by the oxide—metal interface and does not have a counterpart at the
surface of bulk NiO.

An important step forward in the preparation of 1-ML NiO/Ag(001) with highly
controlled chemical composition, crystal structure, and morphology has been
reported in a work where the reactive deposition of monolayer nickel oxide was
performed using atomic rather than molecular oxygen at a substrate temperature
of 463 K [22]. The activated oxygen has often been used to improve the oxidation
conditions of growing oxide films in plasma-based deposition methods [1]. In those
applications, however, the fraction of atomic oxygen is only limited and in general
not even quantitatively known. On the contrary, in [22] the experimental conditions
were chosen in such a way that the growth of the 1-ML NiO/Ag(001) was entirely
controlled by a collimated beam of atomic oxygen produced by a UHV-compatible

Figure 2.2 STM images obtained after Poa = 2 x 107 mbar; (c) 0.25-ML Ni de-
O,-reactive deposition of Ni on Pd(100) posited as in (a); (d) 0.25-ML Ni deposited
under different conditions: (a) 0.5-ML Ni as in (b). The observed reconstructions
deposited at RT with Po; = 2 x 107 mbar in the different areas are indicated in the
and then annealed at 570K under an oxy- figures. (Reprinted from [61] with permis-
gen pressure of Po; = 5 x 1077 mbar; sion.)

(b) 0.5-ML Ni deposited at 523 K under
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B Terrace C

(c)

Figure 2.3 Monolayer NiO(001) deposited  down-hill terrace region, which appears as
at 463 K by atomic oxygen on Ag(001). a depression area after the NiO deposi-

(a) 150 x 150 nm? STM image of 0.3-ML tion. (b) STM image of 0.85-ML NiO(001)
NiO(001)/Ag(001). The ED and SD dashed  covering the Ag(001) surface with uniform

contours highlight regions covered by monoatomic thickness; uncovered Ag areas
one-dimensional (ED) and two-dimensional ~ appear as one-dimensional interconnected
(BD) islands appearing as depressions protrusions with fractional coverage of about
with edges parallel to <110> crystal direc-  0.15 ML. (c) Side-view sketch of (b) with
tions; the BD dashed contour highlights monoatomic NiO(100) islands (dark gray)
the border of the Ag step edge, which af- and monoatomic Ag terraces, steps, and

ter NiO deposition appears strongly re- ridges (light gray). (Reprinted from [22] with
oriented along <110>, and the nearby permission.)

O,-thermal cracker. In situ XPS/AES, LEED, and voltage-dependent STM analysis
showed that the NiO films grown by atomic oxygen on Ag(001) have the same
stoichiometry as cleaved NiO, a highly uniform monoatomic thickness, and a (1 x 1)
symmetry at any coverage in the 0.2—1.0-ML range (Figure 2.3) [22]. The combined
XPS and STM study showed that the (1 x 1)—1 ML NiO/Ag(001) phase has a very
peculiar Ni 2p XPS lineshape, well distinguishable from that of 2—3-ML and thicker
NiO/Ag(001) films (Figure 2.4), as expected according to theoretical DFT + U cal-
culations [64], thus providing a spectroscopic tool to characterize and identify the
(1 x 1) monoatomic NiO layer on Ag(001). The atomic-oxygen-reactive deposition
of NiO/Ag(001) also revealed new features at the submonolayer coverage, showing
that NiO monoatomic islands nucleate both on flat silver terraces and at Ag step
edges forming two-dimensional and one-dimensional nickel oxide monoatomic
nanostructures with polar edges oriented along the <110> crystal directions.
Moreover, the monoatomic NiO islands nucleated at the Ag step edges turned out
to induce a dramatic reorientation of the silver step edge itself, which, after the
NiO film growth, exhibits a preferential <110> orientation [22]. The stabilization
of a well-stoichiometric (1 x 1)-1 ML NiO/Ag(001) phase with an excellent crystal
structure and highly uniform monoatomic thickness was ascribed to the strong
oxidizing power of the atomic oxygen used in the reactive deposition [22]. It was
proposed that in general the complex growth properties of monolayer 3d oxides on
metal substrates may be a result of the competition between two main opposite pro-
cesses involving 3d adatoms on a metal surface exposed to an oxidizing gas, namely,
an oxidation process due to the gas molecules and a reduction process due to elec-
tron transfer and/or hybridization from the underneath metal surface. On the basis
of this idea, it was suggested that under extreme oxidizing conditions such as those
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Figure 2.4 Monolayer NiO(001) deposited  at electron beam energy E = 94eV; (c)

at 463 K by atomic oxygen on Ag(001): (a) Ni intensity profile across the [1, 1] and [—1, 1]
2p XPS and O KLL Auger spectra of 1- and  spots in (b) showing the absence of frac-
3-ML NiO(001)/Ag(001), and cleaved NiO; tional order spots. (Reprinted from [22] with
(b) LEED pattern of 1-ML NiO(001)/Ag(001) permission.)

provided by atomic oxygen it could be possible to make the oxidation much more
efficient than the reduction process, with the consequent formation of a well-defined
ionic crystal phase stabilized by Madelung potential and image potential interac-
tions at the oxide—metal interface, thus preventing the formation of a reconstructed
and off-stoichiometric oxide monolayer [22]. According to this model, among the
3d transition metals Ni is the species with the highest reluctance toward oxidation
when supported on an electron donor reservoir such as a metal substrate, as shown
by the ratio R = E4 /E| between the electron affinity (E4) and the 3d ionization poten-
tial (Ej) that provides a quantitative measure of the difficulty to oxidize 3d atoms on
metal surfaces (for Sc, Ti, V, Cr, Fe, Co, Ni, and Cu, Rvalues are 0.2,0.1,0.7,0.4,0.2,
0.6, 2.3, and 0.5, respectively). Therefore, on the basis of the results found for the
atomic-oxygen-reactive deposition of 1-ML NiO/Ag(001), it was suggested [22] that
similarly nonreconstructed and atomically flat monolayers of other 3d oxides on a
metal substrate might be obtained by reactive deposition methods based on atomic
oxygen or other strongly oxidizing species such as NO; or ozone. These types of
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growth methods were extensively used for oxide film growth on oxide substrates
[21, 65], but have not yet been systematically explored for oxide—metal interfaces.

2.2.2
Thick NiO Films

The most direct way to obtain NiO thin films on a metal substrate is to oxidize a
Ni single crystal. A large number of studies in the past used this method (see, for
example, [9] and references therein). However, because of the large lattice mismatch
(19%) between Ni and its oxide, the crystal quality of the films obtained in this way
was not satisfactory [9]. The growth of good-quality NiO films has recently involved
the use of substrates with lower lattice mismatch, and it is typically performed
in molecular-beam epitaxy (MBE) systems by reactive deposition, that is, by the
evaporation of Ni under an O, (or other oxidizing agents) partial pressure in the
1078-107° mbar range. The typical Ni evaporation rates used are of the order
of 1 ML min~!. The substrate is typically kept at a moderately high temperature
(450-570 K) during the growth, in order to increase the mobility of the atoms when
they reach the surface and obtain epitaxial films with uniform thickness. The use
of different substrates leads to films with different magnetic properties, both due
to epitaxy, that is, to the different strain status of the films [3, 4, 7], and to the
different electronic properties of the film—substrate interface [6].

The most widely used metal substrate for the growth of good-quality epitaxial NiO
films is Ag(001), because of its low mismatch (2%) with respect to the NiO lattice.
LEED, angle resolved ultraviolet photoelectron spectroscopy (ARUPS), and AES
showed the better quality of NiO films obtained by reactive deposition on Ag(001)
at RT, compared to the ones prepared by oxidation of Ni overlayers predeposited
on the same substrate [69]. NiO growth on Ag(001) has been shown to proceed in
a layer-by-layer fashion by electron reflectivity measurements [29]. The films have
been found to be stoichiometric in the 3—50-ML range [34, 70], and to have the
rock-salt structure — with oxygen atoms on the top of the substrate Ag atoms — as
shown by the multiple-scattering simulation of XAS data [32, 71-73]. A combined
IP and valence-band (VB) photoemission study proved that NiO films on Ag(001)
present a VB electronic structure closer to the ideal one than a NiO single crystal
[24]. This result allows us to infer that the acceptor-like defects present in cleaved
NiO(100) samples, which are responsible for the pinning of the Fermi level close to
the valence-band maximum, are not present in the grown thin films [24]. The mor-
phology of NiO films on Ag(001) has been characterized by STM [6, 70], scanning
electron microscopy (SEM), and high-resolution transmission electron microscopy
(HRTEM) [6]. As clearly seen in Figure 2.5a,b, the NiO layer uniformly covers the
Ag substrate, supporting the idea of a very regular layer-by-layer growth mode.
The NiO film surface shows very small islands of irregular shape with an average
diameter of 4-7 nm. The root mean square roughness is in the 0.1 nm range. The
interlayer distances within the NiO film can be directly measured by HRTEM [6]
(Figure 2.5¢). The characterization of the strain in AF oxide films is a very relevant
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Figure 2.5 Ag/NiO/Ag cross-sectional of uncapped 3-ML NiO(100)/Ag(100) at
lamella: (a) SEM image; (b) HRTEM im- V =13Vand I =0.1nA. (f) STM intensity
age; (c) HRTEM intensity line scan through  line scan along the yellow line in panel (e).
Ag/NiO/Ag interfaces; (d) selected area (Reprinted from [6] with permission.)

diffraction (SAD) pattern. (e) STM image

issue, since it has been shown to deeply influence the magnetic properties, in partic-
ular the preferential orientation of the AF domains, shown to be in- or out-of-plane
depending on the sign of the epitaxial deformation of the film structure 3, 4, 6, 7]. In
NiO/Ag(001) films domains with in-plane orientation have been shown to be prefer-
entially occupied as a consequence of the compressive in-plane strain [4, 7). PDMEE
and LEED were used to determine that at the first stages of the growth the films have
a strained rock-salt structure, due to the epitaxial mismatch with the Ag substrate,
with an in-plane contraction of 2% and an out-of-plane expansion consistent with
the assumption of the bulk Poisson ratio [70]. The tetragonal distortion persists up
to approximately 10 ML and it is gradually released for larger thickness until the
structure relaxes to one of the bulk NiO at approximately 20 ML. On this system,
XAS has allowed us to have a more accurate determination of the film strain as a
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function of thickness and to exclude significant intermixing with the substrate [73].
The results of the quantitative analysis of the data measured on the Niand O K-edges
in the extended energy range using multiple-scattering simulations indicate that
the 3-ML film has both in-plane and out-of-plane interatomic distances compatible
with the ones expected for perfect pseudomorphism on Ag(001), within the experi-
mental accuracy. At 10 ML, the strain is partially released and the 50-ML film has a
completely relaxed structure with interatomic distances very similar to the ones of
bulk NiO. The mechanism for strain relaxation has been investigated in detail by
Wollschliger et al. in a SPA—LEED study [29]. A high-resolution image of the spec-
ular electron beam on a 10-ML NiO film on Ag(001) is shown in Figure 2.6. Besides
the specular peak additional streaky satellites along the <100> directions are clearly
visible, together with weaker satellites with a fourfold symmetry. The behavior of
the satellites positions, which move toward the central spot both for increasing film
thickness and decreasing scattering phase, allows us to ascribe them to scattering
from mosaics with a slightly tilted angle with respect to the (001) surface. These mo-
saics are formed during growth for a film thickness larger than 5 ML, that is, when
the epitaxial strain starts to relax. The average angle of the tilted surfaces decreases
with increasing film thickness. The average defect distance has been estimated from
the position of one of the satellites, which does not depend on the scattering phase,
to be approximately 15nm [29]. The atomic scale structure of the metal—oxide
interface is also a crucial issue in systems of this kind and will be dealt with in
detail in Section 2.5. Here, we would like only to mention that for the NiO/Ag(001)
system the metal—oxide interface distance has been determined by means of two
experimental techniques, PDMEE and XAS, finding a value of 2.37 £ 0.05 A,

NiO/Ag(100)
10 ML

300 K
S5=3.8

Figure 2.6 High-resolution recording of the
specular (00) beam after depositing 10-ML
NiO on Ag(100) for a scattering phase S =
3.8, with S = dk, /27, where d is the dis-
tance between the layers and k; is the com-
ponent of the scattering vector k perpendic-
ular to the surface. Additional satellites are

clearly visible in direction to the {11} spots
(equivalent to crystallographic <001> direc-
tions). The broadening of the satellites from
the NiO film in the <001> direction and
their sharpness in the perpendicular direc-
tion point to anisotropic features. (Reprinted
from [29] with permission.)
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significantly expanded with respect to both NiO and Ag interlayer distance [74]. The
measured value is in good agreement with the one obtained by ab initio simulations
42, 74].

Among the other metal substrates used for the growth of NiO films, Au has a
lattice mismatch with NiO comparable to the one of Ag. However, to the best of
our knowledge, only the Au(111) surface has been used for the epitaxial growth
of NiO films, giving (111)-oriented films. This topic is discussed in detail in
Section 2.6.

The NiO/Pd(001) system is characterized by a larger lattice mismatch (7.3%) com-
pared to Ag and Au substrates. A systematic study of this system by STM and LEED
has been performed by Schoiswohl et al. [75, 76]. Stoichiometric (001)-oriented
three-dimensional islands are obtained by reactive deposition at RT on top of the
interfacial c(4 x 2) wetting layer (see Section 2.2.1). The epitaxial strain is com-
pletely released at 10-12 ML. The mechanism for strain release has been shown to
involve, also for this system, the formation of mosaics, whose angle with respect
to the surface decreases both with film thickness and with thermal treatments.
Postdeposition annealing at 570-670 K in oxygen gives a significantly improved
film morphology with larger islands, flat island surfaces, and improved structural
order. The NiO/Pd(001) system, however, shows a low thermal stability due to
the alloying tendency of Ni and Pd. After postdeposition annealing treatments
at 670K a long-range periodic superstructure appears (Figure 2.7). This periodic
modulation can be due to two different effects. The first is the formation of a
Moiré pattern, caused by the interference of tunneling processes between the
closely related lattices of the overlayer and the substrate. The second effect is a
periodic height modulation related to the presence of ordered defects, such as a
dislocation network at the interface or other complex distortions caused by the

Figure 2.7 STM image illustrating the superstructure
formed after annealing at 670K a 6-ML-thick NiO film grown
on Pd(001). 750 x 750 A%, V = 3V, | = 0.1 nA; the super-
structure unit cell is indicated in the image. (Reprinted from
[76] with permission.)
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lattice mismatch. It is interesting to note that patterned oxides of this kind can be
used to induce the growth of ordered arrays of nanostructures [77, 78].

Since the lattice mismatch between NiO and MgO is less than —1%, it is
possible to grow epitaxial NiO films also on this substrate. RHEED, XRR, and
X-ray diffraction (XRD) studies have been reported by Hibma and coworkers
[21, 35]. Considerable surface roughness has been observed for reactive growth
in O, at substrate temperatures between 300 and 770 K, while films of superior
quality have been obtained using NO, as an oxidizing agent. In the latter case, the
NiO films are shown to grow layer-by-layer if the MgO substrate is kept between
470 and 670 K, while for lower growth temperatures an increase of surface disorder
is observed [21]. The NiO layers are found to be fully strained up to a thickness
of about 300 ML and still partially strained up to 800 ML [35]. The onset of the
relaxation process appears at a thickness much larger compared to the theoretically
predicted one, probably due to the presence of kinetic barriers during the growth
process. It is interesting to note that for NiO films on MgO(001) the magnetic
properties are different with respect to the ones of NiO films on Ag(001) due to the
film structure and to the different interface. At variance with NiO films on Ag(001),
in which the orientation of the AF domains is found to be preferentially in plane,
for NiO films on MgO the orientation is mainly out-of-plane, due to the strain in the
opposite direction [3]. Furthermore, the absence of an image charge compensation
in NiO/MgO films leads also to different Ty in the two cases [6]. Epitaxial growth
of NiO on the other two low-Miller-index surfaces of MgO, that is, MgO(110) and
MgO(111), has also been studied [16]. The experiments give evidence for a flat NiO
surface only on MgO(001), while on the other substrates the surface is rough and
the films surface consists of 100 facets forming either wires, on the (110) surface,
or tetrahedrons, on the (111) surface, which lower the surface energy.

Another substrate used for the epitaxial growth of NiO films is Fe(001) [25, 79].
This system deserves particular attention since it represents an epitaxial system
made of an AF film deposited on a ferromagnetic (FM) substrate, which has
significant applications related to the exchange-bias process. NiO grows with its
[80] direction parallel to Fe[100] direction, that is, 45° rotated in the surface plane
(the resulting lattice mismatch is only 3%). Compared to the other substrates
mentioned above, Fe is much more reactive toward oxidation. To avoid an uncon-
trolled oxidation of the substrate, a passivated surface, namely, Fe(001)-p(1x1)O,
very stable to further oxidation, was used. The stoichiometry of the NiO films
on Fe is confirmed by XPS (Figure 2.8) and the epitaxial orientation, by LEED.
Spin-resolved IP measurements give a further proof of the good quality of the
obtained NiO films. The Fe Ly;3 XAS before and after the deposition of 20-ML NiO
clearly indicate that the Fe substrate is partially oxidized by the reactive deposition
of NiO, forming a thick Fe;O4 phase (see Section 2.5). Annealing to temperatures
above 600 K gives rise to a strong interfacial intermixing, with the formation of a
FeO layer and the diffusion of metallic Ni in the Fe substrate (Figure 2.8).

Also Fe304(100) (v/2 x +/2)R45° has been used as a substrate for NiO film growth
[81]. In this case, in order not to oxidize the substrate to Fe;03, the first 5 ML of NiO
were grown one by one by depositing enough metallic Ni to be oxidized into 1-ML
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Figure 2.8 NiO films on Fe(001): XPS small bump, present in case (c), in the Ni
data related to Ni 2p, Fe 2p, and O Ts 2p profile at ~852-eV binding energy is due
core levels, respectively. From bottom up, to Fe 2s emission. In the Fe 2p spectra a
the spectra refer to: (i) the Fe(001)-p(1 x shift of about 2.8 eV is evidenced comparing
1)O substrate, (i) an as-grown 30-A-thick the substrate and the interface lineshapes.
NiO/Fe(001) film, and (iii) the same film (Reprinted from [25] with permission.)

after 3 minutes annealing at 900 K. Intensi-
ties have not been rescaled. Note that the

NiO and by subsequently exposing it to molecular oxygen. Films thicker than 5 ML
were grown by reactive deposition. Even by using this procedure, some oxidation of
the substrate at the interface could not be ruled out. Stoichiometric (011)-oriented
films are obtained. Some three-dimensional clustering on the thin-film surface is
observed.

2.3
Cobalt Oxide

2.3.1
Ultrathin CoO Layers

Beside NiO, CoO is the most studied 3d oxide system in the ML range. The
chemical composition, atomic structure, and morphology of monolayer Co—O
phases deposited by molecular oxygen in the pressure range of 107® mbar on
a metal substrate dramatically depend on the particular preparation conditions
in a much more complex way than in the case of 1-ML NiO on metals [31, 66,
67]. Monolayer amount of Co reactively deposited on Ag(001) at 300 K appears
in STM images as a very rough film with irregularly shaped islands on four
different height levels, involving also the presence of squared Ag islands and
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vacancies formed by partial removal of silver atoms from the substrate. Under
these deposition conditions, Co—O structures with metallic character and hexag-
onal lattice periodicity of 0.3 nm were detected, which, however, were not found
after annealing or high-temperature deposition [31, 66, 67]. In Co monolayer
films deposited at 390K or annealed at 400K after RT deposition, Ag islands
and vacancies are not visible in STM images, which instead reveal the appear-
ance of two distinct types of Co-O islands, namely, round-shaped islands and
square-shaped islands with edges oriented parallel to the <110> crystal direction.
Similar islands were also found for RT-reactive deposition of Co monolayer amount
on Ag(001) followed by annealing at 470K [31, 66, 67]. In the latter case, three
different types of Co—O related features were observed on the Ag(001) surface:
double- (multi-) layer CoO(001), double-layer CoO(111) with threefold symmetry
and a periodicity of 1.7 nm, and single-layer CoO(111) islands (Figure 2.9). The

Figure 2.9 STM images of 0.5 ML of Co re- squared depressions. The inset (b) (area
actively deposited on Ag(100) at 400K and 7 = 18 x 18nm?, V = —0.1V, | = 0.1nA),
x 107% mbar O, and subsequently postan-  obtained after zooming in, shows the
nealed at 460K (area = 109 x 86nm?, V atomic corrugation of CoO(111). In the in-

= —3V, I = 0.1nA): region 1 and 4 cor- set (c) (area =9 x 8nm?, V= —-0.1V, | =
respond to the clean Ag(001) substrate; 0.25 nA), the tip conditions have changed for
region 2 shows monolayer CoO(111) devel-  a few scanning lines, allowing the recogni-

oped at Ag(100) step edges; region 3 shows tion of the atomic corrugation of CoO(001).
CoO(001) multilayer islands appearing as (Reprinted from [67] with permission.)



42

2 Growth of Antiferromagnetic Oxide Thin Films

double- (multi-) layer CoO(001) islands appeared in STM images either as em-
bedded or floating on top of the Ag surface. The former have squared shape
with edges aligned parallel to the <110> crystal directions, while the latter
have more rounded shape, which was interpreted as due to the coexistence of
both <110> and <100> edge orientations. The CoO(111) islands have edges
aligned parallel to <110> directions and turned out to transform into double-
(multi-) layer CoO(001) islands upon further prolonged annealing at tempera-
tures higher than 470K. In an attempt to identify the chemical nature of the
Co0(001) and the CoO(111) islands, detailed voltage-dependent STM images and
STS studies were performed [31, 66, 67]. This study showed that the double-
(multi-) layer CoO(001) islands have an apparent topographic height that strongly
changes with voltage and a band gap which matches the known band gap of
bulk CoO, thus showing that these types of islands correspond to condensation
of cobalt-oxide multilayers. On the contrary, the CoO(111) islands did not show
voltage-dependent topographic height changes and exhibited metallic I-V curves
which suggest that these islands may be more likely related to a metastable
Co-0 adsorbed phase rather than to stable real cobalt-oxide phase. In this study,
it was not possible to conclude whether the atomic structure of the CoO(111)
islands corresponds to that of (111)-oriented layers in CoO or to that of Co304
spinel-like structure. These works show that even after high-temperature anneal-
ing, O,-reactive deposition of Co monolayer amount on Ag(001) does not result
in the formation of a single monolayer of CoO oxide phase, but CoO oxide film
with a minimum thickness of two atomic planes or more is always achieved

31, 66, 67].

In another STM and LEED work [15], monolayer CoO films were prepared either
by O,-reactive deposition or by Co deposition and postoxidation cycles on both the
clean (1 x 1)-Ir(100) surface and the O-(2 x 1)-Ir(100) iridium surface precovered
with half a monolayer of oxygen. It was shown that (sub)-monolayer deposition of
Co on the Ir surface results in the formation of a CoO phase in a layer-by-layer
fashion with three levels of topographic height and with a strong buckling of 0.5 A.
Moreover, the LEED pattern exhibited a peculiar ¢(10 x 2) quasi-hexagonal spot
arrangement (Figure 2.10) which could be related to the hexagonal arrangement
of ions in (111)-oriented layers of the two stable phases of bulk cobalt oxide,
namely, the fcc-type rock-salt CoO and the cubic spinel Co304 [31]. In this work
no chemical analysis was performed to determine the stoichiometric composition
of the deposited CoO/Ir film. Nevertheless, on the basis of the comparison
between detailed STM and LEED quantitative analysis and structural modeling
of the rock-salt CoO and the cubic spinel Co3;O4 structures, it was concluded
that the atomic structure of the cobalt-oxide films grown on the iridium surface
matches that of the hexagonal layer of polar CoO(111) accommodated on the square
lattice of Ir. Small patches of Co3;0,4 were also detected in monolayer cobalt-oxide
films deposited under more oxygen-rich conditions or on the oxygen preadsorbed Ir
surface. The stability of the prepared monolayer CoO(111)/Ir(100) was explained on
the basis of both the observed strong buckling and the presence of possible oxygen
vacancies imaged in atomically resolved STM data, although other stabilization
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1-ML Co

Figure 2.10 STM images recorded at three different blow

ups (a), and ¢(10 x 2) LEED pattern (b) after full oxidation
of 1-ML Co deposited on Ir(100)—(1 x 1). (Reprinted from
[15] with permission.)

mechanisms of the polar cobalt-oxide surface such as impurity doping could not be
excluded [31]. The stabilization of an impurity-free and unreconstructed monolayer
CoO(111) polar film on a metal surface was reported for Co monolayer deposition
on the Pt(111) surface and O, postoxidation [68].

2.3.2
Thick CoO Films

Cobalt-oxide films have been obtained by direct oxidation of hcp cobalt single
crystals (see for example [82] and references therein). Depending on the exper-
imental conditions, either CoO, Co304, or a mixture of the two phases can be
obtained. By oxidation at 300—500 K under mild oxidizing conditions CoO is the
major component obtained. For (111)-oriented CoO films, obtained by oxidation
of the Co(0001) phase, due to the large lattice mismatch with the hcp substrate
(20%), the structural quality is not very good. The Co(1120) surface has a lower
lattice mismatch (5% along the [0001] direction and —2% along [1120] direction)
and allows the growth of CoO films with better quality.

Some studies have also dealt with the oxidation of fcc Co films grown on Cu(001).
The oxidation starts at exposures slightly larger than 10 L, after the chemisorption
stage, and gives stoichiometric CoO films [83]. Angle- and spin-resolved photoe-
mission measurements indicate that at high enough (>7 L) O, exposures at RT
AF CoO is formed, while at low temperatures (150 K) the film is at least partially
oxidized to Co3; 04 [84].

The oxidation of 10-ML-thick body centered tertragonal (bct) Co films grown on
Fe(001) has also been studied by PDMEE, XPS, and AES [14, 85, 86]. After oxidation
under an oxygen partial pressure of 1077 mbar at 300 K the authors observed the
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formation of CoO films with a tetragonally distorted rock-salt structure, rotated in
plane by 45° with respect to the unit cell of the Co film. The distortion reduces if
the oxide layer thickness increases. The oxide formation induces a further strain
in the unreacted underlying bct Co film. The interface between the CoO film
and the underlying unreacted Co film is not chemically sharp and it includes the
presence of a significant amount of Co sites with lower oxidation state (Figure 2.11).
Oxidation at 500 K gives oxide films of larger thickness and reduces the relative
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Figure 2.11 Oxidation of a 10-ML-thick Co (Co), of Co in the CoO phase (Co') and
bet Co film grown on Fe(001): Co 2p XPS Co in the interfacial understoichiometric
spectrum of the 800 L O, exposed cobalt phase (Co'") are shown and their relative in-

surface, in both normal (a) and grazing (b) tensities are reported in the inset. (Reprinted
take-off geometries. Contributions of metallic from [85] with permission.)
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thickness of the interfacial understoichiometric region and the stoichiometric CoO
phase. The thermal stability of such films in the 300-620 K range has also been
studied [87]. The CoO layers are stable in terms of composition and thickness for
moderate annealing (up to 1 hour and 470 K). At higher temperatures, the oxide
film thickness is reduced and the amount of Co atoms in low coordination sites is
increased.

Good-quality CoO films have also been obtained on Fe(001) substrates by Co
deposition under oxygen atmosphere. Even though the CoO/Fe interface has been
shown to be significantly oxidized, the CoO films show the right stoichiometry, as
proved by XPS, and above 5 ML also the expected epitaxial orientation, 45° rotated
in plane, as shown by LEED [88]. Epitaxial CoO films have also been grown on
Fe;04(001). The two materials have fcc oxygen sublattices with unit cells differing
only by 1.4%. In order not to oxidize the Fe;O, substrate, in the ultrathin limit
the growth was performed by deposition of enough Co to be oxidized into 1-ML
CoO and subsequent exposure to 10 L of O,; for the growth of films with thickness
above 5 ML reactive deposition was used. The growth has been shown to proceed
layer-by-layer and the films have been shown to be stoichiometric in the 1-20-ML
range [89].

A study of reactive growth of CoO films by evaporation of metallic Co under NO,
partial pressure on a cleaved MgO(001) substrate has been performed by Peacor
and Hibma [21]. The analysis of RHEED specular beam intensity oscillations has
shown that the growth at 700K proceeds in a layer-by-layer mode. Growth at
500K instead induces the formation of the Co;O4 phase after the first four CoO
layers (Figure 2.12). The obtained results indicate that the relative influence of the
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Figure 2.12 RHEED intensity oscillations of CoO deposited
on ex situ cleaved MgO at 473 K using NO as an oxidizing
agent. The sudden decrease in period length of one-fourth,
which is accompanied by the appearance of half-order spots
in the RHEED pattern, indicates a change in growth from
CoO to Co304. (Reprinted from [21] with permission.)
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NO; oxidizing power and the substrate/overlayer interface determines the relative
abundance of the two cobalt-oxide phases.

Another substrate used for the growth of CoO films by reactive growth is Ag(001)
[53, 90-92]. The group of Neddermeyer showed by STM that the growth of CoO
films proceeds in a three-dimensional mode. In this study, the Ag(001) substrate
was kept at 460 K during growth and the obtained films were annealed to 670K
in oxygen after the growth in order to improve the film quality [90, 91]. More
recently, CoO films on Ag(001) were studied by grazing incidence X-ray diffraction
(GIXRD), which proved that the films have the rock-salt structure with O atoms
sitting on top of the substrate Ag atoms [92]. Such measurements also allowed us to
evaluate the interface distance, which is found to be 2.19 4 0.03 A for a 1-ML-thick
film and 2.32 4 0.07 A for a 4-ML-thick film. The in-plane lattice parameter of
the CoO films has been found to gradually evolve from a value corresponding to
pseudomorphism on Ag to a value close to the bulk one at 23 ML. The radial scans
around the (2, —2) peak of Ag along the (h, —h, 0.08) direction as a function of CoO
thickness also show the presence of two satellites, one at each side of the Ag peak
(Figure 2.13), corresponding to diffraction from a periodic structure with a period
larger than the crystal one. Following a work by Renaud et al. [93], the satellites
were assigned to diffraction from the dislocation network, which develops within
the CoO film in order to release the strain. The expected period for the dislocation
network (9.37 nm), calculated using the Ag and CoO lattice parameters, coincides

Intensity (arbitrary units)

h(Agr.lu.)

Figure 2.13 GIXRD radial scan along the (h, —h, 0.08)
direction around the (2, —2) Bragg peak of Ag for films of
CoO of different thicknesses grown on Ag(001). (Reprinted
from [92] with permission.)
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within the experimental accuracy with the period measured on the radial scans
(9.2nm).

MnO(001) represents a substrate with lattice mismatch of opposite sign compared
to Ag(001) for the growth of CoO films [5]. As in the case of NiO, also for CoO it is
interesting to note that the film strain and its sign largely determine the magnetic
anisotropy, the magnitude, and the orientation of magnetic moments close to the
interface [5].

2.4
Other Oxides

2.4.1
MnO(001)

Among the 3d transition-metal monoxides, MnO plays a particular role due to the
high spin ground state of the 3d®> configuration of Mn?* ions. Therefore, MnO
could be an excellent model system to investigate many kinds of spin-dependent
or magnetic interactions between electrons in the surface of an AF solid. Mn
monoxide is also long known as a materialwhose specific electronic and magnetic
structure constitutes a challenge for ab initio calculations due to the half-filled
d-states of Mn [94]. In practice, most experimental investigations on crystalline
MnO(001) surfaces suffer from the bad structural quality of the surface of cleaved
bulk crystals. In contrast to, for example, NiO, in fact, the cleavage of a MnO single
crystal along the (001) plane usually leads to a surface structure, which consists
of arrays of pyramids with (111) surfaces. As a consequence, oxide surfaces of
a high structural quality can be only prepared by the growth of thin films on
suitable substrates, and this is one of the main interests in preparing epitaxially
grown MnO films in the monolayer and multilayer range. Again in contrast to
NiO, there is a large variety of Mn oxides, among which those with Mn in higher
ionization states are the most stable ones, for example, Mn,0s3. The reactive
deposition of the less stable AF MnO phase is therefore challenging. A constant
evaporation of Mn is very difficult to handle due to its high vapor pressure.
Moreover, the oxygen pressure is a critical parameter owing to the large variety
of Mn oxides. If both parameters are properly tuned, it is possible to prepare
MnO films with a structural order comparable to that of the corresponding crystal
substrate.

Epitaxial growth of MnO surfaces of high structural order has been reported on
Ag(001) substrate. As electronic fingerprints, the characteristics of the Mn 2p line
profile and especially the strength of the Mn 3s splitting, both measured by XPS,
were used, whereas the bulk structure of the films was examined by XPD [95].
The structural order of the surface was studied by LEED [96]. Epitaxial growth of
MnO(100) films, 20—30-ML thick, has also been reported on a Pd(100) single-crystal
surface [48]. The main goal of this work was to examine the influence of lattice
mismatch on the epitaxial orientation of the growing oxide films. The reactive
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deposition, followed by a brief postannealing step in UHV up to 870K, results
in the growth of a well-ordered MnO(100) layer, as shown by SPA-LEED. The
surface lattice constant determined from the separation of the LEED spots has been
found to be identical with the (100) in-plane lattice parameter of bulk MnO crystals.
Atomic force microscopy (AFM) operated in the frequency-modulation mode shows
that the MnO(100) surface is atomically flat and consists of terraces with lateral
dimensions of up to 500A, which are separated by monatomic steps running
predominantly along the main azimuthal substrate crystallographic directions.
A number of interface-stabilized intermediate oxide phases have been detected
for Mn oxide films thinner than 5 ML. MnO layers between 3 and 10 ML have
a strained lattice as a result of the lattice mismatch at the Pd(100)/MnO(100)
interface.

2.4.2
FeO

FeO (wiistite) is an AF insulator with a rock-salt phase which is not stable in
the bulk at temperatures below 850 K. Mainly, the FeO(111) surface has been the
object of investigation (see for example [1] and references therein). Heteroepitaxial
FeO films were first produced by postoxidation of iron films deposited on Pt(111)
and Pt(100) [97], and it was observed that FeO(111) films grew layer-by-layer on
both substrates. After that, several studies have been performed to investigate the
influence of the thickness of the film on the resulting phase. The most successful
work has involved growth on Pt (111) and sapphire substrates. The lattice mismatch
of the oxygen sublattice of FeO(111) on Pt(111) is 9.75%. Quantitative LEED studies
on FeO(111) films prepared by deposition and postoxidation of Fe showed that a
(8 x 8) superstructure at 1 ML evolves as a (2 x 2) reconstructed surface at 8 ML
[98]. A different LEED and STM study [99] reported that up to 2 ML the oxide grows
as FeO(111). At higher coverage the film changes to Fe304(111) and subsequent
annealing in O, at temperatures above 1070 K converts the film to «-Fe,03(0001).
The low-coverage FeO(111) layers consist of hexagonal close-packed iron—oxygen
bilayers laterally expanded with respect to the bulk FeO structure and are oxygen
terminated, resulting in a Moiré pattern that is clearly seen in the STM images.
The corrugation of this pattern in thin FeO films on Pt(111) was reported to
depend on variations of the surface potential within the Moiré unit cell, variations
that can be induced by very subtle differences in geometry [100] (Figure 2.14). Well
ordered and oriented superstructure formation was observed for FeO(111) films
on Ru(0001) up to 4 ML [101]. The formation of Moiré patterns was also reported
ina STM, XPS, and ion-scattering spectroscopy study of FeO formation on Au(111)
surfaces by postoxidation of predeposited Fe [102]. On Pt(100) substrate the
formation of the FeO(111) phase has been reported for very thin films, consisting
of a buckled bilayer terminated by oxygen atoms over a Fe layer [103].

A study of epitaxial Fe films on Ag(111) was performed by two different proce-
dures [104]. A 10-ML Fe deposition followed by oxidation resulted in poorly ordered
FeO(111) films. By the second procedure, consisting in the sequential production
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Apparent height (A)

(c) Distance (A)

Figure 2.14 75 x 50 A? STM images of FeO thin film

on Pt(111), at sample bias voltages of (a) 20mV and (b)
4500 mV. (c) Line profiles from the STM images across the
Moiré unit cell. | = 0.3 nA. (Reprinted from [100] with per-
mission.)

of submonolayer Fe films followed by oxidation, a much better crystallographic
order has been obtained up to about 10-A thickness.

The growth, structure, and morphology of ultrathin oxide layers formed on
a Fe(110) single-crystal surface by oxidation with atomic or molecular oxygen
as well as by reactive Fe deposition have been investigated by AES, LEED, and
grazing ion-scattering [11, 23] (Figure 2.15). A well-ordered FeO(111) film with
low defect density was only obtained with atomic oxygen. Independent of the
preparation method, long-range structural order is poor if the oxide film thickness
exceeds three to five layers. This is attributed to the relatively large mismatch
between FeO(111) and Fe (110) [11]. The FeO(111) surface was reported to be
ferromagnetically ordered even above a bulk Ty of 198 K, and the magnetic surface
layer was found to be antiferromagnetically coupled with the underlying FM Fe(110)
substrate through paramagnetic FeO. The FM order at the FeO(111) surface was
ascribed to reconstruction [23]. Also the FeO(001) phase has been investigated,
although to a minor extent with respect to the (111) one. LEED investigation of
the surface of an FeO(001) thin film prepared by reactive deposition on Ag(001)
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Figure 2.15 Oxidation of Fe(110): O KLL and Fe LMM
Auger spectra at 3-keV primary electron energy and LEED
patterns (a) for clean Fe(110) and (b) for Fe(110) exposed
to 3600 L of O, at 570K. The LEED pattern is obtained at
a beam energy of 93eV in (a) and 60eV in (b). (Reprinted
from [23] with permission.)

showed that the surface has termination structure close to the bulk one with a
very small rumple on the first layer, in agreement with the structure of the other
rock-salt oxides [105].

Polycrystalline FeO films were deposited on kapton, glass strips, and carbon
pieces, by reactive DC magnetron sputtering in a mixture of Ar and O, gases.
An AF-type behavior has been found at low temperatures. This observation is in
contrast to the bulk AF properties of FeO and has been explained by the formation
of defect clusters in FeO film [19].

243
a-Fe203

Hematite («¢-Fe,O3) in its bulk form is an AF material with a Ty of 95K. The
compound can be classified as a charge-transfer insulator. However, the electronic
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and magnetic properties of thin films can be substantially different from those
of the bulk because of the large contribution of surface and interface effects.
As for the FeO case, a number of groups have worked on the growth of thin,
crystalline hematite films, using Pt(111) or sapphire substrates and evaporating
single or multiple monolayers of Fe followed by annealing in O, at temperatures
of 870-1070K, or by reactive deposition (see [1] and references therein). The
oxygen sublattice of the (0001) plane of «-Fe,O; aligns with Pt(111) and with
«-Al,03(0001), which have a reasonably low lattice mismatch with hematite (4.9
and 5.8%, respectively). The disadvantage is that just one epitaxial orientation is
allowed for the film, that is, (0001)Fe,O5||(111)Pt and (0001)Fe;O3||Al,03(0001).
The primary advantage of using a Pt(111) substrate is that Fe,O;3/Pt systems
typically show a large enough conductivity to be studied by electron spectroscopies
and STM. Thin films of «-Fe,O3 were obtained by further oxidizing magnetite
layers, previously prepared on Pt(111) by repeated cycles of iron deposition
and subsequent oxidation [106, 107]. It turned out that the oxidation has to be
performed at temperatures above 1070 K and oxygen pressures higher than 10~3
mbar [108].

Clean, stoichiometric, epitaxial thin films of «-Fe, O3, up to 100 ML in thickness
with flat and defect-free surfaces, have been synthesized by oxygen-plasma-assisted
MBE using polished «-Al,03(0001) and MgO(001) single crystals as substrates
[109], and characterized by RHEED, LEED, and XPS/XPD. The overall quality of
the oxide layers was found to be critically dependent on the growth conditions
and on the choice of the substrate. In particular, the oxygen partial pressure and
the substrate temperature were reported to be relevant parameters [108, 109].
A significant improvement of crystal quality was obtained by using a Pt(111)
buffer layer predeposited on the basal-plane sapphire [80]. a-Fe,0; films were also
prepared by evaporating Fe from a Knudsen cell onto an «-Al,03(0001) substrate,
and simultaneously oxidizing the metal particles with a NO, flux coming from a
small buffer volume. The RHEED patterns suggest that layer-by-layer growth of
a-Fe;03(0001) occurs for the first few monolayers. Subsequently, the growth mode
changes to three-dimensional growth [110].

The early stages of the film growth were investigated by noncontact atomic
force microscopy (nc-AFM) and a variety of different techniques. The interfa-
cial layer was found to be badly distorted but commensurate with the substrate
[111]. The interfacial disordering has been investigated by ion scattering and
HRTEM supported by molecular dynamics calculations and ascribed to misfit
dislocations associated with lattice mismatch between the substrate and the film
[46] (Figure 2.16). Comparison of XPD experiments with quantum-mechanical
scattering theory enabled the spacing of the first four surface layers to be pre-
cisely determined and revealed that the oxide surface is Fe terminated [112].
However, surface structure and termination of hematite were reported to strictly
depend on ambient oxygen gas pressure applied during the preparation proce-
dure [108] (Figure 2.17). Using STM and infrared reflection absorption spec-
troscopy it has been observed that the surface of «-Fe;O; films grown on
Pt(111) exhibits ferryl (Fe = O) groups, which may coexist with domains of
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Figure 2.16 (a) HRTEM micrograph of the = Magnified and Fourier filtered image of the

misfit dislocations at the Fe;O3/Al;03 in- region in (a) showing an extra (2110) lattice
terface imaged from the [0170] zone axis, in  planes on the a-Al,0; side as indicated by
which three misfit dislocations are present the white arrows. (Reprinted from [46] with
in the box marked by dashed lines. (b) permission.)

the Fe-terminated surface [113]. The close similarity to the results on the (0001)
surfaces of Cr,O3 and V,0;3 strongly suggests that the metal oxygen double
bond termination under certain oxygen pressure conditions is the most sta-
ble for the close-packed surfaces of transition-metal oxides with the corundum
structure.
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Figure 2.17 Large scale 1000 x 1000 A regions are separated by ~2.4 A in height,
(a) and atomic resolution 120 x 120 A as expected for equivalent surface termina-
(b) STM images of the a-Fe;O3(0001) sur-  tions of a-Fe;O3(0001). Structure A exhibits
face prepared on Pt(111) at 1003K in 107" a larger atomic corrugation than structure
mbar O, with profile lines shown below. B. (@ V=15V,1=09nA; (b) V=13V,
Region A and B are separated by an appar- | = 1.25nA. (Reprinted from [108] with
ent height difference of ~1.2 A, equivalent permission.)

Hematite thin films have also been prepared on Si substrates using
n-butylferrocene and oxygen in a low-pressure metallorganic chemical vapor
deposition reactor [114]. The growth rates were studied in the 673-873K
temperature range, while the structure and morphology were characterized by
XRD and SEM, and chemical states by XPS. Crystalline films were only obtained
for deposition at higher temperatures. RF magnetron sputtering was used to
prepare hematite thin films on stainless steel and Si(001) single-crystal substrates
[115]. By XRD and AFM analysis the films were found to be polycrystalline «-Fe; O3
with a morphology consisting of columnar grains of random orientation.

2.5
Oxide—Substrate Interface

The atomic scale details of the interface between an oxide film and the substrate on
which it is grown represent an important issue to be investigated, since they largely
determine the epitaxial orientation, the structural and morphological quality, and, as

53
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a consequence, the electronic and magnetic properties of the film. Even in the case
of morphologically and chemically sharp interfaces, the electronic properties at the
oxide/substrate interface are significantly different from the ones of the oxide bulk
phases [116]. For this reason, a large number of studies have recently been devoted
to the characterization of the first few atomic layers on both sides of the interface.
A theoretical and experimental investigation of the atomic structure of the
noninteracting NiO/Ag(001) interface has been performed by ab initio calculations,
PDMEE, and XAS studies [42, 74]. The intensity angular distributions (IADs) of
the Auger Ag MNN emission as a function of the incidence angle of the primary
exciting beam, reported in Figure 2.18a, show that the [110] forward focusing
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Figure 2.18 NiO/Ag(001) interface: (a) distance d = 2.045 A, left) and expanded
Intensity angular distribution of Ag MNN (d > 2.045 A, right) interfacial distances. (c)
Auger electrons along the [80] azimuth Simulated [110] peak position versus T, for
for increasing NiO thickness (T) (from d = 2086, 2.30, and 2.50 A, A, *, and B
bottom to top T = 0.0, 1.0, 1.5, 2.0, and symbols, respectively. (d) r factors versus d

4.0 ML). (b) Schematic representation of the for the 4-ML-thick film assuming either the
NiO/Ag(001) system (O-on-top model) along O-on-Ag (V) or the Ni-on-Ag (M) configura-
the [80] azimuth for unexpanded (interfacial  tions. (Reprinted from [74] with permission.)
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feature shifts to lower angular positions with increasing NiO thickness. This shift
is the consequence of a value of the interface distance (d) significantly larger
than that expected by extending the Ag crystal periodicity along the [001] direction
(¢/2 = 2045 A), as evidenced by the two schemes in Figure 2.18b. The PDMEE
patterns have been simulated on the basis of single scattering cluster calculations.
Figure 2.18c¢ reports the simulated o117 value as a function of NiO thickness, for
three different values of d in the O-on-top model. The 4-ML IAD simulation for both
O- and Ni-on-top models (Figure 2.18d) allowed us to establish that the O-on-Ag
configuration is the preferred one and to quantify the interface distance as d = 2.3
+ 0.1 A. Polarization-dependent Ni K-edge XAS has then been used to improve
the accuracy of d determination. The multiple-scattering fit of the XAS spectrum
collected in grazing angle geometry on a 3-ML NiO film has been obtained with
a Ni—Ag contribution at a distance of 3.13 & 0.04 A, implying a d value of 2.37 +
0.05 A. To validate the picture emerging from PDMEE and XAS experimental data,
ab initio calculations on the same system have been performed [42, 74] using a
hybrid-exchange Hamiltonian, because of its satisfactory performance in describing
the bulk properties of both Ag and NiO. The z coordinates of all atoms of the oxide
have been optimized, while the in-plane lattice parameter of the overlayer has been
forced to coincide with the optimized one for the silver substrate. The presence of
an oxide layer above the first one has the effect of reducing the corrugation of the
first oxide layer, because of the attraction exerted by O anions in the second layer on
Ni cations, and of reducing the interaction energy between the metal and the oxide.
The calculated d value for a 2-ML-thick film (2.40 A) is in excellent agreement with
the Ni K-edge XAS value.

A very different situation is found when more reactive substrates, such as
Fe(001), are used. In some cases, in order to avoid complex interface situations, the
growth of oxide films using e-beam evaporation of bulk oxides has been used (see
for example [117] for the MgO/Fe system). For the growth of NiO films on Fe, a
passivated surface, Fe(001)-p(1 x 1)O, very stable to further oxidation, was used [25,
79). Nevertheless, the Fe L,3 XAS and X-ray magnetic circular dichroism (XMCD)
spectra before and after the deposition of 20-ML NiO clearly indicate that the Fe
substrate is partially oxidized by the reactive deposition of NiO, forming a thick
Fe;04 phase (Figure 2.19). No relevant Fe—Ni mixing is detected. As expected,
annealing at temperatures above 603 K gives rise to a strong interfacial intermixing
with the formation of a FeO layer and the diffusion of metallic Ni in the Fe
substrate [79].

It has to be noted that when Fe is deposited on NiO a very different situation
is encountered. In particular, Fe is found to be oxidized mainly in the surface
plane forming a buckled Fe—O-like layer [118], NiO is reduced, and the metallic Ni
diffuses into the Fe film forming a bct alloy [119].

Also the CoO/Fe(001) interface, even if a passivated Fe(001)-p(1 x 1)O surface
is used, is dominated by the presence of iron oxides with a different valence
character, mostly FeO and Fe; Oy, involving several layers at the interface [88]. On
the opposite interface, Fe/CoO(001), the reduction of CoO to metallic Co has been
observed [88].
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After normalization, the spectra obtained on  [79] with permission.)
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These results indicate that the atomic scale details of the interface between two
materials, in particular between an AF oxide and a metal, and all the consequent
properties do not depend only on the thermodynamic properties of the two
materials coming into contact, but also on nonequilibrium kinetic parameters,
which strongly depend on the experimental conditions used and of course on the
growth sequence. This issue is very relevant because it evidences that in the view
the applications, that is, in the field of magnetoelectronic devices, it is important to
choose not only the right materials but also the best growth procedures to obtain
the desired functionality.

2.6
Polar-Oxide Surfaces

A very promising class of systems in view of the applications is represented by
polar-oxide surfaces (for a recent review see, e.g., [120]). The specificity of these
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systems derives from the combined effect of surface orientation and termination,
which results in a macroscopic polarization along the direction normal to the
surface and in an electrostatic instability [120, 121]. The mechanisms for polarity
compensation may involve either a change of the surface stoichiometry (vacancy
formation, adsorption of foreign species, faceting) or a change of the surface elec-
tronic structure (partial or total filling of surface states, metallization). Polar-oxide
ultrathin films can also be stabilized by the substrate on which they are synthesized,
without any depolarization effect from the surface. These systems, with unprece-
dented structural and electronic properties, are very challenging for nanomaterials
engineering.

Concerning the AF films dealt with in this chapter, the (111) surfaces of rock-salt
oxides such as NiO, CoO, FeO are polar.

Different substrates have been used for the growth of NiO(111) thin films. Earlier
works report the direct oxidation of the Ni(111) surface (see, e.g., [122] and refer-
ences therein). In this case the formation of thick triangular-shaped (111)-oriented
islands has been shown to occur for high oxygen exposures [123] and the surface
has been found to be stabilized by a surface monolayer of nickel hydroxide [122].
NiO growth on Au(111) at RT has been shown by LEED and STM to induce the for-
mation of a three-domain NiO(001) crystallite structure with an average diameter of
approximately 5 nm [124]. By increasing the growth temperature to 570 K, instead,
the formation of p(2 x 2)-reconstructed NiO(111) film up to 6 ML and of faceted
structures for larger coverages are observed [124]. Barbier et al. have compared the
NiO(111) single-crystal p(2 x 2) surface structure and that of a 5-ML NiO(111) film
on Au(111) [125]. Both were shown to locally exhibit the theoretically predicted
octopolar reconstruction. However, while the single crystal exhibits a single Ni
termination with double steps, the thin film exhibits both possible terminations
(O and Ni) with single steps. These surfaces were found to be nonreactive with
respect to hydroxylation. The situation is more complex when a Cu(111) substrate
is used, as shown by the LEED patterns in [126], which have been interpreted as
being originated either by a «-Ni, O3 hexagonal phase, or by a structural distortion
of the NiO(111)(v/3 x +/3)R30° structure. The use of a Pt(111) substrate for the
growth of NiO films of thickness above 1 ML, instead, shows the formation of
three-dimensional islands with an average diameter of 40 nm [57]. Annealing such
islands at 850 K is reported to induce the formation of (001) facets [57].

Thin CoO(111) films were obtained by the oxidation of Co(0001). The observed
(1 x 1) LEED pattern has been tentatively assigned to the presence of hydroxyl
groups on the surface, which could not be removed without damaging the film
[127]. Using Au(111) as a substrate the stabilization of a well-ordered bulk-like
CoO(111) layer was shown to be due to the presence of OH groups on the
surface [128]. (111)-oriented CoO islands have also been found to be formed by
reactive evaporation of Co under O, atmosphere on the Ag(001) surface [31]. In
this case, the islands reveal a Moiré-like modulation with hexagonal structure and
no surface reconstruction. A rather flat, unreconstructed polar CoO(111) surface
was grown on a Pt(111) substrate. In this case, electron energy loss spectroscopy
(EELS) and ultraviolet photoemission spectroscopy (UPS) suggest the existence
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of low-energy excitations originating from finite density of states at the Fermi
level, possibly ascribed to the shifted O-derived band in the CoO(111) surface layer
[68]. CoO(111) films have also been obtained by oxidation of thin (up to 4 ML)
Co films epitaxially grown on the (1 x 1) phase of Ir(001) [15]. LEED and STM
measurements for this system showed the presence of a slight lattice distortion
giving a ¢(10 x 2) coincidence structure with the substrate. The mechanism for
polarity compensation for this system is probably the formation of oxygen vacancies
in the top layer, although surface hydroxylation or other mechanisms could not be
excluded. Very recently, the same authors showed that reactive deposition of Co
under O; atmosphere on Ir(001) gives CoO films in the 5-50-ML range whose bulk
rock-salt structure is terminated by a thin slab of CoO in the wurtzite-like phase.
The film surface is found to be metallic, in order to compensate polarity [129].

An interesting case in which polarity may be responsible for drastic changes
in the magnetic properties is observed in FeO(111) films obtained by oxidation
of a Fe(011) surface. In this system, in fact, a FM surface ordering is observed
above the bulk Ty (198 K) due to a complex surface reconstruction to compensate
polarity [23, 130]. The results obtained for FeO films grown on Pt(111) are also very
interesting. Only low-thickness (below 2.5 ML) FeO(111) films could be stabilized
before three-dimensional Fe;O, islands started to form [97, 131]. The bilayer film is
oxygen terminated, and it shows a slightly expanded in-plane lattice spacing [132].
The interplanar distance is significantly (50%) contracted with respect to the bulk
value, in order to reduce the out-of-plane electric dipole [132]. The lattice mismatch
between FeO and Pt gives rise to a Moiré superstructure with 25-A periodicity.
As shown in Figure 2.20, the corrugation of STM images has been related to the
variation of the surface potential within the Moiré unit cell [78, 100, 133].

2.7
Conclusions and Perspectives

We have summarized the advances made in the growth and characterization of AF
oxide thin films in the last decades. The most studied material is NiO, appealing
for the applications due to its high Ty. Relatively less studied are CoO films,
which can be prepared on various substrates as well. Fewer studies are oriented
toward the growth of FeO, Fe;O;, and MnO thin films, probably due to the
experimental difficulties in obtaining the desired stoichiometry, given the large
number of oxidation states of Fe and Mn. In general, we have shown that a rich
variety of phases can be obtained in the monolayer and submonolayer range, while
the growth procedures to prepare stoichiometric films of larger thickness are well
established. A number of issues have been raised, such as the importance of the
interface and properties connected with polarity.

The large number of available studies testifies the increasing importance of this
field of research. The use of AF oxides in the form of metal-supported ultrathin
films has in fact allowed us to avoid the charging problems encountered when bulk
samples are studied using charged probes and to apply electron spectroscopies and
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Figure 2.20 (a) Structural model of 0.1 nA. (d) Apparent-barrier-height image of
the Moiré cell formed by FeO film and FeO/Pt(111) taken at 3.5V sample bias. The
Pt(111). (b) STM topographic images current was set to 0.1 nA, the z modulation
of FeO/Pt(111) taken at 0.5V and (c) to 1.0 A. All images are 100 x 100 A? in
4.5V sample bias. The current was set to size. (Reprinted from [78] with permission.)

STM to characterize bulk-like materials at the atomic scale. On the other side, the
use of oxides in the form of ultrathin films grown on various substrates has allowed
us to suitably tune the electronic and magnetic properties of the material through
strain- and interface-related effects.

Relevant future trends can be envisaged along different directions.

1) The possibility of engineering to some extent the surface structure of thin and
ultrathin oxide layers to create oxide templates suitable for self-assembling of
ordered arrays of metal nanoclusters has been demonstrated, for example, for
FeO ultrathin films on Pt(111). A coincidence structure of 2.6-nm periodicity
has been obtained. Clusters nucleated on the surface after depositing 0.2-A
Fe. The clusters are well confined and repeat the surface superstructure. FeO
grown on Rh(111) instead forms a coincidence structure similar to FeO/Pt(111)
but with smaller periodicity of 1.4 nm due to the large film/substrate mismatch.
The possibility of tuning the size and spatial order of metal clusters by an
appropriate choice of the oxide template is therefore foreseen [134]. On a
lower (atomic) scale, the distinct spatial distribution of single Au atoms on
FeO/Pt(111) has been traced back to a varying surface potential on this polar,
ultrathin oxide film [78].
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2)

Surface engineering of thick oxide film can be obtained by the interfacial
misfit dislocation network formed at the interface between the oxide film and
the underlying substrate. The misfit between an epitaxial, 5-nm-thick CoO
film and an Ag(001) substrate is accommodated by the underlying interfacial
dislocations network that is buried at the interface. This induces a periodic
displacement field on the oxide surface, which provides a network of sites for
preferential nucleation and growth of Ni nanoparticles. The achievement of the
control of the self-assembling process of metal cluster on the surface of a fairly
thick oxide film represents a step forward in the production of real devices by
self-organized growth [77].

A critical issue in the application of magnetic oxides in nanotechnologies
is the strong reduction of the relevant critical ordering temperatures due
to well-known finite-size effects. Interfacing with a suitable substrate has
been proposed as a new method to compensate these effects and enhance
magnetic ordering temperatures. The Ty of 3-ML NiO(100) film grown by
atomic-oxygen-assisted reactive deposition on MgO(100), measured by using
the magnetic linear dichroic effect in Ni L, XAS spectra, was found to be lower
than 40K, i.e, much smaller than the bulk value (523 K), due to finite-size
effects. On the contrary, a Ty of 390K was measured for a 3-ML NiO(100)
film on Ag(100), showing that the dramatic finite-size effects can be almost
counterbalanced by the proximity of the metal [6, 51]. Interfacing oxide films
with polarizable media can therefore be a practical way toward designing
oxide nanostructures with improved critical temperatures for various forms of
magnetic ordering. Control of epitaxial strain is an alternative route toward the
improvement of critical temperatures in magnetic oxides, as already suggested
for superconductor oxides [135]. Epitaxial strain associated with the mismatch
between the oxide film and the substrate can be tuned, for example, by a
suitable choice of the substrate itself and/or by the addition of buffer layer(s)
between the overlayer and the substrate.

Finally, within the field of future data storage technology, nanoparticles con-
sisting of FM metal core and an AF metal-oxide shell (core—shell nanoparticles)
are also of increasing interest [136]. These particles can be described as an ultra-
thin AF oxide film on a FM metal substrate. Co—CoO core—shell nanoparticles
(similarly to Co—CoO bilayers) are also an archetypal system for basic studies of
exchange bias, given the good growth properties of Co, the convenient, that is,
near RT, Ty of CoO, and the large exchange-bias field exhibited by these materi-
als. From the technological side, exchange-bias effect in Co—CoO nanoparticles
has been investigated in order to beat the superparamagnetic limit and to im-
prove the thermal stability in nanometric magnetic recording elements [137].
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3
Dichroism in X-ray Absorption for the Study of
Antiferromagnetic Materials

Jan Vogel and Maurizio Sacchi

Since the first predictions and experiments on polarization-dependent X-ray ab-
sorption in magnetic materials around 1980, X-ray dichroism has developed as an
important tool for the study of element-specific magnetic properties in bulk materi-
als, thin films, and nanostructures. Many experimental techniques exist to measure
the magnetic properties of materials, but only a few can provide element-selective
information on magnetic multilayers or on antiferromagnetic (AF) materials. One
of these techniques is X-ray magnetic dichroism in X-ray absorption, the depen-
dence of the absorption spectra on the polarization of the incoming X-rays due to
the local symmetry of the magnetic and electronic properties. The element selec-
tivity is obtained by tuning the X-ray energy to an absorption edge of the element
of interest. The energy of these edges is strongly related to the binding energy of
the excited core electron, characteristic for each element. The most frequently used
absorption edges are the L, 3-edges of the 3d transition metals (TM) (dominated by
2p — 3d excitations), the M, s-edges of the rare earths (RE) (3d — 4f excitations)
and the K-edges of the TM (1s — 4p excitations). The L, 3 and My s-edges, involving
direct transitions to the magnetic 3d and 4f levels, are located in the soft X-ray
range (500-2000eV) and exhibit very high X-ray absorption cross sections. This
allows very thin layers (a fraction of a monolayer) or very diluted materials (less
than 1% atomic fraction) to be measured. Two main types of X-ray dichroism can
be discerned. The most commonly used is X-ray magnetic circular dichroism or
XMCD, the difference in absorption of left circularly polarized (LCP) and right
circularly polarized (RCP) X-rays. XMCD sum rules can be used to obtain accurate
information on the spin and orbital contributions to the magnetic moment in an
element-selective way [1, 2]. XMCD measures the projection of the spin and orbital
moments on the incoming X-ray direction, and is therefore a very powerful tool
for the study of ferro- or ferrimagnetic thin films. However, it does not provide
information on AF order. This information can be obtained with X-ray linear
dichroism or XLD, the difference in absorption of linearly polarized X-rays with the
polarization vector parallel and perpendicular to the quantization axis. Other than
to AF order, XLD is sensitive also to ferro(ferri)magnetic order and to crystalline
electric fields with lower than cubic symmetry, making it sometimes hard to discern
between the different origins. Historically, the first prediction of X-ray dichroism
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was made by Erskine and Stern [3] but the first experimental proof was given by
Van der Laan and coworkers [4] 10 years later. They used the huge linear magnetic
dichroism in RE M, s-edges predicted by Thole et al. [5] to study the magnetic order
in Tb—Fe garnets. The first experimental proof of XMCD was provided by Schiitz
et al. [6] for the K-edge of Fe. An exponential increase in the use of this technique
started when sum rules were derived that relate the XMCD signal to the orbital and
spin part of the magnetic moment for each element separately [1, 2]. This made
it possible to quantitatively relate the orbital magnetic moment and its anisotropy
to magnetocrystalline anisotropy [7]. It was also used to demonstrate an increase
in the orbital magnetic moment, due to a decrease in quenching by the crystalline
electric field, going from bulk materials to thin layers to small clusters [8]. The
element selectivity was exploited to show the small proximity-induced magnetic
moments in otherwise nonmagnetic materials like Cu [9] or Pd [10].

Linear X-ray dichroism was first used to reveal magnetic effects [4] and crystalline
electric field effects [11, 12] on the ground state of RE ions. A first example of
linear X-ray dichroism induced by AF order was shown for hematite (Fe,Os) using
the Morin transition where the magnetic moments rotate by 90° [13]. It was later
used to investigate spin—spin correlations [14] and the thickness dependence of
the Néel temperature in thin NiO layers [15]. This last paper gave rise to a large
number of studies using XLD for the study of magnetism in bulk and thin-layer
NiO, using either spectroscopy or magnetic imaging using photoemission electron
microscopy (PEEM). Many of these examples are treated in this book.

In this chapter, we first give a theoretical basis for X-ray absorption and dichroism.
After a general introduction to X-ray absorption and how it is measured, we discuss
the selection rules that give rise to the polarization dependence of X-ray absorption.
Approaches to dichroism using multiplet theory and band structure effects are
both treated. In the next part, we discuss sum rules for both circular and linear
X-ray dichroism. We then turn to the application of linear dichroism to magnetic
and crystal-field-induced effects in ferromagnetic, ferrimagnetic, and AF materials.
We conclude with a discussion of the most recent developments in this field.

3.1
X-ray Absorption and X-ray Dichroism

X-ray absorption spectroscopy (XAS) using synchrotron radiation is a well-
established technique providing information on the electronic, structural, and
magnetic properties of matter. In X-ray absorption, a photon is absorbed by the
atom, giving rise to the transition of an electron from a core state to an empty state
above the Fermi level. The absorption cross section depends on the photon energy
and on the measured element. To excite an electron from a given core level, the
photon energy has to be equal or higher than the binding energy of this core level.
A new absorption channel becomes thus accessible when the photon energy is
scanned from below to above this core-level energy. The energies of the absorption
edges therefore correspond to the core-level energies, which are characteristic for
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each element, making X-ray absorption an element-selective technique. In the
dipole approximation, the cross section for X-ray absorption can be written as

W o > (Dl - FID) P8k E o (3.1)
q

where ®; and ®rare the initial and final states of the absorbing atom, the §-function
accounts for the conservation of energy, 7 is the position operator of the excited
electron, and &; is the polarization vector of the incoming X-rays. The origin of
X-ray dichroism lies in the dependence of the absorption cross section on this
polarization vector. The X-rays can be RCP (q = —1), LCP (q = +1), or linearly
polarized with the polarization vector along the quantization axis (q = 0). Linearly
polarized X-rays with the electric vector perpendicular to the quantization axis
can be represented as a coherent superposition of circularly polarized waves with
opposite helicity (3 = £1). In the dipole approximation, by absorbing a photon,
electrons can only make transitions that do not change their spin (As = 0) and
change their orbital number by 1 (Al = +1). An electron that is initially in the
1s-level can undergo a transition to empty p-levels, 2p electrons can go to empty s
or d-levels, and so on.

In this chapter, we mainly consider L,; edges in TM (dominated by 2p to 3d
transitions) and Mys edges in RE (dominated by 3d to 4f transitions). The L, 3
edges are particularly important for TM-based AF oxides. Two extreme approaches
for describing the X-ray absorption process can be considered. The first one, called
one-electron approximation, considers only the electron that is excited from a core
level to an empty state above the Fermi level. The interaction with the other
electrons and the core-hole is neglected in the first approximation. In that case,
the absorption spectrum should look like the partial empty density of states. Band
structure calculations and multiple scattering calculations can be used to simulate
the X-ray absorption spectra. These calculations give quite accurate results for the
X-ray absorption spectra from deep core levels to delocalized empty levels, like, for
instance, the K-edge absorption spectra of TM. They have also been used for the
L,3 edges of metallic TMs, but in that case correlation effects have to be taken
into account to obtain accurate results for the shape of the dichroic spectra. When
intra-atomic electron—electron and electron—hole interactions are more important
than the interaction with the environment, the basis for simulations of the X-ray
absorption and dichroism spectra is given by atomic multiplet calculations. In
that case, the electron—electron and electron—hole correlations are taken into
account explicitly. The environment can then be simulated by taking into account
crystal-field and charge-transfer effects on the atomic multiplets [16]. The origin of
X-ray dichroism in these two approaches is explained in Sections 3.1.1 and 3.1.2.

3.1
X-ray Magnetic Circular Dichroism in the One-Electron Approximation

In general, band-structure effects play a fundamental role in the shape of spectra
of metallic TM, and a one-electron approach is often used to treat the excitations.
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Table 3.1 Basis states of the 2py/; and 2ps); levels and the
corresponding spherical harmonics.

Spherical harmonic

1yt V2l
AVt B

[NIE

% A V3
%’_%) %YlT—l'F\/LleLO
3:3) v,

3:3) %Yﬁ)"‘%yﬁ
%’7%) %Yf1+%Y1¢0
[3.-3) v,

A semiclassical approach to X-ray dichroism at the L, ;-edges, taking into account
relativistic effects (spin—orbit (SO) coupling) in the initial p-state of the electron
but not in the d-state, was given in 1975 by Erskine and Stern [3]. After the first
experimental proof of XMCD in the L, ;-edges by Chen et al. [17], this model was
refined by Smith et al. [18] and Stohr [19] to include SO coupling in the d-band.

The relativistic basis states | j, m;) for the p-levels are given in Table 3.1, as well
as their representation using spherical harmonics Y},,. It is quite straightforward
to calculate the transition probabilities from p to d levels using these spherical
harmonics. For example, if the 3d-level is not SO split, the transition from the
|%, %) state in the 2p;;,; manifold to the 3d-states, for LCP light, is given by
d = |(3d] (xti)’) 12py)5(3, 3))1% If we assume that the final states can be treated
incoherently, that is, the final state is an incoherent sum of the different Y, (1 = 2)
states, then this transition can be written as

2 2

(x+iy) (4 in)|VZ,

o e 5
Here we have used the dipole selection rules Am; = +1 for LCP light, and As=0
(constant spin). R is the integral R = [1*R,(r)Ra(r), where R,(r) and Ry(r) are the
2p and 3d radial wave functions. The dlpole matrix elements for transitions from a

R (3.2)

R* + KYZ{Z

state with angular momentum [ to a state | 4 1 are given in the Bethe and Salpeter
equation (BS), Chapter 4 [20]:

(x +1y) A+ 2)(+m+1)

<l +lmt 1’ mal ml> - \/ 22+ 3)2+ 1) (3:3)
(¢ —iy) B t—m+2)(—m+1)

<l L= 1’7 h m’> - \/ 2020+ 3)20+ 1) G4

For the above-mentioned example with @, this gives ® = }|BS(l=1,m; =
0)]?R? 4+ 2|BS(l = 1,m; = 1)]?R? = 11R? + 22R? = 1R Ttcan be easily calculated
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that in the case of a nonmagnetic material where the number of empty spin-up
and spin-down states is equal, the integrated absorption is the same, at both edges,
for LCP and RCP light. If the spin-up states are completely filled, as is the case
of strong ferromagnets like Ni and Co, only spin-down electrons can undergo a
transition and only the Y¥-parts of the wavefunctions have to be taken into account.
In that case, the intensity of the Lz-edge using LCP light is given by

(¢ + iy) (¢ + Ly
‘<Yzl,z Y1 1 RZ + Yzi,l f v} 0
22 1 1 1
RR=ZZR4+--R=-R 3.5
35 35 3 (3-5)
while RCP light gives 2L R?+ 11R> = {R*. At the L3 edge, LCP light gives

(32+214 1)R* = 1R?, while RCP hght gives (& + 21 4+ 2)R? = 3R2. The
total absorption at the L,-edge is $R? and at the L3-edge & RZ, giving the expected
branching ratio L3 : L, =2 : 1 for unpolarized light in the absence of SO coupling
in the 3d-band [21]. The difference LCP — RCP is 3R* at the [, and —2R” at the
Ls-edge, giving a branching ratio for the dichroism of L3 : [, = —1: 1.

A more intuitive idea of the origin of XMCD can be obtained if we look separately
at the spin-up and spin-down parts of the wave functions, using a two-step
model [19] In the case of a final state without spin splitting LCP light excites

11R?+ 2L R* = R’ spin-up and ZR*+ 11R* = 1R’ spin-down electrons at
the L,-edge. So at the L,-edge, LCP (RCP) light excites 75% (25%) spin-up and
25% (75%) spin-down electrons. At the L;-edge, 37.5% (62.5%) spin-up and 62.5%
(37.5%) spin-down electrons are excited by LCP (RCP) light. In a nonmagnetic
material, the absorption of LCP and RCP light is the same, but as soon as there
is an unbalance in the number of available empty spin-up and spin-down states,
the absorption of the two polarizations will be different, with a difference that is
opposite at the L, and L3-edges.

3.1.1.1  Spin-Orbit Coupling in the d-Band

For a complete relativistic description of X-ray dichroism in the one-electron model,
SO coupling has to be included also in the d-band. SO coupling will split the d-band
in ds; and ds;; where the latter has the lowest energy. A partly filled band will
therefore contain more empty ds,-states, which will favor L;-edge absorption with
respect to the L,-edge (2p1/, — ds, transitions are dipole-forbidden). The L3 : L,
branching ratio will therefore increase, both in the total X-ray absorption and in
the XMCD. In particular, this means that the integrated XMCD signal will not be
zero anymore in the presence of SO coupling in the 3d-band. It has been shown
by Thole et al. [1] that the integrated XMCD intensity is actually proportional to the
3d orbital moment, as discussed in Section 3.2.

3.1.1.2 Core-Hole and Other Many-Body Effects

Deviations from the statistical 2 : 1 value of the L; : L, branching ratio can occur
when the energy of the 2p SO coupling is reduced, as it happens going toward lighter
3d-elements, and becomes comparable to the energy of the Coulomb interactions
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between two 3d electrons and between a 3d electron and the 2p core-hole. In light
3d TM, the branching ratio often seems closer to 1, regardless of the SO coupling
in the 3d-shell. Actually, this observation expresses a more fundamental problem,
that is, that one can no longer define an L3 and an L,-edge, since none of the
transitions correspond to a pure 2p3;; or 2pyj; core-hole in the final state. This
has important consequences for a sum rule, which permits to calculate the spin
magnetic moment from dichroism spectra, as discussed in Section 3.2.2.

Even for the TM at the end of the series, more intensity is present at the onset
of the absorption edge than would be expected from band structure. The presence
of a core-hole in the final state actually attracts electronic states to the Fermi level,
shifting absorption intensity to the edges.

Many-body effects play a role in the ground state as well. In Figure 3.1, we
show the absorption and dichroism at the L, 3-edges of Ni-metal. While the satellite
at 6eV in the L3-edge absorption spectrum could be reproduced by one-electron
calculations [22], this is not the case for the satellite at 4 eV in the XMCD. Several
groups [23, 24] used a many-body configuration interaction approach, in which the
electronic state of Ni is described as a superposition of different 3d" configurations.
Using an Anderson impurity model, the ground state of an Ni atom can be described
by a superposition of 3d®, 3d°L and 3d'°L? configurations with different weights
(where L denotes a hole in orbitals on neighboring sites). With this model, the
experimentally observed L; to L, ratios could be reproduced, as well as the satellites
in the XMCD curve, which were shown to be due mainly to the contribution of the
3F term in the 3d® ground-state multiplet [23]. Using the same type of calculations,
van der Laan showed [25] that the peak asymmetry in the 2p circular dichroism

35—l 111
3.0

2.5 7

2.0
1.5

1.0 1

0.5

Normalized XAS and XMCD

0.0 — e

0.5 Y

_1 0 L 1 ’ I of 1 . T L 1 L T x I g T
850 855 860 865 870 875 880 885
Photon energy (eV)

Figure 3.1 Spectra of Ni metal taken with left (1) and

right (u™) circularly polarized X-rays, together with the
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3.1 X-ray Absorption and X-ray Dichroism

signal of magnetic 3d metals strongly depends on the d count and is inversely
proportional to the spin polarization.

3.1.2
XMCD in the Strongly Correlated Limit: Multiplet Effects

The first experimental proof of X-ray dichroism was given for the M, 5 absorption
edges of RE materials (or lanthanides) [4]. These results were obtained after the
theoretical prediction of large magnetic effects on the polarization dependence of
these absorption edges, dominated by the 3d — 4f transitions. The 4f states in the
lanthanides are strongly localized and partly screened from the environment by
the delocalized 5d and 6s electrons. The electronic levels of the lanthanide ions are
primarily determined by Coulomb interactions, followed by SO interactions. In first
approximation, the 3d — 4f transitions can thus be described in a purely atomic
multiplet model. Magnetic and crystal-field effects can then be treated as small
perturbations. For the L3-edges of ionic TM like TM-oxides crystal-field effects
and the (chemical) interaction with the environment are much more important
and cannot be treated as small perturbations anymore.

In the case of (quasi)atomic transitions, the wavefunctions in Eq. (3.1) can be
written using spherical harmonics characterized by the quantum numbers |, M
and J', M’ for the initial and final states, respectively. In this case, the absorption
cross section is given by

W=

q

2
€q T

<]'M1f ]MJ>

2
_ ;o1 7
- ;( —M; g My )
(] lleg - FILDI? (3.6)

The matrix element has been separated in an angular part (the squared 3 J-symbol)
and a radial part, using the Wigner-Eckarts theorem. The radial part |{ J'| 12, - 7|| ]) |2
gives the spectral intensity of the transition. The dependence of the absorption on
the light polarization comes from the dependence of the 3J-symbol on M and q. The
3J-symbol is nonzeroonly if | J — 1| <] <J+ landq= AM = M; — My =0,+1.
Linearly polarized light with its polarization vector parallel to the quantization
axis (defined, for instance, by an external or internal magnetic field) gives rise to
transitions with g = 0, while ¢ = +1 (g =—1) transitions are induced by left (right)
circularly polarized light propagating parallel to the quantization axis.

In spherical symmetry, the ground state given by Hund’s rules is (2] + 1)-
degenerate and all M; (—] < M; < ]) levels are equally occupied. It can be shown
that in this case the light polarization does not have an influence on the absorption
spectra [26]. A magnetic field (internal or external) can lift this degeneracy and
split the ground state in Zeeman levels with different values of M; and at low
enough temperature these different levels will be unequally occupied. The simplest
case is given by the Mys-edges of a Yb** ion (3d!%4f® in the initial state) in a
magnetic field [27]. This field will induce a Zeeman splitting of the 2Fy/, ground

state in 15 levels with M; = —%,—%,—%,...,% and energy up gHM;j, where up
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Table 3.2 Values of the 3J-symbols as a function of AJ and q.

Allq -1 0 +1
1 U= —@-)Mim? I Vo JU=nter-Mim?
2J2J+1)(2]-1) J@J+1)2]-1) 2J2J+1)@2)-1)
0 JU+)-M-M? M2 JU+)+M-M?
2]+ 1) @+ 1)) 2J@J 1))
11 U+ U+2)+2]+3)M+M? J+1)2-M? U+ +2) - 2]+3)M+M?
2(2]+3)(2]+1)(J+1) 2(2]+3)(2J+1)(J+1) 2(2]+3)(2J+1)(J+1)

is the Bohr magneton, g is the Landé factor for the considered RE and H is the
magnetic field strength. At zero Kelvin, only the level lying lowest in energy,
My = —%, will be occupied. The final state after absorption has the configuration
3d°4f', with only one possible energy level characterized by the term symbol *Ds 5,
with —% <M; < % Therefore, at zero Kelvin, only transitions with AM = +1 are
possible and only LCP light, or linearly polarized light with the polarization vector
perpendicular to the magnetic field will be absorbed. At higher temperatures, the
other Mj-levels will be occupied according to a Boltzmann distribution, and the
other transitions (first AM = 0 for M; = —2, then also AM = —1 for M; = —3)
become possible. However, a dependence of the absorption on the polarization will
persist up to temperatures for which kT >> uogH.

Using Table 3.2, one can see that the difference between the transitions for
g = —1 and g = +1 (circular dichroism) is proportional to (Mj) and thus to the
magnetic moment ([M| = (M) jiog;). The difference between g = 0 and g = £1
(linear dichroism) is proportional to <sz> — 1J(J + 1) or to the deviation from the
statistical value of (sz). Linear dichroism is thus sensitive to magnetic order, but
it cannot give the sign, or the direction, of magnetic moments. However, it can be
very useful for the study of antiferromagnetism, as shown in Section 3.5. Moreover,
in contrast to XMCD, linear dichroism is also sensitive to crystalline electric fields
with a less than cubic symmetry. This often limits the interest in linear dichroism
for the study of the magnetism of RE, since for many magnetic materials based on
RE, the RE ion is in a low-symmetry crystalline environment.

3.1.2.1 Ligand Field Atomic Multiplet Calculations

When the effect of the environment (neighboring atoms, magnetic fields) cannot
be considered a small perturbation with respect to intra-atomic effects, the purely
atomic model mentioned above cannot be used anymore. With the exception of
the case of RE, crystal or ligand fields have to be treated on the same footing as
SO coupling and intra-atomic Coulomb interactions. This is especially the case for
compounds of 3d TMs, which represent a class of materials of large interest for
magnetic dichroism studies. Owing to the importance of the 3d electrons in the
chemical bonding in these compounds, the ground and excited states (2p®3d” and
2p°3d™*1) at the I3 absorption edges must be calculated taking the crystal field
into account explicitly [16].



3.1 X-ray Absorption and X-ray Dichroism

In a first approximation, the crystal-field model considers the TM as an isolated
atom surrounded by a distribution of point charges that represent the neighboring
atoms in a solid or molecule. This simple model has been used with success to
explain optical spectra [28] as well as X-ray absorption spectra [29]. Many of the
features of these spectra are mainly determined by symmetry considerations, which
has made the use of group theory in the crystal-field model very efficient. Group
theory is used in crystal-field theory to translate, or branch, the results obtained
in atomic symmetry to cubic symmetry and then to any point groups with lower
symmetry (see, e.g., [30]). The use of group theory has allowed to considerably
simplify the calculations in the crystal-field model and thus to decrease the
calculation times. With current computer speeds, it becomes possible to perform
ab initio calculations in any geometry, without using group theory considerations
(see, e.g. [31]).

The crystal field model was initially developed by Yamaguchi et al. [32] and later
generalized by Thole, van der Laan, and coworkers [5, 33, 34]. The crystal-field
Hamiltonian contains intra-atomic interactions as well as perturbation terms.
Typical parameters that can be adjusted to fit experimental results are reduction of
the intra-atomic Slater integrals (to mimic hybridization), the local exchange field,
and the symmetry and strength of the crystal field.

3.1.2.2 Charge-Transfer Effects

Charge-transfer (CT) effects are the effects of charge fluctuations in the initial and
final states. In the atomic multiplet and crystal field multiplet models, a single
electronic configuration is used to describe ground state as well as final states. In
order to take charge fluctuations into account, one can perform calculations for
different electronic configurations and combine them coherently, that is, summing
amplitudes (with given weights) then taking the square modulus, rather than
summing the intensities pertaining to each contribution. The ground state of
Ni** in NiO, for instance, can be presented as a weighted sum of 3d® and 3d° L
configurations, where L represents a hole on the ligand site. The energy difference
between these two configurations is determined by the charge-transfer energy A.
For NiO, this means that an electron has been moved from the oxygen 2p-valence
band to the Ni 3d-band. In many cases, two configurations will be enough to explain
the spectral shapes, but, in particular, for high valence states it can be important to
include more configurations. For TM spectra for which a 3dN*2 L2 configuration
is included, its energy is 2 A + Uy, where Uy, is the correlation energy between
two 3d-electrons [35], induced by Coulomb and direct exchange interactions. Uy is
the energy difference one obtains when an electron is transferred from one metal
site to another, that is, a transition 3d"N + 3dN — 3d"*! + 3dN~!. The number of
interactions between two 3d"N configurations (N?) is one more than the number of
interactions between 3dM*! and 3dN~! (N + 1)(N — 1) = N? — 1), implying that
this energy difference is equal to the correlation energy between two 3d-electrons.
The main effects of CT on the X-ray absorption spectral shape are the formation of
small satellites and the contraction of the multiplet structures.

77



78

3 Dichroism in X-ray Absorption for the Study of Antiferromagnetic Materials

The formation of small satellites or even the absence of visible satellite structures
is a special feature of X-ray absorption spectroscopy. Its origin is the fact that X-ray
absorption is a neutral spectroscopy and the local charge of the final state is equal
to the charge of the initial state. This implies that the screening in initial and final
states is similar, leading to weak charge-transfer satellites.

The contraction of the multiplet structure due to CT can be understood assuming
two multiplet states split by an energy 8. They both mix with a CT state that is
positioned at an energy A above the lowest energy multiplet state I, and thusat A — §
above the second multiplet state II. Assuming that the hopping terms are the same
for states I and II, CT will lead to the largest energy gain for the state having an
energy closest to CT. State IT will thus gain more energy by CT than state I, leading
to a reduction of § and thus to an apparent compression of the multiplet.

For further reading on multiplet calculations for X-ray absorption, the reader is
referred to books by Cowan [36] and by Kotani and De Groot [16]. In Chapter 4,
extensive use of multiplet calculations is made.

3.2
Sum Rules for X-ray Dichroism

The integrated intensities of the absorption and XMCD spectra can be used to obtain
quantitative magnetic information on the absorbing atom. In the beginning of the
1990s, sum rules were derived that directly relate these experimental intensities
to the ground-state expectation values of the orbital [1] ((L,)) and spin [2] (2(S;))
magnetic moments. The subscript z indicates that the components of the total
momenta projected on the propagation direction of the X-rays are measured. Given
the element and symmetry specificity of X-ray absorption, these sum rules provide
element- and symmetry-specific information, that is, at the L,3 edges of TMs
the local 3d momenta are measured, while the My s edges of RE provide the 4f
momenta.

3.2.1
Orbital Moment

In Section 3.1.1.1, it was mentioned that in the simple one-electron model the
orbital moment is proportional to the total integrated intensity of the dichroism
curve. The mathematical derivation hereof was given by Thole et al. using graphical
methods for angular momentum algebra [1] while alternative derivations were
given by other authors [37]. The general form of the orbital sum rule is given
below:

200+ 1)414+2—n) J_ ol =w)
. + +2—n JtH
(L) = Ii4+1)+2—c(c+1) x [ dot +pn + 1o (37)
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3.2 Sum Rules for X-ray Dichroism

In this formula I is the orbital quantum number of the valence state, ¢ that of the
core state, n is the number of electrons in the valence shell, j* (j~) corresponds to
thec + 1(c — 1) absorption edge and 11 *, ™, and ;1 are the absorption coefficients
for LCP light, RCP light, and light that is linearly polarized with the polarization
vector parallel to the quantization axis. For L 3-edges, | = 2 (3d) and ¢ = 1 (2p),
giving
(10 —n)

[ do(ut + p= + p0)
L3+

(L) = 2(ALs + ALy) x

(3.8)

In the absence of XLD (which is usually very small in metallic TM systems [38]),

w® will be the average of ™ and u~ and [ do(ut + 1~ + u°) can be obtained
L34L

from the experimental spectra subtractinsg a2 proper background accounting for

transitions other than 2p — 3d (like p — s). The number of electrons in the valence

shell (n) is usually obtained from band-structure calculations. A procedure to use

the sum rules on experimental spectra has been given, for example, by Chen et al.

[39].

The orbital sum rule has been used to show an increase in the orbital moment
at interfaces [40], surfaces [41], for impurities [42], and small clusters [8]. It
has also provided a first experimental proof [7] for the relation between the
magnetocrystalline anisotropy and the anisotropy in the orbital moment predicted
by theory [43].

3.2.2
Spin Moment

The sum rule for the spin moment was given in 1993 by Carra et al. [2]. Its general
form is

3c(4l+2—n)

(Sz) = ]
(+1)—2—cc+1)
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i* Il _
[ do@pt+u—+u0)
A (3.9)

1))+ 2e(41)-4)3ele— 1) (c+2)2
Glc(F D) (A 2—n) (Tz)

At the L, ; edges this gives

(S.) = >(ALs — 2 ALy) 10=n)
z —2 3 2 f da)(/L++M_+lL0)
L3+

—3.5(Ty) (3.10)

(Tz) is the expectation value of the magnetic dipole operator T = ) (s; — 31;(r; -

1
si)/r?). It may be noted that in the sum rule for the spin moment the difference
between the integrated intensities over L3 and L,-edges is needed, unlike for
the orbital sum rule where the sum over the two edges (and thus the total
integrated intensity) is used. In order to determine these two integrated intensities
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unambiguously, the 2p SO coupling, which induces the separation between the L;
and L,-edges, should be much larger than the Coulomb interactions in the final
state. This is not the general case for 3d-TM, but at the end of the series, where the
SO coupling is largest, the error becomes relatively small (<5% for Ni [2]).

The term (T) is due to an anisotropy in the spin moment, and can be induced
by an anisotropic charge distribution around the atom (corresponding to a charge
quadrupole moment [44, 45]) or by the SO interaction. The first contribution is
zero in bulk systems with cubic symmetry, but can be enhanced at surfaces and
interfaces [46], where the cubic symmetry is broken. The contribution due to the
SO interaction is small in 3d metals (small SO coupling) but larger in 4d and 5d
metals. It is especially large in 4f metals (RE) where it is the dominant contribution,
but in this case an analytical expression for T can be found [2, 47].

Though T does not contribute to the magnetic moment L + 25, it contributes to
the magnetocrystalline anisotropy energy (MAE) [45]: § E ~ —%{S\~ (LYY — (LH] +
ASEZeX [%g (T) + 2((L, S;)z)]. The orbital magnetic moment as measured with
XMCD is given by (L¥) + (L"), which is equivalent to (L¥) — (L") only if (L") = 0,
that is, when the spin-up band is filled (like in Ni and Co metal).

3.2.3
Sum Rule for Linear Dichroism

In the general case, the MAE is not proportional to the orbital moment anisotropy
but to the anisotropy in the SO interaction, as has been shown by Van der Laan
[48]. He developed a sum rule that relates the SO anisotropy to the XLD in X-ray
absorption. The two major methods to measure XLD, the difference between
absorption spectra with PLM and P || M, are by (i) keeping the magnetization
direction fixed and turning the linear polarization vector or (ii) keeping the linear
polarization vector fixed and turning M. The latter may be difficult when the
magnetic anisotropy (induced by magnetostatic and magnetocrystalline effects)
is large, but the dependence of the dichroism on the SO anisotropy will be
enhanced. In AF materials, it is even harder to rotate the magnetization vector
away from the easy axis, but this can happen naturally by the exchange coupling at
a ferromagnetic/AF interface, for example, [49]. In this case, the dependence of the
absorption spectra on the angle between magnetization and crystallographic axis
has to be taken into account explicitly [50].

Van der Laan showed [48] that the anisotropy in the SO interaction (A, ) can be
obtained by measuring the difference in branching ratio B (Ls3/(L; + L3) for the L, 3
edges) for PLMand P | M:

_AB-(m)

) ¥ (3.11)

where B, is the statistical value for the branching ratio, which is 2/3 for the
L, 3-edges. Using this formula, Dhesi et al. [51] have given the following formula



3.3 Experimental Determination of X-ray Absorption

for the MAE
{)\,a . ﬂAIg — ZAILZ
2 24 I, +1,
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where ny, is the number of holes in the 3d-band, ¢ is the radial part of the SO
interaction and I I3 and AT 1,3 are the integrated intensities over the L, ;-edges of
the XAS and XLD spectra, respectlvely Dhesi et al. used the element specificity of
this technique to determine separately the MAE of Co and Fe in Co/Fe bilayers
[51]. In metallic 3d TM, the SO anisotropy, and thus the XLD, is generally small,
smaller than 10% even for materials with a strong MAE like thin Co layers with
perpendicular magnetic anisotropy [7, 48]. Also, in AF oxides the integrated signal
over the L3 and L, edges is generally small, but large effects can be observed within
one SO split edge like is the case, for instance, at the Ni L, edge of NiO.

3.3
Experimental Determination of X-ray Absorption

Measuring the absorption coefficient over the so-called soft X-ray range of photon
energies (roughly, 50-2000eV) presents peculiar technical aspects that have to
be considered carefully. Normally, a measurement of the intensity impinging on
the sample, Iy(E), and of the intensity transmitted through it, I(E), allows one
to determine the energy-dependent linear absorption coefficient u(E) : w(E) =
In[Io(E)/I(E)]/t, t being the sample thickness traversed by the X-rays. In the soft
X-ray range, though, this approach is seldom used because the very high absorption
coefficients require samples and substrates that must be extremely thin and, at the
same time, homogeneous. One prefers to rely upon indirect methods that measure
secondary products of the absorption process, typically electrons and photons, the
former being by far the more common of the two.

Collecting the total electron yield (TEY) or, equivalently, the sample drain
current is a simple way of measuring a soft X-ray absorption spectrum. In spite
of its widespread use, a careful analysis of the limitations of interpreting TEY
measurements in terms of absorption spectra is not always carried out and the
use of TEY data often relies on the implicit but unsupported assumption that they
simply measure the absorption. Another common notion about TEY is that it has a
large probing depth d (values in excess of 20 nm are often cited). This assumption
comes from the fact that TEY deals mainly with very low energy electrons (a few
electronvolts) which have, according to the so-called universal curve [52, 53], a very
large inelastic mean free path (IMFP) in solids. We performed several experiments
[54, 55] in order to directly test the reliability of this assumption. The outcome is
that if 10 nm can represent a correct estimate of d for a limited number of materials
(e.g., SizNy), such value has no universal applicability. Our results, supported by
the work of other authors [56, 57], show, for instance, that iron and nickel in their
metallic form have d = 1.5nm and d = 1.8 nm, respectively, while values as low
as 1nm have been measured in RE [55]. Finally, a specific study dealing with the
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determination of TEY probing depth in hematite and magnetite iron oxides [58]
led to values of d = 3.5nm and d = 4.5 nm, respectively. A first conclusion that
could be drawn from these studies is that TEY is not as bulk sensitive as it was
claimed in the past: a probing depth of a few nanometers is not always sufficient
for neglecting surface effects safely. Moreover, the TEY probing depth is strongly
material dependent and, to make things worse, no reliable model has been found
yet for an accurate prediction of its value in a given material.

The knowledge of the exact value of d is very important in the evaluation
of angular-dependent saturation effects in TEY-detected absorption spectra. It is
particularly important to account for these effects in XLD experiments, where often
it is required to compare spectra obtained in different beam-to-sample geometries.
Saturation occurs when the measured TEY signal is no longer proportional to
the absorption cross section and the intensity of prominent peaks is reduced or
“saturated.” The TEY intensity for an infinitely thick sample can be written as

o, E 7Ad 3.13

@B = A Esina (3-13)

where A is the number of electrons produced per absorbed photon, « is the angle

of incidence of the X-rays defined relative to the sample surface, d is the probing

depth, and A(E) = 1/u(E) is the absorption length. When the condition [d << A(E)

sin «] is satisfied for a given «, the measured yield is inversely proportional to the
absorption length and thus proportional to the absorption coefficient:
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The proportionality constant is «-dependent, since the TEY intensity I(«, E)
varies as = due to the variation of the length of the photon path within the active

thickness d. Rewriting Eq. (3.7) as
A
csca + A(E)/d

I(, E)sina = (3.15)

I, E)sin « represents a normalized intensity per absorbing atom that is
a-independent as long as d/A(E) is much smaller than sin «. This condition will
be satisfied better for photon energies corresponding to weak absorption and/or
for high values of & (normal incidence of the photons). When changing the angle
toward grazing incidence, the approximation d < A(E) sin o progressively loses
its validity. Figure 3.2 illustrates how angular-dependent saturation sets in at the
absorption maxima of the L3 and L, edges of Fe in Fe;O,4. Similar data are shown in
Figure 3.6(a) for the Ni-L3;-edge in an NiO film. As expected, the departure from a
constant value of I(«, E)sin o appears sooner (i.e. closer to normal incidence) at L3
than at L,, since the former has a much stronger absorption coefficient. Equation
(3.8) indicates that, for a given angle, saturation effects depend on A/d. As both
quantities change when moving from pure metals to oxides, saturation effects are
expected to be, for a given element and absorption resonance, different for metallic
or oxide compounds [59]. However, a clear trend for different materials (oxides vs
metals) has not been identified yet. Finally, it is worth mentioning that the shorter
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than predicted probing depth of TEY is essential for a meaningful association
between I(«, E) and p(E). A d of some 20nm would be, for many materials,
of the same order of the minimum absorption length; under these conditions,
saturation effects would be unavoidable even at normal incidence [57], let alone as
a function of «. This is one of the major problems affecting the total fluorescence
yield detection mode, a photon-in photon-out process where the penetration of the
incoming photons and the probing depth of the outgoing photons are usually of
the same order of magnitude, leading to Ad ~ 1.

Another problem of using TEY on AF oxides is related to the insulating nature
of most oxides. At the absorption edges, the absorption cross section, and thus
the number of extracted secondary electrons, is particularly high. This can lead to
charging effects that are strongest at the maximum of the absorption, leading to an
apparent decrease in the measured absorption intensity. This effect is particularly
strong for oxide layers deposited on insulating substrates, like MgO. A reduction of
the incoming X-ray intensity and/or partly covering the surface with a conducting
layer may then be necessary to obtain reliable results.

3.4
Linear X-ray Dichroism in Rare-Earth Compounds

Since applications of X-ray magnetic dichroism to RE-based AF oxides are scarce, we
use other compounds to illustrate the potentials and limitations of the technique,
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keeping in mind that AF order would produce exactly the same XLD, but no
XMCD. As shown in Section 3.1.2, within the atomic approach, linear and circular
dichroism measure (3(M]2) — J(J + 1)) and (M; ), respectively. While (M; ) different
from zero can be related immediately to the presence of local magnetic order, the
interpretation of a nonzero (3<sz> — J(J + 1)) can be more subtle, since it can be
of nonmagnetic origin too. AF order, where (Mj) = 0, can be studied by XLD only;
it is therefore important to be aware of contributions other than magnetic that will
influence the outcome of linear dichroism experiments.

341
Fe,Tby_x Amorphous Thin Films

One of the first applications of magnetic dichroism to study thin films concerned
Fe,Tb;_, amorphous layers with perpendicular magnetization [60, 61]. RE/TM
amorphous films present peculiar magnetic properties, which have attracted great
interest in both fundamental and applied research [62]. Binary and ternary alloys
with different RE/TM ratios, when prepared in the form of thin films, can show
a large magnetic anisotropy with the easy axis perpendicular to the film plane.
Their application as high-density recording media was proposed many years ago,
triggering a large effort to understand the physical mechanism underlying and
controlling the macroscopic magnetic properties. Apparently, the simplified picture
of a “disordered” amorphous material does not apply: the large magnetic anisotropy
perpendicular to the film plane is driven by a structural anisotropy, that is, the
RE-RE, TM-TM and RE-TM distances are different in and perpendicular to the
film plane [63, 64].

Macroscopic magnetic measurements show that the net magnetic moments of
the RE and TM sublattices are antiparallel, the RE moments exhibiting a canted
structure [62] around the net magnetization direction. The size of the perpendicular
magnetic anisotropy depends on the film composition [65] and on the details of the
film preparation, like the temperature at which it was deposited [66].

In Figure 3.3, the spectra of the Ms edge of Tb at two different temperatures
are reported, taken with the linear polarization vector of the light perpendicular
(normal photon incidence, filled circles) and almost parallel (open circles) to the
direction of the total magnetization of the sample, that is, the surface normal.
The specific sample considered in Figure 3.3 has x = 0.18. The difference curves
between the two orientations are also reported, multiplied by an (arbitrary) factor
3, and compared to the theoretical dichroism obtained from atomic multiplet
calculations.

In the case of a pure Zeeman splitting, at very low temperature, only the M; = —6
level should be occupied, leading to a saturation value for , /(M ]2) of 6. However, the
value found for the sample in Figure 3.3 is only 4.85 at 35 K. Actually, the pure Zee-
man splitting is not a very accurate description of the real situation. The presence of
other perturbing fields, like crystalline electric fields (CEFs), leads to the occurrence
of complex magnetic structures and to a mixing of the | M;) atomic wave functions in
building up the perturbed level scheme. In a semiclassical picture, for the RE-TM
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Figure 3.3 Linear dichroism at the Tb Ms absorption edge
for FegyTbyg at 35 K and RT (300 K). Spectra are for normal
(e) and 10° incidence (°). The difference is multiplied by a

factor 3. Lines are the results of atomic calculations, using

(M)) as a fitting parameter.

alloys this can be represented by a situation where the Tb moments are lying on a

cone making an angle 0 with the net magnetization direction. The (MJZ) along this

direction is then given by (sz> = /(MJZ)max % cosf = 0 = arccos /(MJZ)/36.
This gives an average angular aperture 6 around the axis perpendicular to the
plane of 35° for x = 0.18. In principle, XLD could be related solely to CEF effects.
Complementary measurements using circularly polarized light are then necessary
to be sure that there is a net magnetic moment in the Tb sublattice, as was done
for the given Fe, Tb;_, sample [61].

The first example of XLD at the RE M, edges of ascertained nonmagnetic
origin refers to ultrathin RE layers grown on Si(111) and Cu(001) [11, 67]. An atom
adsorbed on a substrate experiences a strongly asymmetric environment with a
finite charge density on one side and vacuum on the other. The corresponding CEF
shows a dominant axis of symmetry perpendicular to the surface, which basically
determines the splitting of the free atom degenerate levels into a new perturbed
scheme. Various techniques can give information about CEF splitting, and notably
inelastic neutron scattering (INS), but, when a surface layer is to be studied, most of
them fail because of lack of sensitivity. However, thanks to the large cross sections
involved, measurements at the M, s edges of RE can be easily performed on layers
with submonoatomic thickness (less than 10'? at.cm™2).

We have used XLD to investigate the crystal-field-induced splitting on Er (*I;5/
ground state) [68] and Dy (®H;s),) ions deposited on the Si(111) 7 x 7 surface [11].
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The two sets of data could be explained coherently within a simplified model
supposing a CEF of Co,, symmetry, a result that gave experimental evidence to the
relation between crystal fields and XLD. Recently, the use of XLD in the analysis of
CEF has found renewed interest, with applications to single crystals [69].

These examples of soft X-ray dichroism in RE compounds illustrate how this
technique can produce results that are relatively easy to interpret in terms of local
and element-selective magnetic and crystal-field properties. XLD, in particular, pro-
vides information about ferromagnetic and AF order, as well as about crystal-field
effects. On one hand, this makes it more versatile than circular dichroism, which
is sensitive to FM order only. On the other hand, disentangling these contribu-
tions of different origin is not always trivial and can make the interpretation less
straightforward.

3.5
Magnetic Dichroism in TM Oxides

Applications of X-ray magnetic dichroism are more frequent for TM-oxides than
for RE-oxides. The interpretation scheme presented in Section 3.1.2 allows one to
treat SO coupling as well as magnetic and crystal-field perturbations on the same
footing. Calculations are more complex and rely on a higher number of parameters,
but they also offer a more direct way to account for the interplay between electronic
and magnetic properties. The first example of soft X-ray magnetic linear dichroism
applied to TM oxides was reported by Kuiper et al. in 1993 [13], investigating the
spin-reorientation (Morin) transition in hematite. Absorption data were collected
as a function of temperature around the transition temperature of 263 K, without
changing the relative orientation of the photon wave vector and the polarization
vector with respect to the crystal axes. Since no crystallographic transition occurs
in Fe;0; around 263 K, these measurements provided the first clear evidence of
magnetic XLD in an AF TM-oxide.

The experiment of Kuiper et al. aimed at a proof of principle, that is, at demon-
strating the interest and the potential of the technique, since the magnetic properties
of Fe,03 single crystals were well known in advance, but its role was fundamental
in inspiring further applications.

3.5.1
Magnetic Linear Dichroism in Thin NiO Films on MgO

One of the first applications in which XLD was used to obtain quantitative
information on AF materials was on thin NiO layers on MgO. The research
program started within a collaboration between the Universities of Groningen and
Nijmegen in the Netherlands. The peculiar characteristics of these AF samples,
whose thickness could be of a few atomic layers only, made them quite difficult to
analyze using conventional techniques and X-ray dichroism proved very powerful
for studying them. Measurements on NiO started in 1991 at LURE, analyzing
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the temperature and thickness dependence of XLD at the Ni-2p resonances
[70]. The analysis of experimental data found a strong support in the multiplet
theory developed by Thole, De Groot, and coworkers at about the same time,
which predicted that the L, edge of 3d° Ni** in NiO would be very sensitive to
magnetic order and, moreover, would provide dichroism measurements with an
unquestionable, internally referenced, signature for magnetic analysis.

The magnetic structure of NiO has been widely studied. The Bravais lattice of NiO
is simple cubic, with the Ni and O occupying face-centered cubic (fcc) sublattices.
Various techniques have been used to reveal the magnetic structure of bulk NiO to
be of type-II fcc, that is, ferromagnetic sheets of spins in {1,1,1} planes, which are
antiferromagnetically stacked along the (1, 1, 1) directions. In total, there are 12
distinct domains possible: four principal so-called T domains, corresponding to the
four possible (1, 1, 1) directions, which are themselves divided into three S-domains
corresponding to three possible (1, 1, 2) spin directions. If all these domains were
present in the measured thin layers, no magnetic XLD would be observed, since
(MJZ) would be equal in every direction. XLD could, however, still be caused by CEF
effects. In the bulk of NiO, the cubic symmetry inhibits CEF-induced XLD, but an
eventual effect can originate from the surface and from the interface with MgO,
where the cubic symmetry is broken. A rather larger XLD induced by crystal fields
was observed, for instance, for a monolayer of NiO sandwiched between Ag(100)
and MgO(100) [71].

3.5.1.1 Calculations

Initial theoretical studies of the L3 edges of NiO with cluster and multiplet
calculations including the crystal field showed a good overall agreement with
experimental spectra [4]. The Ni (2p° 3d°) final states are dominated by the 2p
SO coupling, which splits the spectrum into two parts, roughly corresponding to
states with a 2p3;; and a 2py; core-hole (the L3 and the L, edge, respectively). Both
edges consist of a multiplet, whose detailed shape is determined by the crystal
and magnetic fields and the final-state pd-Slater integrals F2 & G! Q and G3 a F¥ d

pd” p pd p

and G 4 represent the direct and exchange parts of the electrostatic interaction

between the p and d holes. Since divalent Ni in the final state contains only one
d and one p hole, dd and pp correlations do not have to be considered [72]. The
calculations presented in Figures 3.4 and 3.5 were performed with a version of
Cowan'’s program [36], modified by Thole et al. [S] to include crystal-field effects in
any desired point group. The spectra are calculated for O, symmetry, using a value
of 10 Dg = 1.65 eV. The Hartree—Fock Slater integrals were scaled down to 80%
of their atomic values to account for hybridization effects in the solid state [72].
Magnetic effects were introduced using an exchange field acting on the 3d-orbitals.
This leads to an exchange term in the Hamiltonian equal to Hey = 1 (S;) J, where
n is the number of nearest neighbors (6 for Ni in NiO), (S.) is the spin—spin
correlation function, and J is the superexchange. With neutron scattering a value
for J of 19 meV has been obtained for bulk NiO [73, 74], a value which has also
been used for the calculations shown here. In fact, small changes in the line shapes
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Figure 3.4 (a) Theoretical L3 absorption spectra for Ni?*
at 0 K, with superexchange parameter /] = 19 meV and the
magnetic moments along the [1,1,2] equivalent directions.
The spectra are for perpendicular (top) and parallel (middle)
orientations of the [0,0,1] direction and the electric vector of
the linearly polarized light. (b) The L, edge in more detail.
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Figure 3.5 Experimental Ni L3 edges of 17 ML NiO/MgO,
at RT, with the linearly polarized light at normal and 15°
incidence. The experimental difference is compared to the
theoretical curves of Figure 3.4.

of the L, ; edges were observed for different thicknesses of the NiO layers, due to
modifications in the superexchange parameter J (see [14]). These changes, however,
do not influence the interpretation of the data presented here.

The calculated spectra for parallel and perpendicular orientations of light polar-
ization vector and net magnetization axis are shown in Figure 3.4. To account for
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lifetime effects, the theoretical line spectra were broadened with a Lorentzian of
8 = 0.4¢eV for the L; part, and of § = 0.50eV and § = 0.54¢€V for the first and
second peak of the L, part.

The increased broadening at higher energy originates from the decreased life-
time due to the opening of Coster—Kronig Auger decay channels. The spectra
were further convoluted with a Gaussian of § = 0.1eV to simulate the limited
experimental resolution. See [14] for more details.

3.5.1.2 Sample Preparation

The NiO films were grown on MgO(001) substrates, and details about the prepara-
tion can be found in [75]. Single-crystal MgO samples were cleaved ex situ, yielding
platelets of ~5 x 10 mm?. They were annealed for 4—16 hours, at 750°C, in an
ultrahigh vacuum (UHYV) system, to remove hydrocarbon contamination. The NiO
layers were grown in an UHV molecular beam epitaxy system with a base pressure
of less than 1071° torr. Ni metal was evaporated from alumina crucibles at 1300 to
1375°C, in a NO—NO; pressure of 1 x 107 torr.

During preparation, the quality of the films was monitored by reflection
high-energy electron diffraction, observing layer-by-layer growth. Low-energy elec-
tron diffraction (LEED) was used to check the surface structure of the films, while
X-ray photoelectron spectroscopy (XPS) measurements were performed to check
if the films were well oxidized. The resulting samples were very smooth, well
oxidized, and did not contain any nitrogen impurities. See Chapter 4 for more
details.

3.5.1.3 Experiment
Five NiO samples of different thicknesses (3, 6, 12, 17 and 50 ML, 1 ML =~ 4 A)
were used for this experiment. The samples were clamped on a copper plate,
attached to the cold finger of a liquid nitrogen cooled cryostat. Heating wires inside
the cryostat allowed to stabilize at any temperature in the range ~80 K =+ 650 K,
the temperature being controlled by two thermocouples, one of them placed at the
sample position and the other close to the heat source. The sample could be rotated
by 360°, with an accuracy of +1°, around the vertical axis, perpendicular to both
the propagation and the electric vector of the incoming light. With this mounting,
for every sample, at least three spectra, corresponding to different orientations of
the polarization vector and the surface normal (the [001] direction of the substrate),
were taken, at different temperatures.

In a second experiment, the 17-ML sample was mounted on a different sample
holder, where an additional azimuthal rotation of 360° could be performed, with
an accuracy of 2°, around the normal to the sample surface.

3.5.1.4 Results

In Figure 3.5 two spectra are reported, taken on the 17-ML sample at room
temperature (RT), with the polarization vector perpendicular (normal incidence)
and almost parallel (grazing incidence) to the [001] direction of the substrate. The
difference between the two is compared to the calculated one from Figure 3.4.
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Figure 3.6 (a) Ni L3 absorption edges of 17-ML
NiO/MgO(100) taken at RT for different angles of incidence.
Inset: L3 normalized intensity, fitted by using Eq. (3.6). (b)
The L, part of the same spectra.

It is evident that experiment and calculation match well, apart from the energy
region where the maximum L; absorption occurs. A more detailed angular depen-
dence for the L; and L, edges is given in Figure 3.6; while the L, edge exhibits
large changes in line shape and relative intensities of the two main structures, the
variations in the L; edge are dominated by saturation effects (see Section 3.3). This
is shown in the inset of Figure 3.6(a), where the maximum intensity versus angle
is reported. These experimental points were fitted using Eq. (3.6), giving a value of
AJdof 8 £ 1, which is much lower than the values found for Ni metal (A/d = 18 £ 2)
[76] and Dy (A/d = 11 +£ 1) [55]. This can partly be explained by the larger value of
the escape depth d expected for insulators [54], but for very grazing angles also the
increased reflectivity at the L;-edge has to be taken into account [77].

Because of the possible occurrence of saturation and other angular-dependent
effects, we decided to concentrate on the L, edge only. The cross section at L, is
much smaller than at the L; and the two peaks which build it up have more or
less equal intensity. The above-mentioned effects, which make the interpretation
of the changes in the L3 absorption rather hazardous, have therefore much less
influence on the shape of the L, edge. In Figure 3.6(b), which shows the L, part of
the spectra, the change in the relative intensity of the two peaks upon changing the
angle is clearly observable.

Figure 3.7(a) compares the angular-dependent spectra, at RT, for layers of
different thicknesses, showing that below 12 ML there is essentially no dichroism.
This result confirms that the lower symmetry at the surface (Cy,) is not the main
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Figure 3.7 (a) Polarization dependence of the L, edge of
Ni, at RT, for NiO layers of different thicknesses. (b) Polar-
ization dependence of the L, edge of Ni for 177 ML of NiO
on MgO(001), at different temperatures.

source of XLD in the NiO thin layers, since in that case the effect should decrease
with increasing layer thickness.

In Figure 3.7(b), the polarization-dependent spectra are reported for 17 ML,
taken at different sample temperatures. The dichroism disappears at a temperature
between 420 and 480 K. The temperature changes are completely reversible, as
confirmed by the top curve in Figure 3.7(b), taken after a complete thermal cycle. For
50 ML, the dichroism vanishes at 500 K, that is, very close to the Néel temperature
of bulk NiO (525 K). Therefore, the presence of dichroism can be associated safely
with the presence of antiferromagnetic ordering in the NiO layers.

Assuming the magnetic origin of the dichroism, the direction of the magnetic
moments can be found by comparing the experimental spectra with calculations
for different directions of the exchange field J. As mentioned above, in bulk NiO,
there are 12 distinct magnetic domains possible. For S-domains with spins along
the [2,1,1], [1,2,1], and [1,1,2] equivalent directions, the average (M7) is along the
[1,0,0], [0,1,0], and [0,0,1] axes, respectively. In bulk NiO these axes are equivalent,
making a preferential ordering of the magnetic moments along one of them
unlikely. This is however not the case for the thin layers, where the breaking of the
cubic symmetry at the surface and the interface with the MgO makes the [0,0,1]
direction inequivalent to the [0,1,0] and [1,0,0]. Though not directly influencing the
absorption spectra, the reduced symmetry in the thin layers can still have an effect
by causing a preferential aligning of the magnetic moments along an axis of high
symmetry.

In the present case, where the scattering plane is the (100) plane of the NiO(001)
film and the light is p-polarized, an (sz) along the [1,0,0] axis does not result in
an angular dependence of the spectra. The calculations show that for the [0,1,0]
axis the angular dependence should be reversed with respect to the one observed
in the experiment. Apparently, only the [1,1,2] domains are present in the thin
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Figure 3.8 Spectra taken at normal incidence, for the
17-ML sample at RT, for different azimuthal angles ¢
between the polarization vector of the light and the [010]
axis.

films, resulting in a maximum value of (MJZ) along the [0,0,1] axis, perpendicular
to the surface. This is confirmed by the three spectra in Figure 3.8, which are
taken on the 17-ML sample, at normal incidence, but with different angles between
the polarization vector of the light and the [0,1,0] direction. The spectra are very
similar, showing the absence of azimuthal dependence around the [0,0,1] direction.
Figure 3.4(a) shows the theoretical L, 3 spectra for normal and 15° incidence if only
the [1,1,2], [1,1,2], [1,1,2], and [1,1,2] (and opposite) spin directions are assumed to
be present, in equal proportions, to have the resultant (MJZ) along the [0,0,1] axis.
In Figure 3.4(b), the L, edges of the same spectra are drawn. A comparison with
the spectra of Figure 3.6 shows that the agreement is good.

Apparently, the stabilization of a net spin axis along the surface normal, as
observed in the thin NiO layers on MgO(001) presented here, depends on the
epitaxial strain in the NiO layer. Altieri et al. [78] showed that the AF S-domains
in thin NiO layers can have their main spin component either in- or out-of-plane,
depending on the lattice mismatch with the substrate (see Chapter 4). See also [79]
for a general review on magnetic properties of low-dimensional AF oxides.

A summary of the results of the angular- and temperature-dependent measure-
ments is reported in Figure 3.9. The x-axis represents the NiO film thickness in
monolayers and the y-axis represents the sample temperature during the mea-
surement. A filled square in the graph means that the sample at that temperature
showed dichroism, and an open square means that it did not. Half-filled squares
mean the observed difference was just above the noise level, and hence doubtful.
Even taking into account the difficulty to determine exactly where the dichroism
vanishes, a semiquantitative trend for the Néel temperature Ty versus the number
of NiO layers can be drawn.
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Figure 3.9 Observed dichroism as a function
of temperature for different layer thicknesses.
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For the calculations of the angular-dependent absorption mentioned above, the
magnetic moments were assumed to be along the [211] equivalent directions, like
in bulk NiO. This can be justified for the rather thick NiO layers we investigated.
In that case, the absorption spectra depend only on the angle between these
spin directions and the polarization vector of the incoming X-rays. Obviously, the
angular dependence will be different when the spin directions are not along the
[211] but along other crystallographic axes. Arenholz et al. [50] have shown that, in
general, the angle of the linear polarization vector with both the crystallographic
axes and the spin direction have to be taken into account.

3.6
Conclusions

In this chapter, we have discussed the basics of circular and linear dichroism in
X-ray absorption, and the way it can be used to obtain information on ferromagnetic,
ferrimagnetic, and AF order with element selectivity. Especially, it was shown that
XLD is useful for the study of AF materials, but that care has to be taken when
using it. This was illustrated using XLD in RE materials, showing that linear
dichroism can be induced not only by ferromagnetic order but also by nonmagnetic
crystal-field effects. The X-ray linear dichroism in thin NiO layers on MgO(001) was
then shown to be of AF origin using the thickness and temperature dependence of
the effect. It was used to show that the preferential spin directions in these layers
are oriented perpendicular to the plane, and to determine the thickness-dependent
Néel temperature. Many other examples of the use of X-ray linear dichroism for
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the study of AF oxides are given in this book, using either spectroscopy (Chapter 4)

or magnetic imaging (Chapter 8).
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Antiferromagnetic Oxide Films on Nonmagnetic Substrates
Tjipke Hibma and Maurits W. Haverkort

4.1
Introduction

The most prominent use of antiferromagnetic (AF) materials is as substrates for
the biasing of magnetic moments in ferromagnetic materials. For this reason,
AF thin layers are mostly studied in combination with ferromagnetic substrates
or overlayers [1], with emphasis on the magnetic structure of the latter. In this
chapter, however, we focus on the magnetic structure of AF 3d transition-metal
(TM) monoxide materials. Therefore, we restrict ourselves to samples consisting
of thin epitaxial layers on nonmagnetic substrates, not influenced by magnetic
underlayers. For a rigorous understanding of the magnetic structure, it is nec-
essary to figure out the full valence state electronic structure, that is, the effect
of correlation on the behavior of TM d-electrons, the bonding between the TM
ions and the neighboring oxygen ions, and the role of spin—orbit coupling (SOC)
and exchange interaction. X-ray absorption spectroscopy (XAS), which is of great
help in disentangling these interactions, has been treated extensively in the pre-
vious chapter. The use of linear polarized radiation, that is, the X-ray linear
dichroism technique, is of particular significance for AF materials. This tech-
nique is sensitive to a noncubic charge density and to noncubic ligand fields.
Through SOC, it is also sensitive to the anisotropic spin distribution in mag-
netically ordered materials, that is, the technique is capable of measuring the
mean square magnetic moment, which is finite in AF materials. Also, the
absolute spin direction can be determined. In bulk crystals of the AF oxides
discussed in this chapter, the linear dichroism is often zero because the indi-
vidual contributions of single domains are compensated by others related by
cubic symmetry operations. To induce measurable effects, growth strain, which
breaks the cubic symmetry and stabilizes a subset of magnetic domains, can be
used.
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4.2
Electronic Structure of TM Oxides

4.2.1
Mott-Hubbard and Charge Transfer Insulators

The special position of TM compounds in solid state research is undoubtedly
related to the correlated nature of the d-electrons. Simple independent electron
approaches completely fail in describing even basic properties. One of the most
disturbing discrepancies has been the failure to predict whether a TM compound
will be a metal or an insulator. The first important step toward a satisfactory
description has been the introduction of the Mott—Hubbard model [2, 3]. In
this model, the correlation gap is linked to the large effective on-site Coulomb
interaction U. The model was quite successful for the early TM metals but not
for the others. Later on, it was recognized that the gap could also be of the charge
transfer type. The parameter of interest here is A, the energy needed to transfer
an electron from the ligand ion to a distant TM ion. Both parameters, U and
A, play an equivalent role in the well-known classification scheme of Zaanen,
Sawatzky, and Allen [4]. Roughly the early TM monoxides, TiO and VO, fall into
the Mott—Hubbard regime, MnO, FeO, CoO, and NiO are AF insulators in the
intermediate regime, and CuO is an AF charge transfer semiconductor. CrO is
missing in this list, because it does not exist as a bulk compound for some reason
[5].

The most important difference between a band insulator and a Mott—Hubbard/
charge transfer insulator is the highly localized nature of the valence orbitals,
leaving many of the local degrees of freedom intact and bringing about a variety of
subtle forms of charge, spin, and orbital ordering. The single band Mott—Hubbard
model is not able to explain these fine details, even if charge transfer effects
are included. This becomes particularly evident, if spectroscopic data have to be
explained, in which, in addition to the ground state, excited states are involved.
For a description of the detailed electronic structure of TM compounds, the full
multiorbital character has to be taken into account and two types of interactions
which are of comparable strength have to be treated first. One is the full multiorbital
Coulomb interaction between the electrons of the TM ion, and the other is
the bonding to the neighboring ions. Fortunately, the size of the calculation
can Dbe restricted considerably due to the localized character of the orbitals.
For instance, for a proper description of the magnetic properties it is often
sufficient to consider only the d-orbitals of a central TM ion and the p-orbitals
of the neighboring oxygen-ligand ions. The same approximation holds for the
interpretation of XAS at the L3 edge of TM oxides. This is a valid approach,
because the final state is strongly excitonic and can be well described within
a TMOg cluster. Transport properties, on the other hand, obviously, cannot be
understood on the basis of these cluster calculations, because the k-dependence is
totally neglected.
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4.2.2
Ligand Field Theory

The bonding between the d-metal ions and the environment can be included
by introducing a so-called ligand field (LF). Originally, the LF was approximated
by a collection of point charges and the theory was called the crystal-field theory
(CFT) [6, 7]. The concept is very simple and with the aid of group theory a
qualitatively correct energy level scheme for a particular arrangement of ligand
ions or molecules can be fabricated. However, quantitatively the predictions made
by CFT are quite wrong. A much more realistic approach is to calculate the LF
parameters using molecular orbital theory to describe the TM ion ligand bonds.
This approach is known as the ligand field theory (LFT) [8].

In practice, there are two extreme cases, the strong and the weak field limit.
In the strong field limit, the d-electron correlations are less important and can
be incorporated by introducing an average exchange correlation potential. An
independent electron LFT treatment may be sufficient for a qualitative description
of the local electronic structure of the TM ion. For a quantitative treatment, in
particular in the weak field limit, however, it is vital to use a multiplet theory
including all d-electron correlations in addition to the LF interaction. This is called
the multiplet ligand field theory (MLFT). Because of their simplicity, independent
electron LFT concepts are often used to explain results in a qualitative way, even if
they were obtained using more elaborate theories like MLFT.

4.2.2.1 Independent Electron Ligand Field Theory

Group theory plays a very important role in LFT because it can be used to design
one-electron orbital combinations allowed by symmetry. In a cubic TM oxide
crystal, the divalent TM ion is in a site having octahedral O, symmetry and
the d-levels split into a threefold degenerate t;; (dy, dx and d,, ) and twofold
degenerate eg(dy,2_2 and d,2_2) level.

Group theory can also be used to construct so-called symmetry adapted linear
combinations (SALC’s) of ligand orbitals. These combinations are formed out of
either the o or 7 type 2p orbitals of the oxygen ions. For the cubic case, the o
type SALC’s can be of symmetry ay,, €, and t;,, and the 7 type SALC’s can be
of symmetry ty,, tyg, t14, and t,,. Because only orbitals having the same symmetry
can combine into new molecular orbitals, the possible combinations in the valence
state region are 3d and o orbitals of e; symmetry on the one hand and 3d and
7 orbitals of t); symmetry on the other. For both, two new sets of orbitals can be
formed, a bonding set having a high oxygen 2p- and an antibonding set having a
high 3d-character. Because o-overlap is larger than r-overlap, the upward shift of
the e, level is larger than the upward shift of the t, level. The energy difference
between the two is called the LF splitting parameter A (or 10 D,) (see Figure 4.1).

If the cubic crystal is distorted in one direction, the crystal structure becomes
tetragonal and the local symmetry of the TM ion is Dyy. The e level splits into a
nondegenerate aig(d;,2_,2) and big(d,2_,2) level and the t, levels into a twofold
degenerate eg(d,, and d,.) and a nondegenerate byg(d.,) level. The corresponding

101



102 | 4 Antiferromagnetic Oxide Films on Nonmagnetic Substrates

Symmetry adapted
linear combination
of oxygen 2p

orbitals

Metal 3d
orbitals

Figure 4.1 Molecular orbital energy scheme a high metal character and are only partly
for an octahedral TMOg cluster. The metal filled. The separation between the t, and
3d-orbitals, split into tz; and e, orbitals eg levels, which is called the LF splitting

by an octahedral crystal potential, can only ~ parameter Ao, increases as a result of the
mix with symmetry adapted linear combina-  covalent bonding, because the overlap be-
tions of the 6 oxygen 2p orbitals having the  tween the metal and oxygen orbitals is larger
same symmetry. The bonding orbitals have a for the o than for the 7 orbitals. The charge
predominant oxygen character and are com-  transfer energy Ay is also indicated in this
pletely filled. The antibonding orbitals have  figure.

splitting parameters are A, and Ay respectively. If one of the cubic axes is
shorter than the other two, the overlap between the TM and the oxygen is largest
in the shorter z direction and the d,»_» and dy, levels are lower in energy. If the
axis is longer, the order of the levels is reversed (Figure 4.2).

Once the LF energy level scheme has been established, the levels can be
filled with the d-electrons of the TM ion. To minimize Coulomb repulsion,
degenerate levels first take up a single electron keeping the spins parallel. For
d*-d’ configurations, the filling order is different in the weak and strong LF case.

D4, compressed O, Spherical O Dy, stretched
in-plane in-plane
b1g (dxe_y2) a1g (d3z2p2)
]
~Ae, Aeg

A t2g _A
tog

b2 g (dxy)

Figure 4.2 The LF splitting for a tetrahydral distortion with Dy, symmetry.
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If the LF is stronger than the Coulomb repulsion, the t,, levels are filled first with
up to six electrons. If the LF is weaker, the fourth and the fifth electrons go into
the e, level with parallel spins, before the t,, level is completely filled with paired
electrons. Ions will have a low spin (LS) in a strong LF, and a high spin (HS) in
a weak LF. For the the oxygen ligand, the LF for a divalent TM ion is quite weak
and consequently it is a high spin case. The number of d-electrons for Mn2*+, Fe?*,
Co?*, and Ni** is 5, 6, 7, and 8, respectively, and S is equal to 2, 2, %, and 1.
4.2.2.2 Multiplet Ligand Field Theory

In most cases, Coulomb repulsion is of the same order of magnitude as the LF
splitting and cannot be neglected. Fortunately, it can be incorporated in an accurate
way for the XAS spectra of the highly correlated oxides we want to describe, because
it is a good approximation to limit the calculation to the valence orbitals of the TM
ion and its nearest-neighbor oxygen ions.

To keep the many-particle basis set small, one could use perturbation theory
[9, 10]. In the first step, the electron microstates are sorted into groups having the
same energy if Coulomb repulsion is included. Because SOC is of minor impor-
tance in 3d atoms, the Russell-Saunders coupling scheme can be applied. Groups
of states having the same S and L are called multiplets and denoted by 25*! L. The elec-
tron repulsion energy of these multiplets can be expressed in terms of the so-called
Slater integrals F°, F2, and F*. F represents the monopole part of the Coulomb
repulsion and F? and F* the multipole part of the orbital dependent Coulomb
interaction. (It may be noted that F°, F? and F* can be related to the often-used
Coulomb repulsion parameter U and Hunds-rule exchange J;. However, where
the Slater integrals are exactly defined, there is no common definition for U and
Jr [11-13].) Next, the LF interaction is applied. It will split the states of a given L
and allow for the mixing of different terms. For example, a spherical symmetric
term with L = 3 will splitin Oy, symmetry into T4, Ty,, and A, terms. The Ty term
then could mix with a Ty, term that branches from a spherically symmetric term
with L =1, and L is not a good quantum number anymore. Finally, the smaller
interactions like SOC, exchange fields, and magnetic fields have to be included.

With modern computers such a perturbation theory approach is not needed
anymore, as memory is sufficiently available, nowadays. It is more efficient to build
the entire Hamiltonian as a large, but sparse, matrix and solve the eigensystem
problem with the use of Lanczos methods. To understand the results of such
calculations, it is often useful to work out, in retrospect, which atomic terms
contribute most to the wave function.

4.23
Spin—Orbit Coupling in Cubic Symmetry

SOC is not important for most of the properties studied in TM compounds,
because the SOC in 3d TM compounds is only of the order of 10 (Ti) to 100
(Cu) meV. At the same time, the LFs that split degenerate d-orbitals can be of the
order of 1eV and, therefore the orbital moment is quenched. SOC is only a small
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perturbation. However, if one wants to study magnetic anisotropies, the inclusion
of SOC becomes very important. Magnetic anisotropy energies are often very small.
Therefore, the small perturbation that SOC induces can still be the leading term
for the energy of the magnetic anisotropy. The effect of SOC generally will be the
creation of a small orbital momentum. The size of the induced orbital momentum
may depend on the direction of the magnetization. For metallic systems, it has been
shown that the directional dependent part of the orbital momentum scales with
the magnetic anisotropy energy [14]. For the insulating compounds discussed in
this chapter, this concept still holds, the difference being that the orbital moments
in insulating compounds are often much larger than in metals.

The AF TM monoxides have a close to cubic symmetry and the splitting between
the t, and e, orbitals is much larger than the SOC. However, there is still orbital
degeneracy within the t), and/or e, subshell. The orbital degeneracy of the e,
orbitals does not couple to the spin directly. The eg orbitals consist of a d,2_»
orbital, which is a linear combination of a d, and d_, orbital, and a d;,2_,2
orbital, which is the dy orbital. The SOC Hamiltonian can couple states with the
same angular momentum and same spin, or states with Am = £1 and As = F1.
This is not possible within the e, subshell. For t,, electrons , however, SOC can
lift the threefold orbital degeneracy, as shown in the next subsections. First the
effect of SOC on a single electron in an open t,; subshell is discussed followed
by its effect on configurations with more than one local electron. For a single
electron, one can neglect Coulomb repulsion and use the simpler language of
LFT. Although the SOC Hamiltonian (3, ¢l; - 5;) is a one particle operator, LFT
is not sufficient to explain SOC effects for systems with more than one electron
locally. This does not work, because SOC mixes states with spin-up and spin-down,
creating a multi-Slater-determinant ground state. In atomic physics, it has become
customary to approximate the SOC operator by AS - L with A = g¢ and g = £55
for a Hunds-rule ground state and more (—) or less (+) than half-filled shells [15].
For an open ty, shell, a similar approximation is useful in order to obtain intuitive
insight.

4.2.3.1 Single Electron in an Open t;; Shell

A 1y, shell is threefold orbital degenerate and one can make linear combinations
of the real tp, orbitals to form complex orbitals that carry an orbital momentum
of 1 up. In Figure 4.3a, we show the linear combinations that lead to an orbital
momentum of 1 up in the z direction. By a cyclic permutation of the coordinates,
one can also create an orbital momentum in the x-direction, by combining d,,
and d,, orbitals, or in the y-direction, by combining d,. and d,, orbitals. In fact,
one could create an orbital momentum of 1ug in any direction by making the
proper linear combination of these orbitals. A threefold degenerate set of orbitals
with an orbital momentum of 1 pp is reminiscent of a p-shell. One could call the
dy, = 14/1/2(d-; — dy) orbital a to orbital in analogy to the p, orbital. Acting with
the operator I* on the ty orbital will yield the following: h2iy/T/2d_; = h/2ty,
from which it follows that t; = 1d_;. Similarly, by acting with I~ on the t, orbital
one gets t_; = td;. This can be summarized by stating that the t;, orbitals can
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Figure 4.3 Eigenstates of the SOC dy, orbital in order to create an orbital
Hamiltonian for a single t; electron. (a) momentum of 1 ug (anti) parallel to the
The spin is assumed to be fixed in the z spin. (b) No spin alignment assumed. All
direction and the d,, orbital has not been three t, orbitals recombine to a state with

included. SOC recombines the d,, and the ]‘: % or]: %

be mapped onto p orbitals with an orbital g factor of —1. The effective orbital
momentum for the t;, shell will be denoted by I. For a smgle tzg electron the
s = 3 couples with the effective orbital momentum I=1toj=1Lorj= 3 For
a single p electron, the antiparallel alignment would be lower in energy than
the parallel alignment. For a t;; electron g = —1, and therefore, the j= % state
is lower in energy than the j = 1 state. In Figure 4.3b, we show the eigenstates
for the SOC operator within the t, subshell. One should note that although this
state has a large unquenched orbital momentum, it does not have a magnetic
anisotropy as the orbital momentum can point in any direction. This is different
from the general situation where SOC is a perturbation and generates an orbital
momentum, which depends on the spin direction and is related to the magnetic

anisotropy.

4.2.3.2 d°and d’ Configurations

For both a d® and a d” HS configuration, one has an open tyg shell. The effective
orbital momentum is L = 1 and the spin is S = 2 (S = 2) for the d° (d’) configura-
tion. The spm couples with the effective orbital momentumtoa J = 1,2, 3 3.3, §).
The] =1 (3) state is the ground state. These states cannot be represented by single
Slater determinants, which complicates the explanation of physical properties. This
can easily be seen if one realizes that the operator S~ acting on a fully spin polarized
state with six electrons will create four different determinants with two spin-down
electrons and four spin-up electrons. SOC mixes these determinants. However, it
is often possible to go to extreme limits, that is, either extreme large crystal-field
distortions or extreme large exchange fields, in order to retrieve wave functions that
can be represented as a single Slater determinant. This helps in understanding the
physics, and although it does not get the numerical values correct, it does show the

correct trends.
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4.3
Magpnetic Structure

4.3
Magnetic Ordering of MnO, FeO, CoO and NiO

In the paramagnetic high-temperature state, MnO, FeO, CoO, and NiO all have
a rocksalt or NaCl crystallographic structure. Below the Néel point, these 3d TM
monoxides order antiferromagnetically into magnetic superstructures, which can
be determined using neutron diffraction. From the classic papers by Shull, Strauser,
and Wollan [16], the magnetic unit cell is found to be close to cubic with a doubled
lattice parameter in order to accommodate the AF spin arrangement. In fact, the
spins were found to be parallel on cubic {111} planes (so-called F sheets) but
antiparallel on neighboring {111} planes (see Figure 4.4). The relative orientation
of the spins with respect to each other is determined by exchange interactions.
The main factor responsible for this particular (so-called type 2) AF arrangement
is the 180° superexchange interaction. It couples next nearest-neighbor (nnn)
spins. The nearest-neighbor (nn) interaction is much weaker and frustrated. This
frustration is lifted by exchange striction. Assuming a collinear spin structure,
a trigonal distortion restricts the number of possible spin structures to the four
experimentally observed T-domains.

The absolute orientation of the spins within the {111} sheets, on the other
hand, is determined by interactions coupling the spin to the lattice. Possible

” s J

Figure 4.4 Basic spin ordering in the TM
monoxides MnO, FeO, CoO and NiO. The
spins are ferromagnetically ordered within
{111} planes, and AF in neighboring {111}
planes in all four compounds. The orienta-
tion of the spins with respect to the crystal-
lographic axes, however, is different. In NiO

and MnO, the spins are oriented in (112)

directions (as is actually shown in the above
figure), in FeO in the [111] direction, and in
CoO slightly tilted away from the cubic axes.
All materials have structures that are slightly
distorted to lower than cubic symmetries,

which are consistent with these orientations.
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contributions to this magnetic anisotropy are the dipole—dipole interaction and
the single ion anisotropy. In the latter case, the spin is coupled to the lattice in two
steps, the spin—orbit interaction couples the spin to the orbital momentum, and
the crystal-field couples the orbital to the lattice. For closed shell configurations in
cubic symmetry, the orbital momentum is quenched and spin—orbit interaction
is small in contrast to open shell t; configurations. For the TM monoxides
considered in this chapter, single ion anisotropy is small for Mn?* (d°) and Ni**
(d®), but it is large for Co?* (d”) and Fe?* (d°).

4.3.1.1 MnO and NiO

In both MnO and NiO, the trigonal distortion stabilized by exchange is the main
distortion. It leads to an elongated rhombohedral unit cell with o < 60°. The
orientation of the spins with respect to the lattice is determined by a detailed
interplay between dipole—dipole interactions and single ion anisotropy. There is a
relatively large force, both from dipole—dipole interactions and SOC, that restricts
the spins to a direction in the {111} planes. The precise direction within these planes
is a subtle and quite involved problem. Experimentally, a further reduction of the
crystal symmetry to monoclinic is observed for both NiO [17] and MnO [18] and the
spins are found to be oriented in one of the three possible {112} directions perpen-
dicular to the rhombohedral axis, thus generating 24 domains in total, namely 6
possible S domains (including spin reversed domains) for each of the 4 T domains.

43.1.2 FeO and CoO

In the paramagnetic phase, both CoO and FeO have a nearly cubic structure, but
below the Néel temperature (Ty) the spin orientation induces a noncubic charge
density, which distorts the crystal structure. For instance, for spins being oriented
in the [001] direction one would expect a charge density as depicted in Figure 4.3a.
For electrons (FeO, d°) this would lead to a tetragonal elongation (¢ > a), and for
holes (CoO, d’) to a tetragonal contraction (c < a).

For CoO, there is still some debate about the precise spin direction. It is
clear, however, that there is a relatively large tetragonal distortion, with (¢ < a)
in accordance with the above example, accompanied by a smaller rhombohedral
elongation lowering the total symmetry to monoclinic. The general consensus on
the spin direction is that it is slightly tilted away from the tetragonal axis. [19-21].

For FeO, one finds the spin to be in the [111] direction. An accompa-
nying orbital momentum can be associated with a /1/3(v1/2(t — 1)dy. +
V1/2(—1 — 1)d,; + d,y) orbital, which has a larger charge density perpendicular to
the [111] direction than parallel to it. Therefore, FeO shows a trigonal elongation.
There are no other distortions found in FeO, which might be related to the fact
that both the magnetostriction and the local single ion anisotropy are optimized by
the same trigonal elongation.
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4.4
X-ray Absorption Spectroscopy

One of the most powerful spectroscopic techniques to study the 3d valence state,
including the magnetic structure, is 2p XAS. The subject has been discussed at
length in Chapter 3. Using X-rays in the energy range between 350 and 950eV,
transitions from the 2p core level into the empty 3d valence levels are made. This
process is dipole allowed and has a large absorption cross section. The 2p XAS
spectrum consists of two clearly separated sets of absorptions, traditionally called
the L3 and L, edge. As an example, the NiO XAS spectrum is shown in Figure 4.5.
The splitting is due to the SOC of the 2p core level from which the electrons
are excited into the empty 3d level. The angular momentum j belonging to the
split levels is 3/2 or 1/2 corresponding to the L3 and L, edge, respectively. In an
independent electron approach, the intensity ratio of the two sets of transitions
should be two, because there are twice as many m; sublevels for the j= 3/2level, and
the line shape of the two should be the same. In reality, the line shapes are quite
different, and the intensity ratio is different from two due to strong correlation
effects, not only between the 3d-electrons but also between the 2p core hole and
the 3d electrons. To calculate a realistic absorption spectrum, we have to apply
multiplet theory to the initial as well as the final state and calculate the transition
probability between the two.

- NiO 2p-XAS -

L L3 edge J
ERn ]
s
= ]
®
2 L .
g1 L, continuum
- Lz continuum edge jump

B edge jump

- L, edge

840 845 850 855 860 865 870 875 880 885
Photon energy (eV)

Figure 4.5 XAS spectrum of NiO, showing well-separated
L, and L3 edges as well as the corresponding continuum
edge jumps. (Reprinted from [13].)
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Not all of the multiplet states can be reached in the 2p XAS process. In the dipole
approximation, the absorption intensity is given by

Livs = I(ilex[)|* = 1(IPL|f)[?

(4.1)

where the initial and final states are denoted by i and f, € is the polarization vector
of the X-rays, and r the electron position vector. The second expression is written in
terms of the dipole operator P& , where q is the type of polarization of the radiation
(9 =0 for linear and q = £1 for circular polarization), and « the length of the
position vector in the direction of the polarization vector in the coordinate system
of the sample. The following selection rules can be derived

AL =0,£1
AS =0

A] =0,%£1

Al = +1

Aj =0,%1
Am =q=0,%£1
Amg =0

(4.2)

The differences between the independent electron approximation and multiplet
theory are nicely demonstrated in Figure 4.6, taken from a publication of Thole and
van der Laan [22]. It shows calculated spectra for a ground-state d® configuration
for an increasing ratio of the total electrostatic interaction U(p,d) and spin—orbit
interaction &,. The spectrum at the top corresponds to the independent electron
result including 2p SOC. The bottom spectrum is the other extreme where the
SOC can be neglected with respect to electron correlation. In the latter case, L — S

0

= =
' %7 S
Dy <
A
=N
= W\S
n— A"

Pij

l U(p.d)

g

Figure 4.6 The calculated transition
probability for the 2p®3d® to 2p°3d°
excitation process as a function of the rel-
ative size of the 2p — 3d SOC &L.S and
the Coulomb interaction U(p, d). The top

—>
'PIF Energy

spectrum corresponds to pure SOC. The
bottom spectrum to pure L — S coupling.
No LF effects were included, that is, spher-
ical symmetry is assumed. (Reproduced from
[22] with permission.)
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coupling applies. The ground-state multiplet of a d® configuration is *F . The dipole
selection rules AS =0 and AJ =0, 1 imply that only transitions to the excited
3F and 3D multiplets are allowed. The arrows at the left hand side of the picture
point at the spectra most resembling the experimental L, 3 and M, 3 spectra for a
d® configuration.

In addition to electron correlation, LF effects, 3d spin—orbit and exchange
interactions should be taken into account. These interactions affect, as a general
rule, both the initial and final states. LF splittings are energetically the most
important ones and will strongly influence the lineshape. As a rule, the other
interactions are only small perturbations and the lower split-off excited states of
the ground state may be thermally accessible, making the spectra temperature
dependent. The strict set of selection rules of Eq. (4.2) couples the initial state and
close-by excited states to very specific selections of final states. Small changes in
the interaction parameters will produce large changes in the spectrum. This makes
XAS a very sensitive tool to study the detailed electronic and magnetic structure of
TM compounds.

4.41
Magnetic Linear Dichroism

In general, the XAS spectra depend on the orientation of the sample and the
polarization of the X-rays. They can be described by a complex conductivity tensor
o, which has several nonzero components, depending on the symmetry of the
system (see Table 4.1). The isotropic spectrum, which is equal to the trace of o, can

Table 4.1 Conductivity tensor in (i) cubic symmetry, (i)
tetragonal symmetry, (iii) orthorhombic symmetry, (iv)
monoclinic symmetry, (v) triclinic symmetry, and (vi)
spherical symmetry with a magnetization in the z direction.
The case for nonspherical symmetry with a magnetization in
an arbitrary direction is discussed in the appendix.

cubic tetragonal
o 0 0 oy 0 0
0 o 0 0 o 0
0 0 o 0 0 o0
orthorhombic monoclinic
Ope 0 0 Oxx Ope 0O
0 g, 0 Oy T 0
0 0 o, 0 0 0.
triclinic spherical+magnetic in z
Oxx  Opx  Ozx ol %02 o! 0
Oy Oy Oz —gl o — %02 0
Ozy Ozy Oz 0 0 a? + % o?




4.4 X-ray Absorption Spectroscopy

be obtained by measuring the spectra in three perpendicular orientations. In this
paragraph, we limit the discussion to linear dichroism, which is just the symmetric
partof o. We do not discuss circular dichroism, because it is absent in AF materials.

It is useful to distinguish two types of linear dichroism, that is, natural linear
dichroism (NLD) and magnetic linear dichroism (MLD) [23]. For systems of lower
than cubic symmetry, the natural linear dichroism can have two different causes:
either the ground-state charge density is noncubic or the final-state orbital energies
are nondegenerate. The first condition is fulfilled in CoO, where the open t,; shell
can give rise to a noncubic orbital occupation if the lattice is distorted. In MnO,
having a d> configuration, on the other hand, the ground-state charge density stays
close to spherical, even if a distortion is imposed. However, the degeneracy of
the final state is lifted by the distortion, and the addition of an electron will cost
a different amount of energy, depending on the orbital one adds the electron to.
The magnetic linear dichroic effect is due to a spin alignment that breaks the
symmetry. For absorption in the visible wavelength region, one is used to quite
small magnetooptical effects. In the X-ray regime, these effects are much stronger
due to the large core hole (2p) SOC constant.

A linear dichroism spectrum is often defined as the difference between two
spectra measured at different sample orientations, for instance parallel to and at
right angles to the main symmetry axis.

Lgp =1'— I+ (4.3)

Using the optical conductivity tensor as defined in Table 4.1, one can relate
the linear dichroism spectrum to o. In tetragonal symmetry, the relationship is
D . .
Ixfg = 0,; — 0. In orthorhombic symmetry, one can measure three different

linear dichroism 51gnals depending on the crystallographlc face one studies, that
X
oY
2h Dl
is, IXLD =0y — Oz, Ixip = Oz — Oy, OY Iy = Oy — Ty For amagnetic system

in otherwise spherical symmetry, the linear dichroic signal is 2.

The difference spectrum is zero for angle averaged situations, like the one
encountered in random polycrystalline samples. Also in crystals having cubic
symmetry, linear dichroism is expected to be absent. An example is shown in
Figure 4.21. A rather thick bulklike relaxed layer of MnO on a Ag substrate shows
no effect. The t; and e, orbitals are both half filled, that is, the corresponding
charge densities are spherically symmetric. The magnetic linear dichroism is zero
as well, despite the fact that MnO is antiferromagnetically ordered at T = 30 K,
because the linear dichroism contributions due to different magnetic domains
cancel each other.

The fundamental reason for the occurrence of natural as well as magnetic linear
dichroism is hidden in the dipole selection rules. For linear polarized light, one
can write the polarization-dependent transition probability as

12 o [{ilae|f)I? (4-4)

with o equal to x, y, or z depending on the polarization of the light. The initial
and final states are also functions of the coordinates x, y, and z. In most cases, the

1



112

4 Antiferromagnetic Oxide Films on Nonmagnetic Substrates

Table 4.2 Dipole selection rules between all possible 2p-3d
transitions for different polarizations.

Polarization dy, dy dyy da_p dy2_,2
P 0 0 0 12 1/6

L P, 0 0 12 0 0
e 0 12 0 0 0
Ps 0 0 12 0

I, 7y 0 0 0 12 1/6
- 12 0 0 0 0
P 0 12 0 0 0

L P, 12 0 0 0 0
P 0 0 0 0 2/3

31 1 1 1 1 1

L -1, 12 0 -1/2 ~1/2 1/2

integral of equation 4.5 will be zero. Only if the product of all three components
is even in all three coordinates the transition intensity can be nonzero. For later
use we have collected all intensities for a transition between a p and d orbital in
Table 4.2.

The isotropic intensity is the average value over the three polarization directions
summed over all possible initial-state orbitals. In Table 4.2 the intensity has been
normalized such that 3], = 1. We see that this intensity is independent of the
final-state orbital one chooses. From Table 4.2, it is also seen that the linear
dichroism is zero if the tp, (eg) orbitals are degenerate and equally occupied, but
finite if they are nondegenerate.

Obviously, the above treatment in terms of noncorrelated electrons and without
SOC is much too simple to explain the rich structure often encountered in XAS
spectra. This flaw becomes even more evident if one wants to discuss magnetic
linear dichroism. In that case one can obtain a dichroic effect even if the d orbitals
are degenerate and equally occupied. The most important ingredients needed to
explain magnetic linear dichroism are the 2p SOC, 2p-3d Coulomb interaction and
a 3d magnetization of the initial-state wave function.

Let us start by including the 2p SOC in the independent electron approach.
It is important for the linear dichroism, because the SOC couples the magnetic
moments to the orbitals. In Table 4.3, we have summarized the results for the
transition involving individual spin—orbit split |j, m;)-p-orbitals and d-orbitals. The
numbers can easily be obtained by using Table 4.2 and the selection rule Am; = 0.
It is seen from this table that no linear dichroism is obtained for equally occupied
and degenerate t, (eg) orbitals, just like in the case without spin—orbit splitting
discussed before. The reason is that the fully occupied ps;, and pij, levels are
also spherically symmetric. The only possible effect within an independent particle
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Table 4.3 Transition intensities for the excitation of a
spin-down electron from spin—orbit split 2p-states into
individual 3d-states for x and z polarized light. The numbers
have been multiplied with 36.

J2p mj U»m;) d#, d, div d jz_yz d; 22,2
3)2 3/2 %(—pi —ip}) I, 0 0 0 0
L 0 0 0 0
12 Je(-p—ipy+20)) L0 0 3 3 1
L 3 3 0 0 0
172 %(pi —ip) +2p}) I, 0 12 0 0 0
L 0 0 0 0 16
-3)2 %(pi —ipy) I, 0 0 9 9 3
L 9 9 0 0 0
1/2 1/2 %(—pi —ip} —pl) L. 0 0 6 6 2
L 6 6 0 0 0
~1)2 %(—pi +ip) +p}) I, © 6 0 0 0
L 0 0 0 0 8

picture is due to the magnetic interaction acting on the p levels. But the resulting
splitting is so small that the different m; levels may be considered to be degenerate.

In fact, it is crucial to include the 2p-3d electron—electron interaction to simulate
the magnetic linear dichroism, in reality even observed for equally occupied and
degenerate t, (e;) orbitals. To demonstrate this, the NiO L, edge is taken as
an example, because the observed magnetic linear dichroism is relatively easy
to explain. The initial state has a 3d® configuration. The 3d level is split by an
octahedral LF in a ty, level, which is completely filled, and an e, level containing
two unpaired electrons. The final state has a 2p°3d’ configuration, that is, one 2p
core electron has been excited into the e, level. Alternatively, one might say that
one of the two holes in the eg level has been transferred to either the 2py/; or 2p3),
state.

We only consider the transitions to the 2p;,, level (or the L, edge). At 0 K the
initial state is fully spin polarized by the exchange field. In total, the basis for the
final state consists of eight states. The 2p core hole is in the j,, = 1/2 state with
either m; = 1/2 or m; = —1/2. The remaining 3d hole will have either spin-up or
spin-down and will be either in the d » 2 orbital or the d,»_,> orbital. The 2p;_,,
state and the spin of the 3d-electron belong in cubic symmetry to the ) and the e,
hole belongs to the e, (e}) irreducible representation. The product of the three gives
three possible symmetries for the final state, namely one doublet of E; symmetry
and two triplets of T; and T, symmetry.

The energy difference between these three states is due to Coulomb repulsion and
can be considered as the sum of two contributions, the energy difference between a
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Table 4.4 L, hole final states for 2p-XAS of NiO. The states

in the last row are the 2p core hole states with j = 1 and
m; = :I:Z. Iy and [, are the intensities for x- and z- polarlzed
light.
Initial-State wavefunction — ngz 5 4! 5 3
X4 —ye 3z —r
Final-State wavefunctions | I, I,

f‘ _% ['2 z)dxz Y2 1 0
_f|2’__ LI _fl _32 2 3 0

\/>|2’_ dT z+[| 3¢ 1 0

SNCTET fl-“” 20 0 0
\/>|1 1 dT \/>|2Y_ >d¢ 0 )
f| de,z"‘\/j’%f;Zz 2 3 0
JHLDel kb 0 0
\/%‘ %de 2+[| ) 0 6

cl%,%>=f< L PT—zi)\%’—%>=ﬁ(—zi+i£§+zl)

spin triplet and a spin singlet, and the difference in Coulomb repulsion between a
p; orbital and a d,,»_,» orbital and between a p, andad,» -2 orbital. Calculations,
using atomic Hartree—Fock values for the Slater integrals, show that the first triplet
is very close in energy to the doublet, the difference being only 140 meV, whereas
the second triplet is 1.27 eV higher. This latter energy difference is the cause of the
characteristic double peak structure observed in the experimental NiO L, edge (see
for instance Figure 4.11). The expressions for the wave functions for the different
multiplet components have been collected in Table 4.4. The transition intensity for
x- and z-polarized light, calculated with the aid of Table 4.3, are given in the last
two columns of the table. (Note that the spins for the hole state wave functions
have been inverted with respect to the electron state wave functions of Table 4.3.)
The intensity integrated over all states comprising the spectrum is seen to be the
same for both polarizations. The first peak, consisting of the doublet and first
triplet, however, exhibits a negative and the second peak a positive magnetic linear
dichroism effect. This demonstrates that even if the overall integrated magnetic
dichroism is zero, multiplets that are separately visible in the spectrum may show
large dichroic effects.

To calculate the X-ray magnetic linear dichroism (XMLD) spectra at finite
temperatures, one should realize that above we only calculated the spectra for a
fully magnetized ground state. At finite temperatures, low-energetic excited states
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are populated according to Boltzman statistics. In spherical symmetry, it has been
shown that the XMLD scales with (M?) [24]. Above the ordering temperature, the
material is in the paramagnetic state and the magnetic linear dichroism vanishes.
Below the ordering temperature, the temperature dependence of (M?) can be
expressed within mean field theory as

(M%) = S(S + 1) 4+ SBs(S/t) coth(1/2t) (4.5)

where Bg(S/t) is the Brillouin function and t = kgT/(gip Hexch) the reduced tem-
perature. We see in Section 4.6 that this characteristic temperature dependence is
of great help to distinguish the magnetic and nonmagnetic contributions to the
linear dichroism.

4.5
Strain

In the experimental work we are going to discuss, epitaxial strain plays a crucial
role. It is used as a tool to make the d-electron charge and/or spin distribution
anisotropic. In fact, it turns out to be possible to orient the spin in different
directions by applying compressive or tensile strain.

The origin of the misfit strain was first explained properly by Frank and van der
Merwe [25] in terms of the balance between the binding of the overlayer to the sub-
strate and the elastic energy buildup in the overlayer. Within a Frenkel-Kontorowa
model, they calculated the misfit limit for stable and metastable pseudomorphous
growth of a single monolayer (ML) to be about 0.08 and 0.12, respectively. Above
those limits, either empty or doubly occupied substrate sites, depending on whether
the strain is tensile or compressive respectively, may, or will be, formed. For more
than one ML, the value of the critical misfit decreases, because the strain energy
increases with thickness, but the interface energy stays more or less constant. For
a given misfit below the critical misfit for a single ML, fully strained epitaxial films
can be grown up to a critical layer thickness. Beyond this limit, misfit dislocations
appear and the strain is released slowly on further growth until finally the lattice is
fully relaxed. To calculate the critical thickness, we employ the Matthews—Blakeslee
model [26]. In our case, we cannot employ the original Matthews—Blakeslee ex-
pression, because it was specifically derived for semiconductor materials having
the zincblende structure. Instead we have to go back to a more general expression
for the equilibrium strain in a partly relaxed film of thickness h [27]

Gsb(1 — v cos? ) h
e(h) = In(-)+1 (4.6)

4 h(Gs + Go)(1 + v) cos i b
where Gs and G are the shear modulus of the substrate and overlayer, respectively,
and v is the Poisson ratio of the film. The angle o between the dislocation line and
its Burgers vector b is 90° for a pure edge dislocation. The quantity bcos A is the
component of the Burgers vector responsible for the strain relief, that is, A is the
angle between the Burgers vector and the line in the interface plane normal to the

115



116 | 4 Antiferromagnetic Oxide Films on Nonmagnetic Substrates

/

Dislocation line

Figure 4.7 Misfit dislocation for a rocksalt type epitaxial
layer grown in the [001] direction. The Burgers vector

b = 1[101] lies in a (101) slip plane and makes an angle
A of 45° with the surface and an angle o of 90° with the
dislocation line.

dislocation line. The most important edge dislocation in the rocksalt structure has
a Burgers vector b = %(TOl) , with {101} slip planes [28]. If the layer is grown in the
[001] direction, as is true for all the TM oxide layers discussed in this chapter, there
are four sets of edge dislocations contributing to the misfit relaxation, forming
dislocation lines at the interface in the [100] and [010] direction (see Figure 4.7).
Because we are dealing with a pure edge dislocation, the angle « is 90°, and the
angle A is equal to 45°. To get a single strain curve for all oxide layers independent
of the substrate, we define a normalized strain parameter

3 b h
Enorm (h) = Ce(h) = A (ln (B) + 1> (4.7)

where C = 3(Gs + Go)(1 + v)/(8Gs) is the normalization constant. In case of a
[001] growth direction, the best choice for the shear modulus is the so-called
tetragonal shear modulus %(Cu — Cyy). If the Poisson ratio is close to 1/3 and if
the shear moduli of the substrate and overlayer are the same, the normalization
factor is 1 and the normalized strain parameter is equal to the real strain. This is
a good approximation if the AF monoxides are grown on oxide substrates, but not
for growth on soft materials like silver or gold metal. Equation 4.7 can be used

to calculate the critical thickness for coherent growth by making the strain equal
to its maximum value, the lattice misfit f. In Table 4.5, we give the parameters
needed to calculate the normalized misfit for the overlayer substrate combinations
discussed in this chapter. The corresponding critical thickness is determined from
the second point of intersection of the normalized misfit and the generalized strain
curve Eq. (4.8) as shown in Figure 4.8. From this figure, we see that fully strained
oxide layers can be grown on oxide substrates up to normalized misfits of about 4
percent. On silver, however, the critical misfit is at most 1 ML for NiO and CoO
and zero for MnO.

The results are not very accurate for a number of reasons. One uncertainty is
the size of the dislocation core in the logarithmic term of Eq. (4.8). Secondly, the
elastic continuum theory breaks down at small layer thicknesses, that is, instead of
turning down, the strain curve should continue to go up for decreasing thickness
until the approximate value predicted for 1 monolayer by Frank and van der Merwe
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Table 4.5 Parameters determining the critical misfit for dif-
ferent overlayer substrate combinations. ap and as are the
overlayer and substrate lattice constants, fis the misfit, Go
and Gs are the shear moduli of the overlayer and substrate, v
is the Poisson ratio, C = 3(Gs + Go) (1 + v)/(8Gs) is the nor-
malization constant (see text), foorm is the normalized misfit,
and h; is the critical thickness in monolayers.

ao/as f Go/Gs v C ﬁmrm hc
(A) (%) (101°Pa) (%) (ML)

NiO/MgO 4.177/4.213 —0.85 7.25/10.0 0.31 0.85 —0.72 35
CoO/MgO  4.260/4.213 1.11 5.6/10.0 036 080  0.89 26
MnO/CoO 4.445/4.260 4.16 5.6/5.6 0.33 1.00 4.16 2
CoO/MnO  4.260/4.445 —416  5.6/5.6 036  1.02  —42 2
NiO/Ag 4.177/4.086 2.235 7.25/1.55 0.31 2.78 6.2 1
CoO/Ag 4.260/4.086 427 5.6/1.55 036 230 99 0
MnO/Ag 4.445/4.086 8.8 5.6/1.55 0.33 2.30 20 0

1

T |frorm(MNO/Ag)| = 0.20; h,= 0 ML

T |f.orm(C0oO/Ag)| = 0.099; h,=0 ML

1€
£ o1l [frorm(NIO/Ag) | = 0.099; h =0 ML
g = )
o e |f,0rm(COO/MNO, MnO/CoO)| = 0.042;
@ T —2 ML
= T e |£0rm(COO/MgO| = 0.0089
£ =26 ML
(Z) 0.01 £

T | orm(NiO/MnO| = 0.0072

T h,=35 ML

o.oo1 +—+—+—"+—"+—"4+—+—+—+—+—+—+—+—+—t+—+—+—+—+—+—+++-+
0 10 20 30 40 50
Thickness (ML)

Figure 4.8 Equilibrium strain as a materials. At low thicknesses, the elastic
function of layer thickness for materials continuum theory breaks down. The Frank
having the rocksalt structure based on and van der Merwe value for the critical
the Matthews—Blakeslee formalism. A misfit of a single monolayer (ML) has been
normalization constant C = 3(Gs + Go)(1 + added as well. For a given normalized misfit,
v)/(8Gs) was applied to the misfit, con- the critical thickness can be read from this
taining the material dependent parameters,  curve. This has been done for all the over-
that is, the shear modulus of substrate and  layer substrate combinations discussed in
overlayer an the Poisson ratio, in order to this chapter.

get a universal curve for different overlayer

117



118 | 4 Antiferromagnetic Oxide Films on Nonmagnetic Substrates

Out-of-plane lattice

constant ¢ of CoO (A)

. . . . . 1.0 ——r——————T—T———
4315 F ﬂ T T T T . C T T T T T T ]
4.310 -—I l I I [ . 09 /O\o/o 7]
4.305 [ [I I ] 1 208 a2, d .
4.300 4 s o7f .
4.295 |- 4 € o6 -
4290 F 1 £ osl .
4.285 - ] 2 04 L ]
4.280 - 4 ® 0'3 r 1
4.275 - 4 & 0'2 F o0 ]
4270 4 = 02r ]
4265 F 3 01f \/‘\A .
4.260 L. 1 L 1 L 1 L 1 P oob—1L 11

0 200 400 600 800 1000 0 100 200 300 400 500 600 700

Thickness of CoO layer on MgO (A) (b) Film thickness (A)

Figure 4.9 (a) Out-of-plane lattice constant diffraction peak. As explained in the text,
of a CoO layer grown on a MgO substrate  the drop in the coherent intensity is due
versus layer thickness determined from a ra- to the appearance of misfit dislocations if
dial 6 — 26 X-ray Diffraction scan through the critical thickness is reached. The drop

the (002) diffraction peak. (b) The frac- in the lattice constant, which is commonly
tions of diffuse (open circles) and coherent  (mis)taken as the critical thickness, occurs at
(closed triangles) intensity near the (002) a much higher value.(Reprinted from [29].)

is reached, as is indicated by the dotted line. Finally, there may be a kinetic barrier
for relaxation keeping the coherent layer intact up to thicknesses exceeding the
values predicted by equilibrium theory considerably. Consequently, the critical
misfits listed in Table 4.5 should be considered as approximate lower limits to the
experimental values. Many attempts have been made to introduce a realistic kinetic
barrier by considering specific mechanisms of dislocation nucleation and motion.
However, in most models, new and unknown parameters are introduced, making
quantitative predictions questionable [27].

To determine the critical thickness experimentally, a method commonly em-
ployed is to measure the in-plane lattice constant as a function of thickness using
X-ray or electron diffraction techniques. In Figure 4.9a, the relative change in the
lattice constant versus thickness curve for CoO on MgO from X-ray diffraction
is compared with the theoretical curve calculated using Eq. (4.8) [29]. As in the
case of NiO on MgO [30], the critical thickness h; appears to be much larger than
the predicted value. However, one should realize that X-ray diffraction tends to
overestimate the critical thickness. For thicknesses in excess of h,, the diffraction
signal consists of a coherent and diffuse part, as can be seen from Figure 4.10,
the last one increasing at the expense of the first. As was pointed out by Kaganer
[31], the maximum of the coherent signal is not a good measure of the average
lattice constant. Only after the broad diffuse line has taken over completely, the line
position is directly related to the average lattice constant and the average strain. This
will happen if the average distance between the dislocations becomes smaller than
the film thickness. A much better criterion for having reached the critical thickness
is the appearance of diffuse scattering due to misfit dislocations. From Figure 4.9b,
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Figure 410 The X-ray scattering around the g, value slightly different from zero is also

rocksalt (002) reflection for a 170 A layer shown. The diffuse scattering is due to misfit
of CoO on a MgO substrate. The coher- dislocations. Although the coherent intensity
ent scattering from the CoO is the streak is in fact already much smaller than the total
down the middle of the picture at g, =0, diffuse intensity, it is dominating the picture
showing fringes due to the finite thickness because of its narrow transverse structure.
of the layer. The corresponding radial scan ~ The maximum of the coherent peak is not
is the drawn curve in the graph to the left.  related to the average lattice constant as is

A scan through the diffuse structure to the  often assumed.(Reprinted from [29].)
right and left of the coherent streak at a

one arrives at a value of 70 instead of 200 ML, which has to be compared with a
value of 55 ML predicted by Eq. (4.8).

In conclusion, one may distinguish three ranges in the development of strain
during growth: (a) the range below the critical thickness in which the film is
uniformly and fully strained, (b) the range in which the average distance between
dislocations is large with respect to the film thickness, that is, the dislocation
density is low (ph < 1), and (c) the range in which the dislocation density is high
(ph>1). In range (b) the film is not uniformly strained, the deformation being
large near the dislocation sites, but small in between. In range (c) the strain slowly
decreases with thickness. Consequently, if one wants to use misfit strain as a tool
to induce linear dichroism, the thickness and misfit should preferably be such
that the film is fully strained (range a). In the partly relaxed range (b), the linearly
polarized XAS spectrum is expected to be nonuniformly broadened.
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4.6
Linear Dichroism Results for AF TM Monoxide Layers

4.6.1
XMLD of Epitaxial NiO(100)/MgO layers

In an octahedral environment the t,, orbitals of the divalent Ni d®-ion are completely
filled with six paired electrons and the remaining two electrons are in the twofold
degenerate e, orbital with parallel spin. In terms of many-electron theory, this
corresponds to a A, triplet. The charge distribution has a cubic symmetry and the
orbital moment is strongly quenched. Above Ty, in the paramagnetic phase, X-ray
Linear dichroism due to an anisotropic charge distribution is expected to be zero,
because the crystal structure is cubic. In the AF ordered phase at low temperatures,
single domains should exhibit large XMLD effects, but we expect the individual
domain contributions to be averaged out in a single crystal. By growing a strained
epitaxial NiO layer on a suitable substrate like MgO, the symmetry lowering
may induce magnetic as well as natural linear dichroism. We concentrate on the
magnetic Linear Dichroism first [32, 33] and discuss the LF-induced effects later
[34]. The lattice constant of MgO is 4.213 A. The misfit for NiO is only —0.85%. Up to
very thick layers, the growth is pseudomorphous and coherent, that is, the in-plane
lattice constant of the NiO is equal to the MgO lattice constant. Therefore, the NiO
is slightly expanded in-plane and contracted in the growth direction. The artificial
contraction favors the preferential growth of the eight domains with spins pointing
in (112) directions closest to the film normal, that is, in [£1 %1 42| directions.
For these domains, the average spin direction is perpendicular to the film. This
preference can be understood by noting that in addition to the contraction along the
trigonal axis, the S-domains in NiO are contracted slightly along the spin direction
[17]. Consequently, the domains with more or less out-of-plane spins are favored if
the strained film is grown on a substrate like MgO having a larger lattice constant.
The dependence of the linearly polarized spectrum on the angle 6 between the
polarization vector and the easy direction of the magnetic-moment can be written
as [33]
L—o(@, 0) = Lo () + 8IEP (@) + I1p(@, 6)(3 cos® 6 — 1) (4.8)

150

Iiso(w) is the isotropic spectrum without exchange interaction, I&%(«w) is the
exchange contribution due to the nn spin-spin correlation to the isotropic spectrum
(an extensive account of this temperature-dependent contribution can be found in
[35]), and I;p(w, 6) is the anisotropic contribution due to the long range order part
of the exchange interaction. Arenholz et al. [36] have recently shown that in general
the anisotropic contribution is more complicated and is not properly represented
by the last term of Eq. (4.9). However, as we demonstrate in the appendix, the above
expression is correct for a set of equivalent domains with an average magnetic
moment along the tetragonal axis.

It is convenient in practice to choose a characteristic feature of the spectrum
to test the validity of Eq. (4.9). As was explained in Section 4.4.1, the double
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peak structure of the L, edge exhibits quite a strong contrast for perpendicular

polarization directions. So, the ratio of the two peaks was taken as a measure
of the exchange field. In Figure 4.11(a) the Ni L,-XAS of a 20 ML NiO(100) film
on a MgO substrate at 298 K is shown as a function of the angle 6 between the

polarization vector and the surface normal. The spectra are normalized to the first
peak. In reality, the total intensity of the L, spectrum is constant. The temperature

dependence of the effect is shown in Figure 4.11(b). Above 473 K the spectra do

not change anymore, suggesting that the material is in the paramagnetic phase.
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Figure 4.12 (a) polarization dependence for different NiO
layer thicknesses at roomtemperature, and (b) temper-
ature dependence of the L, ratio for different NiO layer
thicknesses. (Reprinted from [33].)

In Figure 4.11(c), the ratio of the L, peaks of all the measured data is plotted as a
function of the angle between the film normal and the polarization direction. The
lines in Figure 4.11(c) are fits to Eq. (4.9). At 528 K, well above Ty, the L, peak ratio
is independent of 6, that is, the linear dichroism has disappeared completely. This
implies that the LF contribution to the linear dichroism is unimportant, although
the symmetry of the coherent epitaxial layer is lowered to Dsy. Apparently the
deformation is too small to cause a measurable effect. In the next paragraph, we
show that crystal-field-induced effects are observed if NiO is grown on top of a
substrate with a larger misfit like Ag.

The temperature dependence of the L, peak ratio at normal incidence is shown
in Figure 4.11(d). For comparison also data for (M)? obtained from neutron
diffraction [20] is drawn in the same graph. The same experiments were repeated
for 5- and 10-ML-thick samples (Figure 4.12). The effect decreases dramatically
with decreasing layer thickness at room temperature. In fact, the linear dichroism
has disappeared completely for the 5-ML sample. The temperature dependence of
the L, peak ratio for the 5-, 10-, and 20-ML samples is shown in Figure 4.12b. Ty
is seen to be very much dependent on sample thickness. Whereas Ty is 520 K for
bulk samples, it is approximately 470, 430, and 300 K for the 20-, 10-, and 5-ML NiO
samples, respectively. This was interpreted as a transition from 3D to 2D behavior.

4.6.2
Ligand-Field-Induced Linear Dichroism in Strained NiO/Ag(100) Layers

Fcc metals like Ag and Au can also be used as substrates for epitaxial growth of
NiO. The misfit, however, is much larger than for MgO. For Ag itis —2.2% . From
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Figure 4.13 Experimental polarization-dependent
Ni L3 XAS of 1ML of NiO(001) on Ag(001)
covered with a caplayer of 10 ML of MgO.

0 is the angle between the polarization vector
and the surface normal. (Reprinted from [34].)

Section 4.5, the equilibrium critical thickness for coherent growth is estimated to
be only about 1 ML. This small value is mainly caused by the much smaller shear
modulus of silver metal. Haverkort et al. have studied the X-ray linear dichroism of
a single monolayer of NiO grown on a Ag single crystal in the [001] direction [34].
The film was covered with a caplayer of MgO, which has a lattice constant close to
that of NiO. It is unlikely that this layer, including the NiO monolayer, is coherent
with respect to the substrate, but a considerable residual strain will still be present.
In Figure 4.13, L, and L; edge spectra for two nearly perpendicular polarization
directions are shown. The L, spectra are very similar to those observed for thick
NiO films on MgO substrates. However, there are two characteristic differences.
As can be seen from the close-ups of the L, region in Figure 4.14, the sign of
the dichroism in the 1-ML NiO/Ag(001) spectrum is reversed as compared to the
20-ML NiO/MgO spectra, and the peaks are shifted by 0.35eV. It is very unlikely
that the dichroism in this case is of magnetic origin. On the basis of the data for
NiO on MgO discussed in the previous section, Ty is predicted to be below room
temperature. Also shown in Figure 4.14 are the data for 80 K, which appear to be
identical to the room temperature data, suggesting that Ty is even lower than 80
K for a single NiO ML. A credible cause for the linear dichroism is the energy
difference between the deyZ and d;,»_,» orbitals associated with the tetragonal
deformation due to strained growth. The shifts in the peaks in both the L, and
L3 region are in favor of this explanation, since lower symmetry ligand fields
split or alter initial- and final-state energy levels. MLFT calculations confirm this
notion. The simulated spectra, also shown in Figure 4.14, are seen to reproduce the
experimental spectra very well. The calculation was similar to that of Alders et al.
[33], but now in the Dy, point-group. (Strictly speaking, the local symmetry is C,
but for d-electrons the results are identical.) The shift of 0.35 eV, most clearly visible
in the L3 edge, can be understood in the independent electron approximation. The
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of 1ML of NiO on Ag(001) capped with 10 ML of MgO.
(a) Similar spectra for 20 M| of NiO on MgO(001) taken
from [34]. (Reprinted from [34].)

ground state has a hole in both of the split e, levels, that is, one in the by, (3d,. 7y2)
state and one in the a1, (3d,,2_,2) state. In the final state, one of the two holes will be
occupied by the excited electron. Using Table 4.2, we see that with z-polarized light
only the 3d,,» ,» state can be reached, and with x-polarized light the probability
to excite the electron into the 3d,,2_,» is 1/4 and into the 3d,» 2 is 3/4. The shift
between the two polarizations is predicted to be approximately equal to the LF
splitting of the e, level. Another characteristic feature is the transfer of spectral
weight between the two main peaks of the L, edge. As we have explained already
in Section 4.4.1, in Oy, symmetry the first peak is related to an E; and a T,, and the
second peak to a T; final state. In Dy, symmetry, these three final states split into
the following pairs, A; and B;, B, and Ej, and A; and E;, respectively. The two E;
states will mix and cause a change in the intensity ratio of the two peaks.

In the two cases discussed up to now, that is, the thicker layers of NiO on MgO
substrates and the single ML of NiO on Ag, two extreme situations were encoun-
tered. In the first case, the charge anisotropy due to strain could be neglected, and in
the second case the magnetic anisotropy is neglected. A general strategy to separate
the two contributions is to take linear dichroism spectra below and above the
ordering temperature. Above Ty, the magnetic contribution can be excluded and
any linear dichroism must be due to charge anisotropy. In the case of NiO, we are
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helped by the fact that the ground state cannot be split by LF or spin—orbit interac-
tions. The LF-induced linear dichroism, therefore, is independent of temperature,
in contrast to the magnetic contribution below Ty which scales with (M?).

Altieri et al. [37] studied also thicker NiO layers grown on Ag single crystals, that
is, 3 and 30 ML of NiO capped with 10ML of MgO. In the 3 ML of NiO on Ag
sample, the L3 edge is shifted 0.1 eV in the high-temperature paramagnetic phase,
indicating an LF contribution due to a tetragonal distortion, similar to the single
ML case, but of smaller magnitude. The most surprising result is that the L, peak
ratios at low temperatures, presumably well below the AF ordering temperature,
are in the 3-ML NiO/Ag case inverted with respect to the 30-ML NiO/MgO case.
Apparently, the average spin direction now has a main component parallel to the
layer, implying that there is a preference for the formation of [£1 £2 +1] and
[£2 +1 £1] domains in these thin strained layers. In the thicker, presumably fully
relaxed NiO layers on Ag, the sign of the L, MLD is again the same as for thicker
NiO layers on MgO. The same geometrical explanation for this preference given
in the case of strained NiO layers on MgO can be applied, that is, compressive
stress favors domains with in-plane spins, because the characteristic distortion
of the S-domains is a contraction along the spin direction. A more sophisticated
explanation was given by Finazzi and Altieri [38], assuming that dipole—dipole
interaction is the main interaction responsible for the magnetic anisotropy in NiO.
They prove that in bulklike samples, positive and negative strain favor in-plane and
out-of-plane spin orientations, respectively, and that for thin layers the spins are
strongly oriented in-plane.

4.6.3
Isotropic XAS of CoO

Compared to NiO, the (polarized) XAS of CoO is much more involved. The basic
reason is that the ty; levels of CoO are partly filled and degenerate, in contrast to
NiO (and MnO). CoO has a high spin d” configuration. In an independent electron
picture, the first five electrons go into a different 3d-orbital each with parallel spins,
and the remaining two will form pairs in the lower t,, shell. Consequently, there is
one hole in the ty, level, which may be in either the d,, ,d.., or d, orbital. Because
of this degeneracy, the hole carries a (pseudo) orbital moment of L = 1. The three

linear orbital combinations with magnetic quantum numbers m; = —1, 0, and 1
are d_y = /1/2(dy; —id,z) , do = dxy, and d; = /1/2(—d,; —id,;) . This orbital
moment couples to the total spin S = 5 the total angular moment becoming | =

J= 2 or J= The correspondlng energy levels are separated by SOC The actual
splittings between the J = 3 ground state and the j=3 and j=:2 exc1ted states
are 40 and 120 meV, respectively. So, the excited states Wlll be occupled to some
extent at higher temperatures. As a result, the XAS spectrum becomes temperature
dependent. In Figure 4.15 the experimental isotropic XAS spectra of CoO grown
as a polycrystaline film on Ag taken at different temperatures are shown [39]. The
most pronounced effects are the reduction of the sharp peak at 777 eV and the shift
of the L, edge toward lower energies with increasing temperature.
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Figure 4.15 Temperature-dependent experimental and
theoretical isotropic CoO L, 3 spectra. (Reprinted from [39].)
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initial states. (Reprinted from [39].)

In Figure 4.16a, the energy level diagrams for the spin—orbit split initial-state
and the many multiplet levels for the final-state 2p°d® configuration have been
shown. The arrows point at the dipole allowed excited multiplet levels, the length
of the arrows being proportional to the transition probability. In (b) the calculated
XAS spectra for the initial-state levels with different J-values are shown. Using
Boltzman statistics, the theoretical spectra can be calculated. For comparison, the
results have been added to the experimental results in Figure 4.15. The observed
features are reproduced very well.

It may be noted that the isotropic spectrum of NiO also displayed some tem-
perature dependence, although the ground state is not split by spin—orbit or LF
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interactions. This effect was linked to the isotropic part of the exchange interaction.
In principle, the same effect is active in CoO as well. However, the exchange field is
much smaller in CoO and the temperature dependence of the isotropic spectrum is
in fact dominated by the thermally accessible spin—orbit split excited states. Also,
exchange striction plays a role [39].

4.6.4
Linear Dichroism of Strained CoO Layers

Like in NiO, epitaxial strain was used to induce an anisotropic distribution of
charge, LF splittings, and magnetic moments in CoO, and polarized XAS was
used to detect and quantify them [40]. The cubic lattice of CoO (a = 4.267 A) can
be expanded within the layer by choosing a cubic substrate with a larger lattice
constant, like MnO (a = 4.445 A), the misfit being —4.2% and the corresponding
theoretical equilibrium critical thickness being a few ML (see Section 4.5). Instead
of taking a single crystalline MnO substrate, a thick (100 A ) fully relaxed film of
MnO was grown first on a silver substrate. The thickness of the CoO film was
chosen to be 5 ML. From reflection high energy electron diffraction (RHEED), the
in-plane lattice constant was determined to be 4.424 A, which is still very close
to the coherent value. To increase the critical thickness somewhat, the layer was
capped with an additional 7ML of MnO. Using the Poisson ratio 0.27 deduced
from X-ray diffraction results, the tetragonal distortion is at least 6.2% for such
a (14 AyMnO/(10 A)Co0O/(100 A)MnO/Ag(001) sample. A small compression was
achieved by growing CoO directly on a Ag(001) substrate. The misfit between CoO
and Ag is +4.3%. However, the oxide lattice will relax immediately at the first
atomic layer due to the softness of silver metal. For the (90 A)CoO/Ag(001) film,
the in-plane and out-of-plane lattice constants were found to be 4.285 A and 4.235
A, respectively, indicating a residual strain of +0.75% and a tetragonal distortion
of 1.1%.

To separate the LF and magnetic contributions to the XLD spectrum, the same
strategy was employed as in the case of NiO. At temperatures exceeding the
magnetic ordering temperature, any linear dichroism is related to the charge
anisotropy and LF generated by the lowering of the cubic symmetry. The spectra
for the samples under compressive and tensile stress taken at 400 K, which is well
above Ty, are shown in Figure 4.17

The symmetry lowering due to the tetragonal distortion is accompanied by a
splitting of the t,; and e, levels as shown inFigure 4.2. Depending on the sign of
the distortion, the level splittings are inverted. In Figure 4.18, the theoretical linear
polarized XAS spectra for different values of the splitting energies Aty and A,
are shown. The spectra have been calculated at 400 K using the spin—orbit and
10Dq values deduced from the simulations of the isotropic spectrum. It is clear
from these spectra that A, does not produce much linear dichroism. The reason
is simple. The charge distribution in the e, shell is not anisotropic, because the e;
levels are filled with one electron each. The spectral changes are not completely
zero, because the final state is affected by the splitting, just as in the case of NiO
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Figure 4.17 Experimental 2p-XAS spectra for ordered phase. The direction of the exchange
an in-plane stretched CoO layer sandwiched field was determined from the best fit
between MnO layers and an in-plane between theory and experiment to be per-
compressed CoO layer grown on a silver pendicular to the surface for the in-plane
substrate. The spectra in (b) were taken at  stretched film and parallel for the other.

400 K in the paramagnetic phase and the (Reprinted from [40].)

spectra in (a) at 77 K in the magnetically

discussed earlier. On the other hand, the linear dichroism is seen to be very large if
Ay is varied. The ty, shell is an open shell and the orbital occupation is anisotropic.
In Figure 4.17, the simulated spectra have been added. For CoO sandwiched by
MnO Ay, = —56 meV and for CoO on Ag Ay, =18 meV gave the best fits.
Because the spectra are not very sensitive to Aeg, this parameter was not separately
fitted, but taken to be 404y, - The size and signs of the splitting parameters is in
qualitative agreement with the size and signs of the tetragonal distortion. For CoO
sandwiched by MnO, the d,, level is found to be the lowest and the d,, and d,.
the highest levels, and for CoO on Ag the opposite holds. In addition, the absolute
value of the splitting energy is largest for the most distorted layer.

From Figure 4.17, it is evident that the first peak of the L; edge is very distinct and
has a high contrast. The origin of this peak is easily understood in an independent
electron picture. The lowest possible excitation of a 2p electron is into the hole of
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Figure 4.18 Theoretical 2p-XAS spectra for CoO as a

function of the tetragonal LF parameters A, (a) and Atzg

(b), and the exchange field (c). (Reprinted from [13].)

the t,y level. The intensity of the transition is proportional to |(pi||d;)|?, where i
is x, y, or z, « is the polarization direction x, y, or z and j is xy, xz, or yz. From
Table 4.2, we find that for every polarization direction g there is one tp; orbital,
which cannot be excited, that is, the d,, level cannot be excited with z-polarized
light, the d., level cannot be excited with y-polarized light, and the d,, level cannot
be excited with x-polarized light. So, if the hole is in the d,, level there will be no
intensity in the first peak for z-polarized light. In Figure 4.17, we notice that the
peak at 777 eV is indeed reduced considerably for positive Apy and E|| C4. However,
the intensity decreases at a much slower pace with increasing LF parameter than
might be anticipated on account of the above simple reasoning. After all, the
intensity should be zero for A, exceeding kzT. The explanation is that we have
neglected SOC, which favors a spherical charge distribution and therefore delays
the intensity decrease. Only when Ay > ¢ the hole will be entirely in the d,,
orbital. For a tetragonal elongation, that is, a negative Apg the hole is in the d,;,
and d,; levels.

Below Ty the magnetic moment distribution starts to become anisotropic due
to collinear alignment and a magnetic component is expected to add to the linear
dichroism. In Figure 4.18 also the calculated XMLD for cubic CoO at 0 K and an
increasing exchange field is shown. The exchange field is taken to be parallel to the
z-axis ([001]). Below 30 meV the XMLD scales with the size of the exchange field
and above this value it starts to flatten. This behavior is radically different from NiO,
for which the full effect is present at 0 K for an infinitesimally small exchange field.
Again the spin—orbit interaction is at the basis of the far from abrupt changes in

795 800
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intensity, that is, it trims down the anisotropic charge distribution. The explanation
3

is that SOC couples the S = 5 state with the effective orbital momentum to a
J= % state. Doublets in cubic symmetry do not have an anisotropy for dipole
transitions by symmetry constraints. The reason one can measure MLD at all
is due to quantum mechanical mixing in of excited states through second-order
perturbation in the exchange field. Therefore, the XMLD is zero for zero exchange
field and grows only linearly with the size of the exchange field. In contrast to this,
Ni%* having a d® configuration shows its full XMLD effect as soon as the exchange
field is larger than kgT.

Also in the magnetic case the contrast for the first peak at 777 eV is very large.
Like the tetrahedral LF, the exchange field generates a preferred orbital occupation.
If the spins are for instance aligned in the z-direction, the spin—orbit interaction
will align the orbital moment in the same direction. The orbital with a moment
in the z-direction dy = /1/2(—d,. — id,) will be coupled to the spin if it contains
the hole. Consequently, the probability of exciting a 2p electron into this hole is
reduced for x— and y— polarized light (E L [001]), but not for z-polarized light
(E || [001]). Similarly, if the spin is turned to an in-plane direction, for example
[100] , the peak intensity will be reduced for y and z polarized light and not for
x-polarized light, if we keep the coordinate system unchanged. The contrast of the
first peak, therefore, is a measure of the spin direction. However, this contrast is
also strongly affected by the LF and it is not easy to separate the two contributions.
Comparing Figures 4.18 (b) and (c), a better criterion for the spin direction is the
overall energy shift of the L, edge. For light polarized parallel to the spin direction,
the energy position of the L, edge is lower than for light polarized perpendicular to
the spin direction. The shifts caused by the LF are much smaller.

The low-temperature spectra of the CoO films are also shown in Figure 4.17.
The temperature of 77 K is well below Ty of about 300 K and the spins are almost
completely aligned. For the theoretical fits, the exchange field was taken to be
equal to 12.6 meV, a value determined from neutron scattering experiments [41,
42] and the SOC and LF parameters were copied from the fits of the isotropic and
high-temperature spectra, respectively. Hence, the only unknown parameter left is
the orientation of the spin. The exchange field for CoO sandwiched between MnO,
the layer under tensile stress, is found to be perpendicular to the layer and the
exchange field for CoO on Ag, the slightly compressed layer, is in the plane of the
layer. A tilt with respect to the film normal for CoO sandwiched between MnO or
with respect to the plane of the film for CoO on Ag leads to a noticeable reduction
of the linear dichroism. If preferential domain orientation would be the reason for
the observed spin orientation, a tilt of 27° away from one of the (001) directions is
expected. The nearly perfect perpendicular and parallel alignments suggest that a
different explanation should be found.

In Figure 4.19 (a and b) the temperature dependence of the two characteristic
features of the linearly polarized spectra, that is, the linear dichroism contrast
of the first peak at 777 eV and the mean energy shift of the L, edge are shown.
A clear kink is visible in the curves of the first quantity at about 300 K, which
is Ty. Above this temperature the effect is different from zero, indicating an
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LF-induced charge anisotropy, which is dependent on temperature because excited
states split-off by the SOC are thermally accessible, as was already discussed for
the isotropic spectrum. Below Ty the peak contrast increases beyond the LF value
due to magnetic ordering. This figure nicely summarizes the analysis so far. As
pointed out earlier, the mean energy shift of the L, edge (Figure 4.19) is mainly
sensitive to the magnetic component of the anisotropy.

4.6.5
Spin Alignment in Strained CoO

The orientation of the spin was found to be in the plane of the CoO layer for
compressive and perpendicular to the layer for tensile epitaxial strain. This can
be understood qualitatively in the independent electron picture. Easiest to explain
is the case of CoO sandwiched by MnO. The CoO distance is elongated in-plane
and the d,, level is lowered 56 meV in energy with respect to the d.. and d,.
levels. The only hole in the ty, level is in the twofold degenerate state, which was
assigned an orbital momentum +1 in the z-direction by combining them into
diy = V1/2(—dy, — id;;) and d_; = /1/2(dy; — idy.). The electron spin wants to
align with the orbital momentum in an antiparallel fashion. The spin, therefore,
also wants to be in the z-direction, that is, perpendicular to the layer. Hence, the
two spin-down electrons are in the d,, and the d; orbitals and the hole is in the d_,
orbital.

The case of the compressively strained layer of CoO on Ag is more difficult
to explain. The d,, level now is higher in energy by 18 meV. If the spin—orbit




132

4 Antiferromagnetic Oxide Films on Nonmagnetic Substrates

interaction would have been small with respect to the LF splitting Ay the hole
would be in the d,, level and the orbital momentum would have been completely
quenched. However, in reality the spin—orbit interaction is considerably larger
than the LF splitting. Under these circumstances, it is advantageous to choose a
quantization axis which is in the plane of the sample, for instance the x-axis. A
new orbital d_; = /1/2(dy, — id,;) may be created with an orbital momentum of
—1pp. Putting the hole in this orbital, the LF stabilization does not acquire its
maximum value, because there is only half a hole in the d,, level instead of one,
but this energy loss is more than compensated by the energy gain due to the SOC.
In reality, one should realize that, as the SOC is more important than the noncubic
distortions and the exchange fields, one has a ground-state hole density close to the
one in cubic symmetry as depicted in Figure 4.3b, perturbed toward a hole carrying
orbital momentum either in the z direction or in the plane of the thin film.

4.6.6
Electronic Stucture of Strained CoO

From the above-mentioned multiplet fits of the isotropic and linear polarized XAS
spectra, alarge number of parameters have been obtained and a detailed description
of the electronic structure has become possible. The octahedral LF splitting between
the ty; and e, levels is 1.1eV. Covalency is of limited importance because there
are 7.12 electrons on the cobalt ion, which is only slightly larger than the value of
7 for the nonbonded ion. In the independent electron (hole) picture, there is one
hole in the t,, level and two in the e, level. The t;, hole is threefold degenerate
and the spin degeneracy is fourfold, because the total spin is % Consequently, the
ground state is overall 12-fold degenerate. This degeneracy is lifted by the 3d SOC,
lower symmetry LF, and exchange fields. Because all three are of the same order of
magnitude, perturbation theory cannot be applied. Nevertheless, we will start with
the effect of SOC, which is in fact the largest interaction. In Figure 4.20a, the twelve
spin—orbit split initial-state levels are shown as a function of the most important
tetragonal LF splitting parameter Apy-In the middle, where this parameter is zero,
we find the energy level diagram of cubic CoO. The spin—orbit interaction causes
a splitting into a ground state with | = 1, a first excited state with J= 2 and a
highest excited state with ] = 3. There is a small splitting of the latter state in a
quartet and a doublet, which we will ignore. If we now go to the extreme limit of a
large negative LF splitting, corresponding to tensile strain, the d,,, orbital is lowered
in energy (see Figure 4.2) and the hole will be in the d,; and d,, orbitals. These
can be combined into the d; and d_; orbitals and the magnetic moment of these
states will be parallel or antiparallel to the total spin moment of &3 or £3, giving
four twofold degenerate orbitals going down with decreasing Apyg- In the extreme
case of Ay, ¢ (far outside the graph), the hole would be in a Kramers doublet
consisting of a d; orbital and magnetic spin momentum of —2 or a d_; orbital and
magnetic spin momentum of 3 . On the other extreme end of the graph, that is,
large positive LF splitting, the hole is in the d., orbital and the orbital momentum is
totally quenched. In Figure 4.20, the actual experimental values of the LF splitting
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(Reprinted from [13].)

parameter for the strained samples discussed in the previous sections (—56 meV
and +18 meV) have been indicated.

The effect of an exchange field on the energy level diagram is seen in Figure 4.20b.
The energy is plotted as a function of temperature. The exchange field follows a
J = 3 Brillouin function.

4.6.7
Strain-Induced Linear Dichroism in MnO Layers

For the MnO studies [13, 29, 43], three types of samples were used, that
is, (100 AyMnO/Ag(001), (14 A)MnO/(10 A)CoO/(100 A)MnO/Ag(001), and (22 A)
MnO/(90 A)CoO/Ag(001). In fact, the second sample was the same as the one
used in the CoO study, and the others were freshly made. The MnO and CoO
measurements were all done during the same run.

The misfit of MnO on Ag is very large (8.8%) and the 100 A thick layer of MnO
on Ag is completely relaxed to its own lattice parameter. The XAS at two different
orientations of the polarization vector are almost identical (Figure 4.21). Although
the lattice is locally slightly distorted due to the AF ordering at low temperatures,
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vector and the surface normal. (Reprinted from [43].)

almost no linear dichroism can be detected, because the effects of the different
domains present in the sample average out. Note that the sample is grown at a
temperature exceeding Ty, where it still has the cubic structure. On cooling down,
one gets an isotropic distribution of AF domains.

In the second sample, the strain is large (—4.2%) for the CoO layer and small
but finite (about 0.5% as determined from the in-plane lattice parameter) for the
MnO top layer. The strain in the MnO layer of the third sample, on the other hand,
is expected to be much larger, of the order of 4% for coherent growth on top of an
almost relaxed layer of CoO. The linear polarized XAS spectra for these samples
are shown in Figure 4.22 for a temperature well above (200 K) and well below (77
K and 67 K) the magnetic ordering temperature of MnO. In both cases, a sizable
linear dichroism is detected.

As in the previous sections, we first discuss the observed linear dichroism in
the high-temperature paramagnetic state. MnO has a high spin d° configuration,
that is, all d-levels will contain one electron and the total spin S = % A tetragonal
distortion cannot split the ®A; nondegenerate ground state, but as in the case of
NiO, the final state will be affected. A 2p spin-down electron is excited into one of
the half-filled t,, or eg orbitals. The corresponding peaks in the Ls; edge are the first
two peaks at 639 and 640 eV. A tetragonal distortion will split these levels as shown
in Figure 4.2. Because in both samples, the MnO is compressed in the plane of
the layer, the highest ty; level is d, and the highest ¢, level is d,2_». These levels
can be accessed with x-polarized light (0 = 90°) but not with z-polarized light. The
other levels can be accessed with z-polarized light, but the intensity is reduced for
x-polarized light (see Table 4.2). This should result in an overall shift of the peaks
to higher energy in going from z- to x-polarized light, which is indeed observed
for the strongly distorted MnO on relaxed CoO sample. In the CoO sandwiched
by MnO, the effect is small, in agreement with the fact that the MnO top layer is
hardly distorted.
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To analyze the data more quantitatively, a multiplet LF or cluster calculation was
performed similar to the one performed for NiO but now in the Dy, symmetry,
thus including 2p — 3d and 3d — 3d electron correlation and O-2p Mn-3d LF effects
and a Brillouin-type temperature-dependent exchange field. As far as possible,
the parameters already known for bulk MnO [44] were used. The results of the
calculations have been added to Figure 4.22. The LF parameters D, and D, giving
the best fit are 9.3 and 2.6 meV for the CoO sandwiched between MnO layers and
48.6 and 11.1 meV for the MnO on a thick relaxed CoO layer. The LF parameter
values confirm that the distortion for the two samples is an in-plane compression
which is much stronger in the latter sample.

Below Ty, the (AF) magnetic ordering is an additional source of linear dichroism.
In Figure 4.23 the polarization contrast, taken as the ratio of the difference and
sum of the intensity of the first pronounced peak at 639 eV for § = 20° and 90°, for
the strained and almost relaxed MnO layer is plotted as a function of temperature.
The solid lines are the simulated curves, calculated under the assumption that the
exchange field is parallel to the [112] direction for the relaxed MnO/CoO/MnO/Ag
sample and in the [211] direction for the strained MnO/CoO/MnO sample. In
NiO the reason for the occurrence of the effect was assumed to be the preferential
growth of domains with a magnetic moment in a (112) direction as close as possible
to the surface normal, in order to adapt as much as possible to the tensile strain in
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the sample. Applying the same reasoning to the two types of MnO samples, one
would expect domains with the main component of the magnetic moment in the
plane of the layer for both samples, because both MnO layers are compressed. This
clearly is not observed. The low-temperature linear dichroism has the opposite sign
for the two samples. A comparison with the simulated data suggests spin directions
close to the [112] and [211] direction. The more or less out-of-plane [112] orientation
of the spins for the weakly compressed MnO layer is not expected. Because the
spins in the underlying CoO layer are oriented perpendicular to the layer surface,
a likely explanation is that the spins are oriented by a strong interlayer exchange
coupling. The evidence, therefore, is in favor of an AF exchange biasing effect of a
CoO substrate. For the strongly compressed MnO layer, we cannot decide whether
the close to in-plane orientation is due to the strain-induced preferential growth of
domains having a close to in-plane spin direction or a strong interlayer exchange
coupling, because both would lead to the observed in-plane spin direction.
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4.7
Conclusions

The study of the magnetic structure of AF TM oxides has matured considerably since
the introduction of polarized XAS techniques thanks to the development of reliable
computational methods and programs to simulate the rather complicated highly
resolved structures of the spectra. The first action one has to take experimentally is
to make the magnetic effect visible to the XMLD technique. In bulk materials, the
linear dichroism is usually averaged out. One possibility is to do the experiment
on a single magnetically ordered domain using microscopic techniques. Another
possibility, and that is the one we have chosen, is to deform the crystal by applying
growth strain in order to get a nonuniform distribution of magnetically ordered
domains. In simple cases, for instance for NiO grown on MgO, the measurement
of a characteristic feature of the linear polarized XAS spectrum is sufficient to
determine the magnitude and orientation of the exchange field. However, in the
general case, one has to disentangle basically all components of the electronic
strucure, such as the Coulomb interactions, LF, SOC, magnetic interactions, in
order to single out the magnetic effects one is interested in. Even in NiO, despite its
nondegenerate ground state, the linear dichroism in a strongly strained state is not
only due to magnetic effects. A strategy to separate the natural and magnetic linear
dichroism is to do temperature-dependent measurements. Above Ty, the magnetic
linear dichroism must be absent, and below Ty the magnetic linear dichroism
follows a Brillouin type temperature dependence. One of the findings in NiO is
that the spins are oriented more or less in-plane or out-of-plane depending on
whether the strain is tensile or compressive. Strain, therefore, can be used as a tool
to orient the spins in AF films. In open shell systems like CoO, the finite orbital
momentum of the d-electrons is an important additional factor. The dominating
effect of strain now is that different orbitals are occupied depending on whether
the strain is tensile or compressive. The orientation of the spin is determined
by the coupling to the finite orbital momentum. Also in this case strain can be
used to orient the spin, but only the mechanism is fundamentally different from
the one in NiO and MnO. Finally, it was shown in the case of MnO grown on
top of more or less strained CoO that exchange biasing can also happen for AF
layers.

Appendix: Polarization and Spin Direction Dependence of the Linear Dichroism in
Nonspherical Symmetry

It has recently been shown that the linear dichroism in the general case does not
only depend on the direction of the polarization with respect to the spin but also on
the direction of the spin with respect to the high symmetry local axes [36]. This can
lead to quite different results and the sign of the MLD spectra can even be reversed.
This is very important for single magnetic domain studies by means of microscopy
techniques. In this chapter, we have studied only samples in which more than
one domain was present and measurements were averaged over these domains.
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This results in an average spin direction that is in a high symmetry direction. In
these cases, the conductivity tensor (o), describing the absorption of the sample,
becomes quite simple, as we show below.

In general o of a magnetic system is a complex 3 x 3 non-Hermitian tensor
which has energy-dependent nonorthogonal complex principle axes. In the wave-
length region of visible light, one almost never encounters this general situation.
Magnetooptical effects at these photon energies are generally quite small and
symmetry distorting effects can be neglected or treated as a small perturbation. For
X-ray absorption at the L, 3 edge, one has a large 2p SOC and magnetooptical ef-
fects are generally quite strong. It then becomes important to treat the conductivity
tensor in its full form.

In this appendix, we start from the general case and show how symmetries
reduce the complexity of the tensor, especially in the case where several magnetic
domains are present and only an average is measured. The general conductivity
tensor can be written as

Oxx Oyx Ozx
oc=| oy oy Oy (4.9)
Oyxz Oy Oz

In spherical symmetry with the spin in the (001) direction, this simplifies to

o’ — %0'2 o! 0
o= —o! o’ — jo? 0 (4.10)
0 0 o'+ 30’

where the isotropic spectrum is given by &, the circular dichroism by 1!, and the
linear dichroism by 2. For a spin in an arbitrary direction given by 6 and ¢, the
conductivity tensor should be rotated. With the aid of the rotation matrix

cos(f) cos(¢p) —sin(¢) cos(¢)sin(f)

R(@,¢) = | cos(@)sin(¢) cos(¢) sin(f)sin(¢) (4.11)
—sin(f) 0 cos(f)
the rotated conductivity tensor oy, = R.o.RT becomes
o + o (x? — %) o'z + o?xy —oly + o¥xz
Olxyz) = —olz+o’xy o+’ -1 olx + otyz (4.12)
oly+ olxz —olx+olyz o' +o( -3

where x, y, and z are the spin directional cosines cos(¢) sin(@), sin(¢) sin(@), and
cos(6).

To understand how this tensor behaves in lower symmetries, we expand the
angular spin dependence of this tensor in terms of spherical harmonics

SR
— k k k
LIEDS cr,kc;” 0'?’/” aé}” Yim (0, ¢) (4.13)
k=0m=—k \ o of o

As o is an observable, it should be invariant under all symmetry operations of
the local point-group. For a cubic symmetry, for example, a rotation of 90° around
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z should bring o back to itself. This will lead to relations between many expansion
coefficients. Solving this set of equations (or using a reduction table that already
contains these solutions) leads to the symmetry allowed tensor components. It may
be noted that due to the local magnetic moment, one should in principle work with
double or colored groups. We will normally label the symmetry as if the material is
in the paramagnetic phase and then add a symmetry breaking magnetization.

In spherical symmetry, for example, there is no m-dependence and only expansion
coefficents with k = 0, 1, or 2 remain. From formula 4.14, it then becomes clear
why in spherical symmetry the labeling for the tensor elements has been chosen
as o for the isotropic spectra, o! for the circular dichroism, and o2 for the linear
dichroism. These are namely the expansion coefficients for k = 0, 1, and 2.

In cubic symmetry, where the x, y, and z are taken to be the C, axes, the
conductivity tensor can be written as

0 2 (42 _ 1 1 2 1 2
o’ + o-eg(x -3) ozt T T + Thrg %
1 2 0 242 1 1 2
Oy = | —OhEHoL ol tol P —3) ol x+oiyz (4.14)
1 2 g 2 0 22 _ 1
oYt Tiog*Z o,,X T Tig¥2 O +og (2" —3)

The expansion in spherical harmonics was truncated at k = 2. In spherical
symmetry, this truncation is exact, but in cubic symmetry it is not, although the
deviation for several simple cases does not seem to be too big. One important
observation is that the magnetocrystalline anisotropy that is, the dependence of the
energy on the spin direction, only shows up at higher expansion orders in k. It can
be measured with XAS, but in order to describe it one needs a notation that is a bit
more involved than the one presented here.

In cubic symmetry, o becomes different for the off diagonal part of the tensor
(o-tzzg) and for the diagonal part (o-ﬁg). This leads to the effect that the angle of the

spin with respect to the crystal axes determines if one measures a'gg (spin parallel
to a C4 axes) or afz (spin parallel to the C3 axes).

In tetragonal symmetry with the C4 axis along the z axis and a C; axis along the
x and y axis, the conductivity tensor becomes

O (eya) =
o+lo? (2
ig ol 2402 xy —oly+olxz
_lg2 (2-1 u bag eu eg
101,23

70-30,, 68 (4.15)

ol 2 1 2
o‘uzuz—}—abzgxy Ugux+°'ngZ

1 1
“lo2 21

alg
1 2 1 2 0 2 (2 _ 1
oYt ogxz T X T OLYZ Oy, +cra1g(z 3)

This equation shows that in tetragonal symmetry also the circular dichroism
becomes direction dependent.

For the measurements presented in the chapter, the general formalism is valid,
but not needed to its full extent. All measurements have been done on layered
multidomain samples, having an inequivalent out-of-film direction (z) and in-plane
direction. If, for example, a single domain exists having its spin direction in the
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[xyz] direction, than domains with the spins oriented in the [+x +y +2z] direction
and domains with the spin in the [ty +x +z] direction are also present in equal
quantities. The spectrum of a multidomain sample is the same as the spectrum
of a sample with a conductivity tensor averaged over all the above-mentioned spin
directions, which is

0_ 152 (,2_ 1
o 2a'alg(z 3) 0 0
D
o _ 0_ 142 (,2_1
O oy = 0 o 2o'alg(z 3) 0
0 2 21
0 0 azz—l—aalg(z - 3)

(4.16)

A measurement with the polarization given by € = (&, &y, €;) then gives the
intensity

« D 1 1
e a(xj‘y}fz) e=o'l + 6)2/) +odel+ Uﬁlg (zz - §> (si - 5) (4.17)

which is the formula used in the current chapter to determine the spin direction in
the measured films.
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5
Exchange Bias by Antiferromagnetic Oxides

Marian Fecioru-Morariu, Ulrich Nowak, and Gernot Giintherodt

5.1
Introduction

For magnetic bilayers consisting of a ferromagnet (FM) in contact with an antifer-
romagnet (AFM), a shift of the hysteresis loop along the magnetic field axis can
occur, which is called exchange bias (EB). This shift is observed after cooling the
entire system in an external magnetic field below the Néel temperature, Ty, of the
AFM in the case of a saturated FM (for a review see [1-4]). The role of the AFM is
to provide at the interface a net magnetization which is stable or irreversible during
reversal of the FM magnetization, consequently shifting the hysteresis loop. The
key to understanding EB is to identify and explain this interface net magnetization
and its stability. The exchange coupling at the interface between an FM and an AFM
should obviously be very strong for periodic, uncompensated magnetic moments
at a perfectly flat surface of the AFM. This ideal interface model by Meiklejohn and
Bean [5] was confronted with the puzzling experimental facts that similar EB effects
were observed for periodically uncompensated as well as compensated moments
at the surface of the AFM and that the EB field was about a factor of 100 less than
that calculated by the ideal interface model.

For a long time, the bulk AFMs were considered as systems with zero mag-
netization. In the search for the microscopic origin of EB a major advancement
was made by the “random field model” proposed by Malozemoft [6—8]. Assuming
compensated AFM spins and roughness at the interface, the FM—AFM exchange
interaction is random in sign, leading to a random exchange field. As an outgrowth
of this model, magnetic domains in the AFM were considered whose variable size
due to exchange and anisotropy constants was assumed to account for the different
strengths of the EB field.

In the approach of Malozemoff [6-8], a small net magnetization occurs at the
FM/AFM interface due to its roughness, giving rise to domain walls in the AFM
perpendicular to the FM/AFM interface during cooling in the presence of the
saturated FM. However, the formation and the energetics of such domain walls
as well as the stability of the interface magnetization have never been proven. In
addition, the formation of domain walls perpendicular to the FM/AFM interface
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exclusively due to interface roughness is energetically unfavorable and therefore
unlikely to occur. Therefore, other approaches have been developed, where a
domain wall forms in the AFM parallel to the interface while the magnetization of
the FM rotates [9, 10]. However, it was shown by Schulthess and Butler [11] that
in this model, EB vanishes if the motion of the spins in the AFM is not restricted
to a plane parallel to the film as was done in the work of Koon [10]. To obtain EB,
Schulthess and Butler [11] assumed uncompensated AFM spins at the interface,
but their occurrence and stability during a hysteresis loop are not explained, neither
in their model nor in other similar models [12, 13].

In a recent experiment Miltényi et al. [14] showed that it is possible to strongly
influence EB in Co/CoO bilayers by diluting the CoO AFM layer, thatis, by inserting
nonmagnetic substitutions (Co;_,Mg,0) or defects (Co;_,0) not at the FM/AFM
interface, but rather throughout the volume part of the AFM. In the same work
it was shown that a corresponding theoretical model, the so-called “domain state
(DS) model,” based on Monte Carlo simulations shows a behavior very similar
to the experimental results. According to these findings the observed EB has its
origin in a DS in the whole AFM, which carries a net magnetization in the volume
and also at the interface of the AFM. This DS occurs during cooling in an external
magnetic field and is stabilized by nonmagnetic defects. Later on, it was shown
that a variety of experimental facts associated with EB can be explained within this
DS model [15-17]. The importance of defects for the EB effect is also confirmed
by recent experiments on Fe;_,Zn,F,/Co bilayers [18] and by investigations which
showed that it is possible to modify EB by irradiating an FeNi/FeMn system using
He ions in the presence of a magnetic field [19-21]. On the other hand, models
which assume the formation of a domain wall parallel to the interface during field
cooling cannot explain these findings. A domain wall parallel to the interface stores
the energy for redirecting the FM magnetization like a spring that is wound up, and
nonmagnetic defects will rather suppress this spring effect leading to a decrease
of EB with increasing defect concentration. Further support for the relevance of
domains in EB systems is given by a direct spectroscopic observation of AFM
domains [22, 23].

In this chapter, we will present our work mainly on the model EB system
Co/Co0, for which we have developed on experimental and theoretical grounds the
“DS-model” — based on an imbalanced or noncompensating sublattice magnetiza-
tion of the AFM. The motivation or advantage of using an antiferromagnetic oxide
for EB, such as CoO, is twofold: on the one hand, from an experimental point of
view the Néel temperature of CoO (Ty = 293 K) is slightly below the room temper-
ature so that the field cooling is easily feasible. Also, the EB effect can be switched
on and off easily with temperature. Moreover, nonmagnetic defects as pinning
sites of AFM domain walls can be introduced in a controlled way into the fcc lattice
Dby either substitution or overoxidation. On the other hand, from a theoretical point
of view, the very high anisotropy of CoO allowed for a straightforward modeling
in the framework of the Ising model. More generally, CoO and other AFM oxides
may play an important role in future all-oxide spintronics devices. In fact, CoO
was the material which led to the discovery of EB more than 50 years ago [5].



5.2 Theoretical Background

A recent review of the magnetic properties of antiferromagnetic oxide films at
interfaces and in multilayers has been given by Finazzi et al. [24].

We want to demonstrate that this model can account for most of the salient
experimental features. The crucial role is played by nonmagnetic volume defects
in the AFM, giving rise to the formation of domain walls throughout the volume.
The latter in turn are responsible for the occurrence of uncompensated moments
in the AFM, which after field cooling give rise to the EB effect. The role of interface
roughness for realizing EB [5-7] is revisited [25]. For a smooth interface, it will
be shown that having defects only at the interface is not sufficient to yield EB.
However, the interdiffusion of FM spins into the AFM will be shown to enhance
the interface coupling. The latter increases both the exchange field provided by the
FM during cooling and the action of the AFM upon the FM during hysteresis. In
the limit of vanishing bulk AFM dilution our model approaches the assumptions
of Malozemoff for his model. We show that our assumption of an Ising spin model
for CoO is not a crucial constraint of the model [15]. In fact we show that the EB
exhibits a maximum for intermediate anisotropies.

5.2
Theoretical Background

5.2.1
Diluted Antiferromagnets in a Magnetic Field

Considerable interest has been focused in recent years on the understanding of
magnetic systems with quenched randomness. One prominent example is the
diluted Ising antiferromagnet in an external magnetic field (DAFF), a model for
antiferromagnetic materials with high anisotropy so that the Ising limit is justified,
with part of the magnetic ions randomly substituted by nonmagnetic ones. Among
the best experimental realizations is Fe;_,Zn,F, where FeF, is an AFM with
very strong uniaxial anisotropy and the Zn atoms are the nonmagnetic defects.
The DAFF is an ideal system to study typical properties of structurally disordered
systems, as there are domains, metastability, and slow dynamics (for reviews on
DAFF see [26, 27]). In addition, many of the findings of the DAFF are also relevant
for the random field Ising model (RFIM), which has been shown to be in the same
universality class [28—30].
The Hamiltonian of the DAFF can be written as

H=—]arm Y &i6j0ioj — BY _ eio; (5.1)

<ij> i

with the AFM nearest-neighbor exchange constant Japym < 0 and the Zeeman
energy B describing the interaction with the magnetic field. The o; = £1 are
normalized Ising spin variables representing spins with atomic moment p. A
fraction p of sites is left without a magnetic moment (¢; = 0, representing a defect)
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while the other sites carry a moment (g; = 1). The defect distribution is assumed
to be random and quenched in time.

Let us first focus on the phase diagram of the three-dimensional DAFF, that is,
on equilibrium properties. In zero field, the system undergoes a phase transition
from the disordered, paramagnetic (PM) phase to the long-range ordered AFM
phase at the dilution-dependent Néel temperature Ty as long as the dilution p is
small enough, so that the lattice of occupied sites is above the percolation threshold.
In the low-temperature region, for small magnetic fields, B < Jarm, the long-range
ordered phase remains stable in three dimensions [31, 32] while for higher fields
the DAFF develops a DS [33—35] with a spin-glass-like behavior. The reason for the
domain formation was originally investigated by Imry and Ma for the RFIM [36].
Transferring the so-called Imry—Ma argument to the DAFF, the driving force for
the domain formation is a statistical imbalance of the number of impurities of the
two AFM sublattices within any finite region of the DAFF. This imbalance leads to
a net magnetization within that region, which couples to the external field. A spin
reversal of the region, that is, the creation of a domain, can hence lower the energy
of the system. The necessary energy increase due to the formation of a domain wall
can be minimized if the domain wall passes preferentially through nonmagnetic
defects at a minimum cost of exchange energy. Hence, these domains have
nontrivial shapes following from an energy optimization. They have been shown to
have a fractal structure with a broad distribution of domain sizes and with scaling
laws quantitatively deviating from the original Imry—Ma assumptions [37, 38].

A two-dimensional schematic spin configuration illustrating the Imry—Ma argu-
ment is shown in Figure 5.1. The black dots denote defects (nonmagnetic ions or
vacancies) and the solid line surrounds a domain in which the staggered magneti-
zation is reversed with respect to the background staggered magnetization outside
this domain. The number of uncompensated spins of the domain is 3 and the
number of broken bonds at the domain boundary is 5. Therefore, for B> 5/3|]apm|
the shown spin configuration is stabilized by the field.

In small fields, the equilibrium phase of the three-dimensional DAFF is
long-range ordered. However, if cooled in a field B below a certain (irreversibility)

Figure 5.1 Schematic illustration of the Imry—Ma argument for domain formation.
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temperature T;(B), the system usually develops metastable domains [39, 40]. The
reason for this metastability is a strong pinning which hinders domain wall motion.
These pinning effects are due to the dilution (random-bond pinning) as well as to
the fact that a rough domain wall also carries magnetization in a DAFF (following
again the Imry—Ma argument) which couples to the external field and hinders
domain wall motion (random-field pinning) [41]. Consequently, after cooling the
system from the PM phase within an external field, a DAFF freezes in a metastable
DS which survives even after switching off the field, then leading to a remanent
magnetization which decays extremely slow [42—44].

The origin of domain wall pinning is also illustrated in Figure 5.1. Consider the
case that the field is lowered so that B changes from above to below 5/3|Japm|.
Then, it is energetically favorable to turn the whole domain. But the corresponding
dynamical process will be extremely slow, since the domain wall is pinned at the
defects as well as between pairs of spins which are aligned with the field. Hence,
during a movement of the domain-wall energy, barriers have to be overcome by
thermal activation. This explains why a large domain in general will stay in a
metastable state on exponentially long time scales. As a consequence, irreversibil-
ities can be observed in a DAFF for temperatures lower than a critical value T;(B)
[34, 45]. During field cooling from the PM state, the DAFF develops a DS with a
certain surplus magnetization as compared to the long-range ordered state. The
long-range ordered antiferromagnetic state develops during zero field cooling, and
it remains stable even in a field for temperatures T < T,(B). This ordered state
carries also a finite magnetization due to the response of the system to the field.
The difference between these two magnetization curves is the irreversible surplus
magnetization stemming from the DS of the DAFF.

In Figure 5.2, the considerations above are gathered in a schematic phase diagram
of the three-dimensional DAFF (see also [33, 34, 37]). Shown are the equilibrium
phases — long-range ordered (AFM) and PM - as well as the so-called irreversibility
line T;(B). During field cooling below this line the system develops a frozen DS.
Note that both the critical temperature T;(B) and the characteristic (irreversibility)
temperature T; are field dependent and that it is T;(B) > T;(B), where both these
temperatures approach the Néel temperature for a small magnetic field. The critical
temperature is a decreasing function of the dilution p, so that the region of the

Magnetic field B

Temperature T Tn

Figure 5.2 Schematic phase diagram of a three-dimensional
DAFF in the temperature-field plane.
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phase diagram where AFM long-range order can occur shrinks with increasing
dilution. Below the percolation threshold no long-range order can occur.

In the following, we will argue that these well-established properties of the
DAFF are the key to understanding EB. During preparation of an EB system,
the AFM is usually cooled in an external magnetic field and additionally under
the influence of an effective interface exchange field stemming from the FM
magnetized to saturation. Hence, the AFM will develop a DS with an irreversible
surplus magnetization similar to that of a DAFF after field cooling. This irreversible
surplus magnetization then controls the EB.

5.2.2
Domain-State Model for Exchange Bias

The DS model for EB [14] consists of tgy monolayers of FM and tapy monolayers
of diluted AFM. The FM is exchange coupled to the topmost layer of the AFM.
The geometry of the model is sketched in Figure 5.3. In order to account for finite
rather than infinite crystalline anisotropies, both FM and AFM are described by a
classical spin model with uniaxial anisotropy and Heisenberg exchange for nearest
neighbors on a simple cubic lattice (exchange constants Jgy and Japm for the FM
and the AFM, respectively, while Jiyr stands for the exchange constant between
FM and AFM). For simplicity we assume that the values of the magnetic moments
of FM and AFM are identical (and included in the magnetic field energy B). The
Hamiltonian of the system is then

H= —Jom Y Si+$— Y (d-SL+dSL +Si-B)

<ij> i
_JAFM Z £igj0; - O — Z & (kZO'iZZ +o;- B)
<ij> i
—Jint ) &Si - 0 (5.2)
<ij>

where S; denote normalized, classical spins (i.e., unit vectors) at sites of the FM
layer and o; denote normalized spins at sites of the AFM. The first line of the

X

Figure 5.3 Sketch of the DS model with one FM layer and
three diluted AFM layers. The dots mark defects. The easy
axis of both FM and AFM is the z-axis.
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Hamiltonian describes the energy of the FM with uniaxial anisotropy and the z-axis
as its easy axis (anisotropy constant d, > 0). The dipolar interaction is approximated
in the model by an additional anisotropy term (anisotropy constant dy = —0.1Jpy in
the present case) which includes the shape anisotropy, leading to a magnetization
which is preferentially in the y—z-plane. The second line is the contribution from
the AFM, once again with uniaxial anisotropy and its easy axis along the z-direction
(anisotropy constant k, > 0). The AFM is diluted, that is, a fraction p of sites is
left without a magnetic moment (g; = 0) while the other sites carry a moment
(¢i = 1). The last term describes the interaction of the FM with the interface AFM
monolayer.

Equation (5.2) suggests a simple ground-state argument for the strength of the
EB field. Assuming that all spins in the FM remain parallel during field reversal and
that some net magnetization of the interface layer of the AFM remains constant
during the reversal of the FM, a simple calculation gives the usual estimate for the
EB field Bgg,

tem Bes = JiNTMuNT (5.3)

where myyr is the stable part of the interface magnetization of the AFM (per
spin) which is responsible for the EB and Bgp is the EB field (energy). For an
ideal uncompensated and totally stable interface one would expect myt = 1. As is
well known, this estimate leads to a much too high bias field, while for an ideal
compensated interface, on the other hand, one would expect myt = 0 and hence,
Bgg = 0. Experimentally, however, often there is on the one hand no big difference
between compensated and uncompensated interfaces and on the other hand, it is
found that Bgg is much smaller than Jinr/tpm, that is, about a few percent of it. The
solution of this puzzle is that myr is neither constant during field reversal nor is
it a simple known quantity [16, 17], and we will discuss this quantity and its origin
later on.

523
Mean-Field Solution of the Domain-State Model

In the present subsection, we focus on the results obtained with a mean-field-type
calculation for an EB system consisting of a FM film in contact with an AFM
film having a large anisotropy like CoO or FeF,, so that the AFM layer can
be modeled as Ising spin system [46]. The AFM layer is magnetically diluted
and different degrees of dilution are considered. Both the EB field Bgp and the
coercive field B, are calculated. The results are in qualitative agreement with those
obtained previously with Monte Carlo simulations. For the coercivity we find, in
agreement with experiments, a significant maximum of B, around the blocking
temperature at which Bgp vanishes. This maximum is analyzed in detail as a
function of temperature for an ideal AFM layer as well as for different degrees of
dilution.

Most of the results are obtained under the simplified assumption that the
exchange interaction in the FM layer is very large. Under this assumption reversal
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of the FM layer is, to a good approximation, by coherent rotation, making it possible
to obtain a number of analytic results for the fields B; and Bgp from which more
insight into the mechanisms of EB and coercivity is gained. From these analytic
results we conclude, in agreement with earlier findings [47], that the appearance
of EB and the enhancement of the coercivity in EB systems are of different origin,
both can be present, and they are not correlated in contrast to what was found
in [48]. The results are supplemented by a calculation in which a finite exchange
interaction is assumed in the FM layer. In this case, the mean-field equations for
the AFM layer have to be complemented by the corresponding equations for the
FM spins. These equations are solved numerically for a certain set of parameters,
showing that a finite FM exchange does not change the results significantly at low
temperatures.

The Hamiltonian of the system is the sum of three terms, H = Hpy + Hapm +
Hint, with

Hpyvo=—Jia ) SiSj— Y (DSE + SixB) (5.4)
<ij> i
denoting the Heisenberg-Hamiltonian of the FM layer,
Hapm = —Jarm Z £i€j0;0j— Z (£i0iB) (5.5)
<ij> i

denoting the Ising Hamilton of the AFM layer, and

Hinr = —Jinr Y &Sio0; (5.6)
is(INT)

denoting the interaction energy of both, where the label i runs over all spins in the
AFM interface layer, and we use the same index to enumerate the adjacent spin
in the FM layer. Three-dimensional unit vectors S; and Ising variables o; = + 1
denote spins in the FM and AFM layers, respectively. The magnetic field (with field
energy B) is applied along the x-direction, which is parallel to the easy axis of the
FM layer (anisotropy constant D > 0), whilst the z-direction is normal to the layers.
We consider an AFM layer with quenched disorder, ¢; = 0, 1 with probabilities p
and 1 — p, respectively, also having its easy axis along the x-axis. Furthermore, we
consider the nearest-neighbor interactions on a simple cubic lattice with exchange
constants Jgpy > 0 and Japm < O for the FM and the AFM, respectively, while Jint
stands for the exchange constant between FM and AFM.

Providing that the Curie temperature is very large as compared to all other
relevant energies, reversal of the FM is, to a good approximation, by coherent
rotation (see also [49]) and a temperature dependence of the magnetization in the
FM can be neglected if we restrict ourselves to relatively low temperatures. This
means that the magnetization of the FM layer acts as an external parameter on the
AFM layer similar to the applied magnetic field. Thus, within this approximation,
the free energy appears to be a function of the external field B and of the
magnetization direction of the FM layer. For an Ising-type AFM it only depends on
its x-component, Sy, and it is given by

F(Sy) = —NIDS? — NIBS, — kpTTr ¢ #(HArM+HINT) (5.7)
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where | is the number of FM monolayers, N the number of spins in an FM
monolayer, and 8 = kgT. In the following, we mainly concentrate on this approxi-
mation which enables us to derive a number of results analytically, resulting in a
deeper understanding of the complex behavior of these exchange-coupled FM/AFM
layers.

The free energy given in Eq. 5.7 is a function of S, and the external field. It
expresses the free energy of the AFM spin system keeping these parameters fixed.
As a function of S, it may have different local minima for fixed external field
B. These local minima give rise to (metastable) branches in the hysteresis loops.
Indeed, starting with a sufficiently large field applied in the x-direction and S, =1
the effective field acting on the AFM interface layer is B + JintSx > 0. Decreasing
the external field, we follow the descending branch of the hysteresis loop. For
small enough external fields, the free energy for S, = 1 becomes metastable,
that is, it will get larger than the free energy for S, = —1. The system stays in
the metastable minimum during further decrease of the external field until this
minimum vanishes at a certain field B_, at which the AFM switches from S, = 1
to Sy = —1. This procedure is very similar to the Stoner—Wohlfarth scenario for
switching of a magnetic particle. The only difference is that in the present case the
FM magnetization is coupled to an AFM layer which may or may not be in thermal
equilibrium depending on its dilution or disorder. A similar discussion holds for
the ascending branch of the hysteresis loop. We now elucidate this scenario in
more detail, restricting ourselves first to an ideal (undiluted) AFM layer.

The first derivative of the free energy with respect to S, in the undiluted case
(¢i = 1 for all i) can be expressed in terms of the interface magnetization of the
AFM layer,

F'(Sy) = —2NIDS, — NIB — Jint Y (o) (5.8)
i€INT

and the second derivative of F is given by

2
F'(Sy) = —2NID — BJixr <( Z (0i — (m))) > (5.9)

ieINT

where (0;) denotes a thermal average. This second derivative is negative showing
that F’ is decreasing monotonously. Thus in the interval —1 < S, < 1, the first
derivative of the free energy has one zero or no zeros. In the first case, F has two
local minima at the end points, S, = —1, +1 and one maximum in between, and
in the second case only one global minimum at one of these end points, a situation
similar to a simple Stoner—Wohlfarth scenario. Consequently, the fields B_ and
B, at which the magnetization of the FM switches can be obtained in the same

way, i. e. from ' =0 at Sy = 1 and S, = —1, respectively, and we obtain
B_. =-2D _]INTmINT (B_ 5 Sx = 1) /l, and
B, = 2D — Jyyrmint (B, Sy = —1) /1 (5.10)

with mnt = %ZEINT &i (0;) being the AFM interface magnetization. Note that
these Equations are exact as far as the AFM layer is concerned, but fluctuations in
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the FM layer are neglected. In Eq. 5.10 the magnetizations of the AFM interface
layer enter. These magnetizations have to be calculated with the fixed field applied
and for both S, = 1 and —1, respectively. For an ideal AFM layer, the induced
magnetization in the AFM interface is completely reversible, and it is an odd
function of the effective field. Therefore, the coercive field is given by B, = B =
—B_ and there is no EB.

If the coupling of the AFM layer to the FM layer is weak, the AFM interface
magnetization can be linearized. Under this condition, explicit expressions for
the coercive fields can be obtained from which a deeper insight into the complex
behavior of these coupled systems can be gained. The linearized induced interface
magnetization contains two parts, one which is proportional to the sum of the
external field and the exchange field from the FM layer and the other which is
proportional to the external field only. This second term arises indirectly from an
exchange coupling of the AFM interface layer to its neighboring AFM-monolayer
which only sees the applied field resulting in a term linear in the external field.
However, its contribution to the interface magnetization is very small (and absent
for an AFM monolayer) and will be shown to be negligible for moderate values
of Jint, resulting in the following approximate expression for myr in the linear
regime,

mint = XA (B+ JintSs) (5.11)

Thus, the AFM interface magnetization as a function of B contains two branches
during a hysteresis cycle, in the case of Jiyt > 0: an upper branch for S, = 1 when
reducing the external field and a lower branch after switching of the FM layer from
Sy = 1to —1 when increasing the field again. For Jiyt < 0 the behavior is reversed.

Within this linear approximation an explicit Equation for the coercive field B,
can be obtained from Egs. 5.10 and 5.11,

S
1+ Jintxsp /1

where the susceptibility entering this equation is obtained from the usual mean-field
equations. Neglecting the influence of the homogeneous magnetization of the
neighboring AFM layer on the AFM interface layer, this susceptibility is given by

B, (5.12)

_ B
" et (e (ol ) A

(5.13)

In these equations the staggered magnetizations for B = 0, m®;, enter where
k labels the AFM layers (k = 1 being the AFM interface layer). These quantities
have to be obtained numerically from the self-consistency equations. Equation
5.12 nicely illustrates that the coercive field depends on two contributions, one
coming from the FM itself (2D) and one from the interaction with the AFM. The
denominator depends on the sign of the interface coupling.

It is possible to generalize the present approach to systems in which the FM does
not have an infinite exchange interaction, as it has been assumed up to now, but a



5.2 Theoretical Background

finite one. In this case one has to consider, in addition to the mean-field equations
for the AFM, mean-field equations for the spins in the FM layer which in [46] were
solved numerically for a single FM monolayer (I = 1). In previous Monte Carlo
simulations [13, 15], it was shown that in exchange-coupled FM/AFM multilayer,
magnetic dilution leads to a stabilization of domains in the AFM that carry a
net magnetization. This magnetization is frozen at low temperatures leading to a
frozen exchange field in the FM layer and thus to EB. These frozen domains depend
on the history, which means that one has to specify the way the low-temperature
state in which the hysteresis loop is calculated (or measured in experiments)
is reached. Thus, in the diluted case it is necessary to follow exactly the same
procedure as it is done in experiments: one starts at a temperature well above Ty
with a fully magnetized FM layer (sometimes also with an applied field parallel to
this magnetization) and cools the system slowly down to temperatures below Ty.
This cooling process has previously been carried out with Monte Carlo simulations
which mimic a dynamical process. However, the details of the dynamical aspect are
less important. Rather these calculations intend to find local free energy minima.
Therefore, this cooling procedure can alternatively also be carried out within local
mean-field theory, in which the local mean-field equations, which in the present
case are given by

m; = ¢g; tanh | B —JARM ZSij + JintSy + B (514)
J
are iterated at a fixed temperature until a (metastable) self-consistent solution is
obtained. Then, the temperature is lowered by a small amount and a new iteration
process is started with the previously obtained values of the magnetization as initial
conditions. This procedure can be continued until the final temperature at which
the hysteresis curve is going to be calculated is reached. This approach has been
applied successfully to random field systems in connection with irreversibilities
and frozen states [50].
It is important to note that the corresponding mean-field energy also satisfies
Eq. 5.8 where at the right-hand side the local magnetization has to be replaced by
the local magnetization in the mean-field approximation, that is,

Fyr' (Sx) = —2NIDS, — NIB — Jixt Y _ & (o) (5.15)
ieINT

Cooling the system as described above means that one stays in local minima of
the free energy.

In [46], hysteresis loops were calculated in a similar way by changing the external
field in small steps, solving the mean-field equations numerically in each step
by iteration. The AFM interface magnetization minr(B) was recorded for each
value of B for the descending branch S, = 1 and the ascending branch S, = —1,
respectively, and the fields B_ and By at which the magnetization of the FM
switches were then obtained as before, that is, from F'=0 at S, =1 and —1,
respectively, that is from the implicit Equation

Bi = 42D — Jintunt (B, Sy = F1) /1 (5.16)
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In these calculations, a system of size 96 x 96 lattice sites per monolayer
was investigated with periodic boundary conditions in the plane. The fields By
depend on the disorder configuration. Therefore, for each degree of dilution, 16
different realizations of the disorder were generated and the fields obtained for each
configuration were averaged. The AFM interface magnetization myt obtained in
this way can be decomposed into a sum of two terms, an irreversible (metastable)
part mi, which does not change when going through the hysteresis loop at low
temperatures, and a part, which follows the field, m,.,, having two branches for
Sy =1 and —1, respectively. Because of this frozen interface magnetization the
fields By are no longer equal with the consequence that the system shows EB.

Before we discuss these numerical results further, we can go, similar to the
undiluted case, one step further noting that, in the limit of the small effective fields,
Myey Can be linearized,

Myey = X,(qlp)]INTSx + XIEA‘ZF)B (5.17)

The first term corresponds to the response to the exchange field, while the second
term is the response to the applied field. Only for the case of an undiluted AFM
monolayer the induced AFM magnetization is strictly proportional to the effective
field Jint Sy + B, in which case both susceptibilities in Eq. 5.17 are equal.

Thus, within linear approximation, the AFM interface magnetization, which is
shifted by m,, contains two branches during a hysteresis cycle, in the case of
Jint > 0: an upper branch for S, = 1 when reducing the external field and a lower
branch after switching of the FM layer from S, = 1 to —1 when increasing the field
again. For Jint < 0 a reversed behavior is observed. This scenario is exactly what
was also obtained in the earlier Monte Carlo simulations, see Figures 5.4 and 5.5
in [16]. Within this linear approximation explicit Equations for the fields B; and
B_ can be obtained from Eq. 5.16,

_ +2D —]INTmirr/liJIZNT)(/(\lF)/l
1 +]INTX/(%2F)/Z

resulting in the following expressions for the coercive field and the bias field,
respectively,

N (5.18)

1 - ire/]
Ben = 5 (By+B.) = Lm‘fz/) (5.19)
L+ JintXar /!
1 2D+ Porx /1
B.= (B, ~B.)= 2D+ JieXar /! (;F/ (5.20)
L+ JintXar /!

From Eq. 5.19, it can be concluded that EB only occurs if the interface magnetiza-
tion contains a part which is frozen during field reversal. Even though this is rather
obvious, it is seen here most clearly. Note that the second term in the denominator
of Eq. 5.19 is missing in the usual estimate for the bias field (see Eq. 5.3). This is
consistent with the current approach, since in the usual estimate a part of an AFM
interface magnetization which follows the external field is generally not considered.
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Figure 5.4 Coercivity and bias field for different dilutions

p of the AFM as a function of reduced temperature. L = 3

and Jint = —Jar. Figure taken from [46].

However, the linear approximation is expected to be valid for not-too-large interface
coupling just as in the undiluted case.

These analytic results obtained in the linear approximation contribute to a
deeper understanding of bias and coercivity. For a numerical calculation of these
quantities, however, it is more convenient to start with the calculation of the
interface magnetization myr during a hysteresis cycle in the way described above.
From this quantity the fields B. can be obtained directly using Eq. 5.16, without
invoking the linear approximation. Corresponding results for the bias field and the
coercive field for different dilutions of the AFM layer are shown in Figure 5.4 for
negative interface coupling and in Figure 5.5 for positive coupling.

For zero dilution the coercive fields have a cusp at the onset of the AFM order in
the AFM layer. For small number of AFM layers, L, this is also the maximum of the
coercivity while for larger L (not shown) the maximum is slightly shifted to smaller
temperatures [46]. In the diluted cases the cusp is smeared out. The bias field shows
a nearly linear decrease as a function of temperature, in agreement with previous
investigations both experimentally and theoretically. It vanishes roughly at that
temperature at which the coercive field has its maximum. Note, however, that for
stronger dilution there is a pronounced shift of this maximum to temperatures
lower than the temperature at which the bias vanishes.

The coercive fields show an interesting behavior at low temperatures, where
in the diluted case a dip occurs for FM interface coupling and an upward turn
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for the antiferromagnetically coupled FM/AFM layers. This feature has its origin
in nearly loose spins in the AFM interface layer which contribute significantly
to the susceptibility xar®® at low temperatures, leading to an enhancement or a
depression of the coercive field due to the changing sign of iyt in the denominator
in Eq. 5.20. This sensitivity of the coercive field with respect to the sign of Jiyt has
an important consequence for the possibility of an experimental determination of
the sign of the exchange interaction. In [51], the measured coercive fields of IrMn
multilayers show an upward shift very similar to our findings. Thus, it is tempting
to conclude that the exchange interaction at the FM/AFM interface in these layers
is antiferromagnetic.

5.3
Experiments

5.3.1
Antiferromagnetic Oxides: CoO, Co;_,0, Co1_4Mg,O

Most of the reported investigations concerning EB with AFM oxides involve
the monoxides CoO, NiO, and FeO. Since the bulk Ty of CoO is about room
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temperature, and its magnetocrystalline anisotropy is high, the AFM CoO has
become one of the most investigated model systems for EB since comprehensive
magnetic characterization can be conveniently performed. In the following, we will
describe the EB properties of the AFM CoO.

The AFM CoO has an fcc structure in the PM phase above Ty, with a slight
tetragonal contraction along [100] below Ty [52]. Bulk CoO has a Ty = 293 K. The
AFM ordering below Ty is characterized by ferromagnetically aligned moments in
(111) planes with the moments in adjacent (111) planes being aligned antiparallel,
that is, the spins of next nearest neighbors along [100] are antiparallel. The AFM
alignment results from the superexchange coupling between the cobalt cations via
the intervening p orbitals of the oxygen ions.

The EB samples that we will discuss were prepared by molecular beam epitaxy
(MBE). (0001)-oriented single crystalline sapphire (Al,O3) was used as the substrate
for Co/CoO film deposition. On the cleaned sapphire substrate, a 6-nm-thick Co
layer was first deposited by electron-beam evaporation at a temperature of Tc, =
575K and rate of 0.2nm min~!. The Co layer was subsequently annealed at a
temperature of T = 775K for 10 minutes. The pressure during evaporation was
better than 5 x 1072 mbar. For all samples, a 0.4-nm-thick CoO film was grown
on top of the Co layer at a temperature of T = 350 K and at a rate of 0.3 nm min~!
by evaporating Co in an oxygen pressure of p(O;) = 3.3 x 1077 mbar. This ensures
that all samples have an identical FM/AFM interface at the lowest possible defect
concentration, independent of the dilution of the subsequently deposited AFM layer.
The layered sample structure is schematically illustrated in the inset of Figure 5.8a.

The AFM CoO allows for two different ways to introduce nonmagnetic defects.
The first type of defect can be formed with nonmagnetic MgO since it has the
same crystal structure as CoO and only a 1.1% lattice mismatch. The substitution
of Co atoms by nonmagnetic Mg atoms results in the diluted AFM Co;_,Mg,O.
Second, Co can oxidize in any stoichiometry (Co;_,0) ranging from CoO to Co304
(y = 0.25) [53]. Co304 has a Ty = 33 K. This means that because of Co deficiency
or, in other words, because of overoxidation of CoO, defects can be created in the
magnetic structure.

On top of the CoO interface layer two different sets of diluted AFM layers were
deposited. In a first set of samples, CoO was diluted by nonmagnetic MgO forming
Co1_xMg, 0. Co and MgO were co-evaporated in an oxygen atmosphere of p(O,) =
3.3 x 1077 mbar at a substrate temperature of Tyyxqe = 350 K and a deposition rate
of 0.3nm min~!. The Mg concentration was varied between x = 0 and 1, while
the diluted AFM layer thickness was kept constant at 20 nm. For a second set of
samples, nonmagnetic defects were introduced by overoxidation of CoO, yielding
Co-deficient Co;_,O. The Co deficiency y was controlled by varying the partial
pressure of oxygen during evaporation between p(O,) = 3.3 x 10~/ mbar and 1.0 x
107> mbar, while growth temperature, growth rate, and AFM layer thickness were
all identical to those of the first set of samples.

All samples were characterized in situ by reflection high energy electron diffrac-
tion (RHEED) and low energy electron diffraction (LEED). The RHEED patterns of
the individual layers which the samples consist of are depicted in Figure 5.6a—c.
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Figure 5.6 RHEED images of the (a) (e) with 60° in-plane twins. Only solid dots
6-nm Co layer on sapphire, and two 20-nm  fulfill the diffraction condition for the CoO
Co1_yO layers prepared at (b) p(Oz2) = 3.3 fcc lattice. The two vertical panels show the
x 1077 mbar and at (c) p(Oz) = 1.0 x 107> patterns for 0° and 30° in-plane orientation
mbar on a 6-nm-thick Co layer. (d) and (e): of the incident electron beam relative to
Simulated reflections of the diffraction pat-  the sapphire [ 1120] axis. Figure taken from
terns of Co;_,O (111); (d) without twins and [17].
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The left panels show the diffraction patterns for the electron beam incident parallel
to the [ 1120] direction (0°) of the (0001)-oriented sapphire substrate and the right
panels, for the beam parallel to the [ 1010] direction (30°). For the 6-nm-thick
Co layer on the sapphire substrate in Figure 5.6a, we observe diffraction from a
two-dimensional surface. Hence, Co grows epitaxially in either fcc (111) or in hep
(0001) orientation, which differ only in their so-called ABAB or ABCABC stacking
order, respectively, along the surface normal [54]. Additional LEED investigations
(not shown) clearly reveal the corresponding sixfold symmetry.

RHEED images of the 20-nm-thick Co;_,O layers are shown in Figure 5.6b,c,
grown at oxygen pressures of p(O;) = 3.3 x 1077 mbar and 1.0 x 10~> mbar,
respectively. All diffraction patterns from the AFM layers show a transmission
image, that is, diffraction from a rough surface with islands [55]. In order to explain
the observed RHEED patterns, a (111) orientation of fcc Co;_,O is assumed. The
calculated diffraction patterns are shown in Figure 5.6d. The filled circles represent
the reciprocal lattice points of the undiluted CoO fcc lattice. In the 0° direction,
the calculated pattern of filled circles (Figure 5.6d) fits to the RHEED image of
the Co;_,O layer prepared at low oxygen pressure (Figure 5.6b). For the samples
prepared at higher oxygen pressures, additional diffraction spots (open circles in
Figure 5.6d,e) appear at half the distance between the filled circles, showing an
additional structure with approximately twice the lattice constant in real space. We
believe that these additional spots are due to the formation of Co3;O4 upon dilution,
which is also consistent with the results from X-ray diffraction (see below). We
conclude that the almost defect-free CoO is deposited at low oxygen pressure (p(O,)
= 3.3 x 1077 mbar), while for higher oxygen pressures Co-deficient Co;_,O is
formed. To further investigate the formation of the additional phase with increasing
oxygen pressure, we analyze the evolution of the RHEED intensity of the (0, 1/2)
spot (open circles in Figure 5.6d,e) as a function of oxygen pressure.

Figure 5.7a shows a line scan through the RHEED diffraction pattern of Co;_,0
prepared at a high oxygen pressure (p(Oz) = 1 x 107> mbar). The (0, 1) peak
corresponds to the undiluted fcc lattice of CoO, while the (0, 1/2) peak appears for
Co-deficient Co;_,O. The relative intensity of the (0, 1/2) and (0, 1) peaks strongly
increases as a function of oxygen pressure as seen in Figure 5.7b. This supports the
notion that the number of volume defects in the AFM layer can be controlled by
the oxygen pressure during deposition, that is, the number of defects continuously
increase with increasing oxygen pressure.

We now discuss the RHEED patterns along the 30° direction in Figure 5.6,
right panels. The calculated RHEED pattern in Figure 5.6d does not reproduce the
double spot structures as observed for all oxygen concentrations (see Figure 5.6b,c,
right panels). In order to explain these diffraction patterns, we furthermore have to
assume that Co;_,O grows in a twinned structure where crystallites are oriented at
60° relative to each other (compare Figure 5.6e with 5.6b,c, right panels). Similar
to the 0° direction the undiluted sample (Figure 5.6b) only shows reflections from
a CoO fcc lattice, while the diluted samples show reflections from the defect
phase also.
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Figure 5.7 (a) Line scan of the RHEED image shown in
Figure 5.6c, left panel, for a Coy_,O layer prepared at p(O;)
= 1.0 x 107° mbar. (b) Dilution dependence of intensity
ratio between the additional (0, 1/2) spot for overoxidized
Co1_,0 and the (0, 1) reflections for the CoO fcc structure.
Figure taken from [17].

In conclusion, the main experimental features of the RHEED investigation of the
Co;_,0 layers are (i) the number of defects in Co;_,O continuously increases with
increasing oxygen pressure during evaporation and (ii) the layers grow with 60°
twins. The same qualitative findings were observed in Mg-diluted CoO layers (not
shown). In the following discussion, we will refer to the samples with the lowest
defect concentration (p(Oz) = 3.3 x 10~/ mbar and x(Mg) = 0.0) as unintentionally
diluted.

Additional structural characterization was carried out by ex situ X-ray diffraction
using Cu K, radiation (A = 0.15418 nm). A high-angle # — 26 scan of a Co/Co;_,0
bilayer with the AFM prepared at p(O;) = 3 x 10~° mbar is shown in Figure 5.8a.
Besides prominent [001] Al,O; substrate peaks, only [111] reflections and those of
higher order are seen for both Co and CoO, which is consistent with the RHEED
results. In addition, [111]-oriented Co3Oy, is observed. To further investigate the
surface of the Co;_,0 layers, ex situ atomic force microscopy images were taken.
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Figure 5.8 (a) High-angle X-ray diffrac- layer prepared at p(O;) = 3 x 107® mbar
tion (A = 0.15418 nm) for Co/Co1,O with  on a 6-nm-thick Co layer. Crystallite sizes
Co1_yO prepared at p(O;) =3 x 107° range between 25 and 35nm. (c) Atomic
mbar. The sample structure is schematically  force microscopy line scan of image in (b).
depicted in the inset. (b) Atomic force Figure taken from [17].

microscopy image of a 20-nm-thick Co;_,O

Figure 5.8b shows an atomic force microscope image for a 20-nm-thick Co;_,0
layer prepared at p(O,) = 3 x 107® mbar on top of a 6-nm Co layer. As expected
from the RHEED investigations, a rough surface is found. The crystallite size
ranges between 25 and 35nm. As seen from the line scan in Figure 5.8c, the
surface has a peak-to-peak height variation of approximately 6 nm.

5.3.2
Exchange Bias between the Ferromagnet Co and the Diluted Antiferromagnet CoO

Magnetic characterization of the Co/CoO samples was performed using a super-
conducting quantum interference device (SQUID) magnetometer. The samples
were cooled from 320 K, that is, from above Ty of CoO, to 5K in the presence of
an external magnetic field + Bgc, oriented parallel to the plane of the film. Subse-
quently, the temperature was gradually increased up to 320 K through a sequence
of intermediate temperatures. At each of these temperatures, the applied field was
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Figure 5.9 Hysteresis loops of Co;_,0/Co/Al;O3 (0001) at
T =5 and 320K with the Coy_,O prepared at p(O;) = 3 x
10~® mbar. The EB field Bgg and the coercive field B, are
indicated in the figure. Figure taken from [17].

cycled from + Bgc to —Bgc and back to +Bgc in order to measure a hysteresis cycle.
Except for the explicit studies of the cooling-field dependence, a cooling field of
Bpc = 5T was chosen for all measurements presented. This value is larger than the
saturation field of the FM Co layer. The switching fields of the hysteresis cycles,
B; and B,, were used to determine the EB field Bgg and the coercive field B,
according to Bgg = (By + B)/2 and B, = (B — By)/2, respectively.

Figure 5.9 shows typical hysteresis loops above (T = 320 K) and below (T = 5 K)
Ty of a sample with the Co;_,O layer grown at p(O;) = 3 x 10~° mbar. The loop
at low temperature exhibits a large Bgp toward negative magnetic fields, which is
opposite to the cooling-field direction. In addition, a strong increase in the B, is
observed at 5 K compared to 320 K, leading to a significant broadening in the width
of the loops.

5.3.2.1 Nonmagnetic Dilution of the Antiferromagnet

The dilution dependence of both the |Bgg| and B for Mg-diluted Co;_,Mg,O
samples is shown in Figure 5.10a,b, while in Figure 5.10c,d analogous results of
Co-deficient Co/Co;_,0 samples are presented. The EB is enhanced by a factor
of 3-4 for both types of defects in the AFM layer. Maximum enhancement is
obtained for x(Mg) = 0.1 and p(O;) = 5 x 107® mbar. Within the DS model,
the observed increase in the EB shift with an increasing number of defects can
be related to the formation of volume domain walls, which preferentially pass
through the nonmagnetic defects at no cost of exchange energy. This leads to an
excess magnetization of the AFM. For large dilutions (x(Mg) > 0.25, p(O2) > 5 x
107® mbar), the EB again decreases as the AFM order is increasingly suppressed
and eventually the connectivity in the AFM lattice is lost. Residual EB at high
dilutions (x(Mg) = 1.0) has to be attributed to the 0.4-nm CoO interface layer and
the underlying oxidized layer.



5.3 Experiments

T T T T T T 200 T T
80 | TK)y=—m—20 |
—F 60 /\
60 I 150 T
e . —— 220 . ™
£ —e—30 | k£ ,/ N
— 40+ 41 = 100 (v .y V-
o Q VY ——
= _e———————
20 \ 50 0.' .
\. \u
0 -... * 0 1 1 1 1 1 1
0.0 0.2 0 4 0 6 O 8 1.0 0.0 02 04 06 08 1.0
(a) x (Mg) (b) x (Mg)
T T T T T T 200 T T T T T T
o u u —n
T /ﬁﬂi;
150 - 7
~ 60f # _ '\/ v
£ /v e /
o 40 /v -v = 100F N VT ———— 9 1
i Q
)
- V-
20 - 9 / N/V 50 | z/‘—'§o—/‘. _
oL H'.\._. N ok L L L L L
0 2 4 6 8 1 0 0 2 4 6 8 10
(© p(O5)(107¢ mbar) (d) p(O5)(107® mbar)

Figure 5.10 (a) EB field and (b) coercive field versus Mg
concentration x in the Co;_,Mg,O layer for various tem-
peratures. (c) EB field and (d) coercive field versus oxygen
pressure during deposition of the Coy_,O layer at the same
temperatures. Note that only absolute EB values are plotted.
All lines are guides to the eye. Figure taken from [17].

Monte Carlo (MC) simulations [16] qualitatively reproduce both the initial
increase in EB with increasing dilution and its decrease at larger dilutions.
However, the concentrations for optimally diluted samples differ usually between
the experiment (x(Mg) ~ 0.15) and theory (p ~ 0.6). A possible origin of this
difference is the presence of grain boundaries in the twinned AFM layer which
reduce the domain-wall energy, thus leading to a finite EB without intentional
dilution of the AFM layer as observed for the unintentionally diluted samples.
This conclusion is consistent with the rather small EB found in untwinned and
single crystalline AFM [56]. As seen in Figure 5.10a,c, the defect concentration for
maximum EB depends on the temperature, that is, it shifts toward smaller values
at elevated temperatures, which is also qualitatively observed in MC simulations
[16]. Furthermore, it should be noted that the maximum of the EB field is obtained
at lower values of the defect concentration when an additional roughness of the
interface is assumed (see Section 5.4.3 and [23]).

The dilution dependence of B, is shown in Figure 5.10b,d. Similar to the EB
field, B. changes nonmonotonically with dilution and shows maximum values at
the same defect concentrations as the EB, although its relative changes are smaller
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than those observed in the EB field. Like the EB, the coercivity also strongly
decreases with increasing temperature, which is common for many EB systems.
The change in coercivity with temperature is caused by the change in the coupling
of the FM (Co) layer with the AFM (CoO) layer.

5.3.2.2 Hysteresis Curves and Uncompensated Magnetic Moments (Vertical Shift)
In Figure 5.9 we have shown typical hysteresis loops of Co;_,0/Co exhibiting
EB. Until now we have concentrated only on the horizontal shift of the hysteresis
loop, that is, the EB. However, if the magnetization of the AFM (due to the
uncompensated magnetic moments in the AFM) is irreversible under field reversal,
it can be identified as a vertical shift of the measured FM/AFM hysteresis loop.
Such an AFM magnetization was first observed in hysteresis loops of Fe/FeF; and
Fe/MnF, [57] and recently discussed in detail for the EB system NiFe/FeMn [58].
Both positive and negative vertical shifts were found and attributed to positive (FM)
and negative (AFM) FM/AFM interface coupling, respectively.

Like most conventional magnetization probes, SQUID magnetometry is notlayer-
or element-specific but rather measures the whole FM/AFM bilayer magnetization.
In addition to the magnetization of the FM layer, both interface and volume
magnetizations of the diluted AFM layer contribute to the total magnetization.

To investigate the change of the AFM magnetization with the number of intro-
duced volume defects in the AFM layer, we performed high-accuracy magnetization
measurements of the vertical magnetization shift for both unintentionally diluted
and oxygen-diluted samples grown at p(O,) = 3.3 x 1077 mbar and p(O,) = 3 x
10~® mbar, respectively. By cooling the FM/AFM samples from above Ty to lower
temperatures in the presence of a magnetic field, it is possible to set the AFM
magnetization direction and to measure its irreversible part as being the vertical
shift of the low-temperature hysteresis loop. The vertical shift was determined at T
=20 Kand is given by Mg = |[M(B4)| — [M(B_)|, where B, and B_ are chosen so
that the FM layer is fully saturated with | B, | = |B_|. The data shown in Figure 5.11
were taken at By = +0.8T. As is seen in Figure 5.11, at large cooling fields Mgz
is positive and overall increases with dilution of the AFM layer at all cooling fields.
This increase can directly be linked to the creation of additional volume defects in
the AFM layer as shown by the above RHEED analysis. It further supports that a
DS is developed in the AFM after field cooling, carrying a surplus magnetization,
which increases with dilution.

It is important to note that in our experiments we measure the total AFM surplus
magnetization as was also investigated by the similar thermoremanent magnetiza-
tion (TRM) probes of CoO/MgO multilayers. The temperature dependence of the
TRM exhibits a strong similarity to that of Nig; Feq9/CoO bilayers [59]. Although
this surplus magnetization does not equal the irreversible DS magnetization m,,
of the AFM interface layer (defined in Section 5.2.3) which is at the origin of EB,
we find striking qualitative agreement that the EB field indeed is proportional to
the measured AFM magnetization (see Figures 5.11 and 5.19).

In the MC simulations (Section 5.4.1), contributions from both interface and bulk
magnetization of the AFM layer can be separated. After zero-field cooling, the bulk
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cooling field Brc for Co/Coy_,O samples with Co;_,O
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the text. Figure taken from [17].

of the AFM layer does not carry surplus magnetization, while it should dominate
the total surplus magnetization for larger cooling fields. Indeed, we observe a strong
reduction in Mg for cooling fields below 1T as is seen in Figure 5.11. Thus, it is
suggestive that the low-field AFM magnetization primarily originates from the AFM
spins close to the interface. While for diluted samples, Mgy remains finite and
positive for zero cooling field, it changes sign for unintentionally diluted samples.
The former case is consistent with positive (FM) FM/AFM interface coupling in
Co/CoO. This conclusion is also consistent with the cooling-field dependence of
the EB shift, which will be discussed later in the Section 5.3.2.6.

5.3.2.3 Substitutional versus Structural Defects

In terms of the DS model, we expect for undiluted Co;_,Mg,O (x — 0) and Co;_,0
(y = 0) a vanishing Bgg (Bgg — 0). However, experimentally we still observe a
small but finite Bgp at low temperatures in undiluted, twinned films (see Figure 5.10
above). This is attributed to disorder other than dilution, possibly grain boundaries
in the twinned CoO layer. In the following discussion, we present experimental
evidence of the direct influence of structural defects on EB, such as twinning and
surface morphology, in addition to dilution. These additional defects have to be
taken into account for the complete assessment of the EB.

For this study, epitaxial CoO(111)/Co(111) bilayers grown on MgO(111) sub-
strates have been used. The substitutional defects were introduced by changing
the partial pressure of oxygen, p(O;), as explained in the Section 5.3.1. A complex
RHEED analysis [17, 60] has revealed that while the Co layer grows as smoothened
3D layer on MgO (111), the Co;_,O layer grown on top of the Co layer exhibits
a twinned structure with crystallites rotated by 60° relative to each other. On the
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Figure 5.12 EB field at 5K as a function of the oxygen
pressure during deposition of the Coy_,O layer for twinned
and untwinned AFM in Co;_,0(111)/Co(111) on MgO(111).
Figure taken from [60].

other hand, the growth of the Co;_,O as the first layer on the MgO(111) substrate,
followed by the Co layer on top, leads to untwinned Co;_,O and to a typical
3D-growth.

Figure 5.12 shows the dependence of Bgg at 5K on the partial pressure of
oxygen, p(0O;), during deposition of twinned as well as untwinned Co;_,0 in the
Co;-,0(111)/Co system. We observe a strong dependence of Bgg on p(O,), that is,
on the substitutional defects (Co deficiencies), similar to that shown in Figure 5.10c.
Moreover, Bgg for the twinned Co;_,O is higher than that for untwinned samples
except for the highest pressure in Figure 5.12. The vertical shift of the dilution de-
pendence of Bgp for twinned Co;_,O compared to untwinned Co;_,O indicates that
besides dilution other nonmagnetic defects in Co;_,0O, such as twin boundaries as
structural defects, can enhance Bgg. In other words, the twin boundaries in twinned
Co;_,0, similar to dilution of magnetic sites, also reduce the domain-wall energy fa-
voring the formation of domains in the AFM and hence the increase of m;,, and Bgg.

We already mentioned that the Co layer grows as smoothened 3D-layer on MgO
(with twinned Co;_,O growing on top) and that the (untwinned) Co;_,0 on MgO
as well as the Co layer on top shows a 3D-growth. This means that although the
interface roughness in the case of twinned samples is less than that in untwinned
samples, the values of Bgp of twinned samples are larger (see Figure 5.12). This
evidences the dominant role of the twin boundaries as defects for EB compared to
interface roughness. The experimental evidence of the dominance of nonmagnetic
defects in the bulk of the AFM over interface roughness is very much consistent
with the DS model. The untwinned—undiluted sample prepared at 4 x 10~/ mbar
shows a Bgg of about 12mT at 5 K. The origin of this residual, nonzero Bgg can be
explained by the presence of other imperfections in the CoO, such as 3D surface
morphology, as observed by RHEED [60].

In conclusion disorder in the volume part of the AFM, such as substitutional
defects (dilution) or structural defects (twinning and surface morphology), signif-
icantly enhances EB. These defects support the formation of volume domains in
the AFM, which are responsible for EB.
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5.3.2.4 Temperature Dependence

The temperature dependence of the | Bgg| for the Mg-diluted Co/Co;_,Mg,O sam-
ples is shown in Figure 5.13a—e at the same Mg concentrations as in Figure 5.10a.
For all samples, the | Bgg| monotonically increases with decreasing temperature.
It varies almost linearly with temperature near optimum dilution (x(Mg) = 0.1
and x(Mg) = 0.25), while it saturates at low temperatures and low dilutions
(Figure 5.13a,b). The former dependence agrees well with the temperature behav-
ior, as can be seen from the mean-field calculations for near-optimum dilutions
(Figures 5.4 and 5.5).

The results are described by the DS model as follows: A metastable DS is frozen at
low temperatures after field cooling, which inhibits domain-wall motion. Thermally
activated domain-wall motion becomes more favorable at elevated temperatures,
which leads to a reduction of m;,; and thus to a decrease of the EB field as observed
experimentally.
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Figure 5.13 (a—e) Temperature dependence of EB field for
the Mg-diluted Co/Co1_,Mg,O samples with x = 0, 0.05,
0.1, 0.25, 0.5, and 1.0. (f) Difference in EB fields for samples
with x = 0.5 and 1.0. The blocking temperature is marked
by an arrow in each Figure. Figure taken from [17].
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The EB vanishes above the so-called blocking temperature, Tp, which can
significantly differ from Ty [16]. Its monotonic decrease with increasing Mg
dilution in Co/Co;_,Mg,O samples can be seen by the arrows in Figure 5.13a—e
and is also plotted in Figure 5.14. We observed a similar but weaker decrease of Tj
for the Co/Co;_,0 samples (not shown). Note that the blocking temperature is not
completely diminished for the fully diluted sample with x(Mg) = 1.0. As already
discussed above, we attribute this remaining EB coupling to the CoO interface layer
and the underlying oxidized layer. This residual EB coupling is also likely to be
relevant for the temperature dependence of the EB field for the sample with x(Mg)
= 0.5, as can be seen in Figure 5.13e. To further separate the contributions of the
undiluted interface layer to the EB coupling from that of the diluted AFM volume
layer, we subtract the EB fields for the sample with x(Mg) = 1.0 from that for the
sample with x(Mg) = 0.5, which is depicted in Figure 5.13f. The resulting blocking
temperature, which is strongly reduced, is also included in Figure 5.14 at x(Mg)
= 0.5. Note that all other samples do not show any significant change in blocking
temperature when performing a similar subtraction (not shown).

As seen in Figure 5.14, the modified blocking temperatures linearly decrease
with increasing Mg dilution of the AFM volume layer (dashed line). In particular,
the extrapolated dilution, above which EB coupling vanishes completely (T — 0),
is close to the percolation threshold (x, = 0.802) for AFM in a three-dimensional
fcc lattice with nearest-neighbor interaction [61]. This supports the notion that no
global EB coupling remains once the connectivity of the AFM spin lattice is lost.

According to the DS model, the decrease of Bgg with temperature is due
to the reduction of mj, as a consequence of thermally activated domain-wall
motions. In the following discussion, we prove this statement for another group of
Co1_,0/Co samples grown on MgO(100). In Figure 5.15a, we show the temperature
dependence of |Bgg| of an undiluted sample (grown at p(O;) = 4 x 10~/ mbar)
together with an optimally diluted sample (grown at p(O;) = 5 x 10~ mbar).
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field-cooled MgO(100)/Coq_,0(100) samples

169



170

5 Exchange Bias by Antiferromagnetic Oxides

The RHEED patterns corresponding to the diluted and undiluted samples are also
shown as inset in Figure 5.15a. For both samples, | Bgg| decreases with temperature
and shows an enhancement upon dilution in the temperature range between 5
and 294 K. The temperature dependence and dilution dependence of |Bgg| of the
Co;-,0/Co samples grown on MgO(100) are in fact very similar to those of the
Co1-,0/Co samples grown on (0001) sapphire substrates (shown in Figure 5.13)
as well as on MgO (111) substrates [59]. This indicates that the crystal orientation
of CoO has no significant effect on the overall trend of | Bgg|(T) curves for different
defect concentrations.

For comparison, we used two samples containing only the AFM Co;_,0 grown
directly on top of the MgO(100) substrates (without the Co layer). The deposition
was performed with the same deposition parameters and p(O,) values as in the
case of the Co;_,0/Co samples. These two AFM-only samples were cooled from
above Ty of CoO to 5K in a magnetic field of +7 T, and subsequently their TRM
mrrm Was recorded by SQUID magnetometry during heating up in the absence
of any external magnetic field. Figure 5.15b shows the temperature dependence of
mrgry for both diluted and undiluted AFM-only samples. A strong enhancement of
mrrmM (> 300%) is observed for the diluted sample in comparison with the undiluted
one, which reflects the | Bgg| enhancement upon dilution of the Co;_,0/Co bilayers.
For T > 50 K, the mrry of the AFM-only samples decreases with temperature in a
similar way as the corresponding | Bgg | of EB bilayers. However, at low temperatures
(T < 50 K), mrrm shows an abrupt decrease with increasing temperature as opposed
to a monotonic decrease of |Bgg| for the entire temperature range between 5K
and Ty. This behavior is consistent with the results of [59] for the polycrystalline
NiFe/CoO system.

In conclusion, although the mrgy of the AFM-only samples (measured by
SQUID) does not precisely represent the m;,, of the AFM interface layer, we can
observe a strikingly good agreement between the temperature dependence and
dilution dependence of | Bgg| and of mrry at temperatures above 50 K. This is in
strong agreement with the DS model. The differences between the mrrm(T) and
|Beg|(T) curves below 50K are mainly due to the low-anisotropy uncompensated
spins, which give rise to the low-temperature enhancement of mrgry but which are
not capable of pinning the Co layer (and hence of producing EB) in the Co;_,0/Co
samples [59, 63].

5.3.2.5 Thermoremanent Magnetization and Training Effect
Most thin-film EB systems show a reduction of the EB shift upon subsequent
magnetization reversals of the FM layer, which is the so-called training effect. For
all Mg-diluted Co/Co;_,Mg,O samples, we measured the training effectat T=5K
after field cooling in Bgc = 5 T. Typical magnetization reversals corresponding to
the first and 51st hysteresis loops are shown in Figure 5.16 for the sample with
x(Mg) = 0.5. Besides a clear, but rather small, reduction of the EB shift, a decrease
in the coercive field is observed.

The training effect implies that during magnetization reversal, the FM layer
reverses neither homogeneously nor reversibly. According to the DS model, the
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Figure 5.16 Training effect of Co/Co1_,Mg,O sample with x
= 0.5. Plotted are the first and the 51st hysteresis loops at
T = 5K after field cooling. Figure taken from [17].

training effect is due to a rearrangement of the AFM domain structure, which
results in a partial loss of the irreversible DS magnetization mj, of the AFM
interface layer during field cycling [16]. This magnetization loss leads to a reduction
of the EB shift.

In order to prove the above statement, we have measured by SQUID magne-
tometry the irreversible part of mrry of the above-discussed Co;_,O AFM-only
samples. This will be denoted in the following discussion as mig,, of the whole
AFM layer. mi%,, was measured at 5K after cooling in a magnetic field of +7T
by cycling the magnetic field between —7 and +7 T and recording the difference
between the mypy values each time when passing through 0T (scanning along
the ascending and descending field brances), for each field cycle n. mi%,, is at the
origin of the vertical shift of the FM/AFM hysteresis loop, as shown in Figure 5.11.
The dependence of mi%,; on the field cycle n is plotted together with that of | Bg|
for Co;_,0/Co bilayers in the same graph in Figure 5.17. One can see that both
| Bep| and mi,, show a decrease with n, that is, they exhibit a training effect. The
maximum decrease in both the miT“RM and the |Bgg| occurs between the first and
second field cycles, and they asymptotically approach almost constant values for
the remaining cycles. This observed correlation between the training effect of the
mit and that of |Bgg| clearly suggests that it is the loss of mi%\\ due to irreversible
changes in the AFM domain structure during the field cycles that causes a reduction
of | Bgg| [62]. It is important to realize here that the training effect of EB is believed
to be due to a reduction in mik,, of the AFM surface next to the interface with the
FM [16]. However, by SQUID magnetometry the mi%, of the whole AFM layer
is measured, which includes both volume and surface contributions. This could
be one reason that an exact quantitative agreement between the training effect of
mit . and of |Bgp| was not observed. Another reason for this may arise from the
observed difference between the behavior of mrgrym(T) and |Bgg|(T) for T < 50 K
(Figure 5.15).
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Figure 5.18 Dilution dependence of the training effect for
Co/Co1_4xMg,O samples. (a) EB shift as a function of sub-
sequent hysteresis cycles for different Mg concentrations x
at T = 5K. (b) Normalized EB values from (a) plotted on a
semilog scale. Note that there is almost no training effect
after ten field cycles. Figure taken from [17].

To further investigate the relevance of the AFM domain structure for the training
effect, we focus on the dilution dependence of the Mg-diluted samples, which is
depicted in Figure 5.18 at T = 5 K. Independent of the dilution, the EB shift is
strongly reduced only during the first field cycles and then remains almost constant.
This behavior is in striking qualitative agreement with MC simulations [16].

In Figure 5.18Db, we plot the relative decrease of the EB shift by normalizing the
data from Figure 5.18a by their initial value at each dilution. We can see that the
magnitude of this relative training effect behaves nonmonotonically with dilution,
with the smallest effect observed for samples near optimum dilution (x(Mg) = 0.1).
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In other words, at optimum dilution the EB is the strongest with the smallest
training effect, while at high and low dilutions the EB decreases while the training
effect is increased. This supports the notion that the formation of volume domains
in the AFM layer plays a crucial role in the EB interaction at the FM/AFM interface.

The observed dilution dependence of the training effect can be interpreted
within the DS model as follows. AFM domain walls are most strongly pinned
near optimum dilution. This pinning results in large energy barriers and prohibits
domain-wall motion upon FM magnetization reversal leading to a small training
effect. At larger dilutions the size and the connectivity of the AFM spin lattice get
reduced. This results in a decrease of the AFM domain-wall barrier and a decrease
of EB. At the same time AFM domain-wall motion and relaxation become easier
upon FM magnetization reversal, leading to an enhancement of the training effect.

5.3.2.6 Cooling-Field Dependence

The EB effect reveals a striking dependence on the magnitude of the cooling
field, Bpc. At large cooling fields, the EB (i) is either constant [64] or moderately
reduced in most EB systems, or (ii) changes its sign (positive EB) in systems such
as Fe/FeF, and Fe/MnF, [65]. These results were explained by AFM interface
coupling between FM and AFM. While the former case (i) is obtained for positive
(ferromagnetic) FM/AFM interface coupling, a negative (AFM) interface coupling
yields the latter case (ii).

To investigate the sign of the interface coupling in Co/CoO and its dependence
on the AFM volume dilution, we studied the cooling-field dependence of the same
Co/Co;-,0 samples as shown in Figure 5.10c at both low (p(O2) = 3.3 x 107 mbar)
and optimum (p(Oz) = 5 x 107 mbar) defect concentrations. For all cooling fields,
the FM layer was first magnetized at a field of 5T and a temperature of T= 320 K.
Then, it was cooled to T'= 20 K for cooling fields Bgc between 0 and 5 T. As shown
in Figure 5.19, the |Bgg| increases at low cooling fields while it slightly decreases
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Figure 5.19 EB field versus cooling field for Co/Co;_,O
samples at T = 20K with the Coy_,O layer prepared at
different oxygen pressures. Figure taken from [17].
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at larger fields for both samples. We primarily attribute the initial increase to the
magnetization of the FM layer, which is not fully saturated during field cooling at
low cooling fields. Since the magnetization of the FM layer determines the global
EB [66], its decrease toward small fields will reduce the EB coupling.

Since there is only a slight decrease of the |Bgg| at high cooling fields and
no observation of positive EB, we conclude that we have positive (FM) interface
coupling between Co and CoO. This is consistent with no change in the sign of
Bgg in NiFe/CoO up to Bgc = 5T [64]. This conclusion is further confirmed by the
observation of a positive vertical shift of the hysteresis loops (see Figure 5.11).

5.3.2.7 Antiferromagnetic Thickness Dependence

Most of the reports in the literature generally agree that there must be a minimum
AFM thickness in order to yield EB. For larger thicknesses the observations can
be classified into two characteristic types of dependence. (i) For thicknesses larger
than a minimum value, the EB remains constant as a function of the AFM layer
thickness. (ii) With increasing AFM layer thickness the EB field goes through a
maximum and then continuously decreases.

We therefore investigated the AFM layer thickness dependence of the EB field
for both unintentionally diluted (p(O;) = 3.3 x 1077 mbar) and optimally diluted
(p(02) =5 x 107¢ mbar) Co;_,0 layers, which is depicted in Figure 5.20 at T=5 K.
For optimally diluted samples, the EB field strongly increases with increasing AFM
layer thickness and saturates above 20 nm, which roughly corresponds to the size
of the AFM crystallites. The EB field for unintentionally diluted samples, however,
decreases with increasing AFM layer thickness and levels off at large thickness.
We note that just by varying the defect density in the volume of the AFM layer we
observe both types of thickness dependence as reported in other EB systems.
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Figure 5.20 EB field as a function of the AFM layer thick-
ness in Co/Coy_,O samples for both unintentionally diluted
and optimally diluted Coy_,O layers prepared at oxygen
pressures of p(O;) = 3.3 x 1077 mbar and p(O;) = 5.0 x
107® mbar, respectively. Figure taken from [17].
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Within the DS model, the different dependence is described in the following
way. At small levels of disorder (unintentionally diluted samples), AFM domains
can only be created at the cost of high energy. Since it is energetically unfavorable
to close the domains parallel to the layers, the domain walls will extend through
the whole thickness of the AFM layer perpendicular to the FM/AFM interface.
For that case, the domain-wall energy increases proportionally to the AFM layer
thickness [7, 8]. Thus, the formation of a domain wall in the AFM layer becomes
less favorable with increasing AFM layer thickness. This results in a reduction of
both the number of domain walls and the irreversible DS magnetization mi,, thus
leading to a drop in the EB field with increasing AFM layer thickness. For large
AFM layer thicknesses, the low defect density in the volume of the AFM layer
prohibits the formation of domain walls even if there is disorder at the interface.
For very thin AFM layers, on the other hand, the disorder from the interface
dominates and domain wall formation is energetically favorable, which then leads
to a large EB field.

For the optimally diluted samples, domain walls can be created in an external
magnetic field at a low cost of energy due to the nonmagnetic defects. The
irreversible DS magnetization m;, at the interface, which is responsible for the
EB, is stabilized by the AFM volume domain structure. This is consistent with the
results of the MC simulations [16]. Hence, the domain structure becomes more
and more stable with increasing AFM layer thickness, leading to an increase of the
EB. Assuming that grain boundaries strongly lower the AFM coupling strength,
the grains may act in a magnetically independent manner, leading to a constant
EB for AFM thicknesses larger than the grain size. This is consistent with our
experimental observations in Figure 5.20.

5.3.2.8 Blocking Temperature Distribution
The thermal stability of the AFM is an important issue in EB systems. The blocking
temperature distribution of an EB system accounts for the thermal stability of the
AFM, and it reveals the temperature range where the thermally activated reversals
take place in the AFM. An initial and important contribution to the understanding
of the blocking temperature distributions belongs to Soeya et al. [67]. Using a special
measurement procedure, they proved the existence of a variety of “exchange paths”
in exchange-coupled NiFe/NiO bilayers. Each “exchange path” produces its own
local unidirectional anisotropy and a different local blocking temperature. The
measured exchange coupling was considered as the sum of the contributions of
individual “exchange paths,” each with its own local blocking temperature. The
authors did not associate the notion of “exchange paths” to AFM domains or
grains, but they suggested that the variety of “exchange paths” was caused by
interface disorder and fluctuations in the atomic arrangement at the FM/AFM
interface. More recent work including thermal energy barriers for magnetization
reversal can be found in [68].

According to the DS model, a DAFF develops in a DS after cooling in an external
magnetic field at a temperature below Ty. Each AFM domain carries a local DS
magnetization mpg, which originates from the uncompensated moments due to
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the formation of domain walls. Therefore, the total DS magnetization (Mpsg) results
from the sum of individual mps. The irreversible DS magnetization at the interface
to the FM layer, my,, gives rise to the EB. In other words, each AFM domain has
its own local unidirectional anisotropy (EB) and its own blocking temperature Tp,
which are domain-size dependent. In this context, the notion of “‘exchange path,”
introduced by Soeya et al. [67], can be easily linked to an AFM domain.

For the measurement of the blocking temperature distribution, we present
below the results for two samples of Co;_,/Co grown on MgO(111), namely,
unintentionally diluted (p(O;) = 3.3 x 1077 mbar) and optimally diluted (p(O;) =
5 x 107% mbar). The measurement procedure implies several steps, as described
in the following:

« First, the samples are cooled in the presence of a saturating magnetic field from
above Ty of CoO to 5 K. As a consequence, the AFM enters a DS, that is, the AFM
CoO is decomposed into AFM domains of different sizes which can be treated
as independent Ising-type domains, with their own T5. All AFM domains which
are formed during the field cooling will contribute to Bgg at 5 K.

+ At 5 K, the magnetic field is reversed and the temperature is increased to certain
values denoted as reversal temperatures T, in the following discussion. During
heating at Ty, the AFM domains with Tp smaller than T, will enter their PM
phase. As mentioned above, Ty is domain-size dependent, being larger for larger
domains.

« The temperature is decreased again from Ty, to 5 K in the presence of the same
reversed magnetic field. The AFM domains which entered the PM state during
heating to T,y will re-enter their AFM phase during field cooling from T, to 5
K. However, because of the reversed cooling-field direction, the uncompensated
moments belonging to the AFM domains will gain a reversed orientation as
compared to their initial orientation. A hysteresis curve measured after this
step will exhibit a weaker EB due to those AFM domains which reversed their
orientation.

« The procedure described above is repeated for different values of Ty, yielding a
successive domain reversal within the AFM.

With increasing Ty, there will be a decrease in the magnitude of Bgg due to an in-
creasing fraction of AFM domains which undergo thermally activated reversals. For
a certain value of Tyey (called median blocking temperature [69]),the same fraction
of AFM domains will have an opposite orientation, which will result in a zero EB.

The dependence of Bgg on Ty of the two samples measured at 5K is shown
in Figure 5.21a. Starting from 5 K, Bgp decreases in magnitude with T, goes
through zero at the median blocking temperature, and then changes sign. For
temperatures close to Ty, the absolute values of Bgg are equal to those measured
after the initial field cooling at 5 K. Overall, the magnitude of Bgp is larger for the
diluted sample as compared to the undiluted one, which is in agreement with our
results shown in Figure 5.15a.

The first derivative of Bgg with respect to reversal temperature T, that is,
dBgp/dT ey, is proportional to the blocking temperature distribution f{Te,) of
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Figure 5.21 (a) Bgg and (b) distribution profiles of the
blocking temperature as a function of T, for undiluted and
diluted CoO/Co samples. At the respective Trey, a certain
fraction of AFM domains enters the paramagnetic state

and it is subsequently reversed upon cooling to 5K in the
reversed field. Figure taken from [69].

the AFM domains [67, 70]. Similarly, when discussing this quantity in terms of
domain size, dBgp/d T}y is proportional to the distribution of domain size f{d). It is
important to emphasize that d accounts for the size of AFM domains as well as for
the low-temperature-isolated uncompensated moments [71].

Figure 5.21b shows the blocking temperature distribution of the AFM domains of
the undiluted and diluted Co;_,/Co samples. Both samples show a two-maxima dis-
tribution, with one maximum atlow temperatures and the other one at temperatures
close to Ty. For undiluted CoO, a plateau is observed in the temperature range from
100 to about 230 K, indicating that no significant reversals of the AFM domains take
place in this temperature range. At higher temperatures, close to Ty, a narrow distri-
bution can be observed for the undiluted sample compared to the diluted one. This
points out that the undiluted CoO presents a DS with a narrow blocking temperature
distribution f{Tey), that is, a narrow domain size distribution f{d). In contrast, f{T5)
of the diluted sample shows a broad maximum at high temperature which extends
over a much wider temperature range. In addition, both the maximum of f{Tyey) and
the median blocking temperature shift to lower temperatures for the diluted sample.
Hence, the AFM domains in the diluted AFM undergo thermally activated reversals
over a wide temperature range. In conclusion, by (intentionally) diluting the AFM
CoO, a broadening of the blocking temperature distribution f{T.,) and of the
domain size distribution f{d) is obtained. In terms of thermal stability, this means
that dilution results in a degradation of the thermal stability of the diluted AFM.
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The low-temperature peak of f{Trey) of the diluted sample is more pronounced
than the corresponding one of the undiluted sample, but both show the maximum
at roughly the same temperature Ty., ~ 20 K. We believe that this is due to the
contribution of isolated AFM spin clusters, the small CoO grains, and some defects
within these grains, all these effects being more pronounced in the diluted sample
[69]. Moreover, our XRD studies (Figure 5.8a) reveal the appearance of the Co304
spinel phase within CoO for the diluted sample. Co3O, is also an AFM with
Ty ~ 33 K and may contribute to the low-temperature peak of f{Tey) of the diluted
sample (Figure 5.21b). Moreover, the exchange coupling between the Co3O, phase
and the host CoO can result in an increase in Ty of Co3O4 up to 80K [72],
which can explain the broadening of the low-temperature peak of f{Trey) to higher
temperatures.

5.4
Model Calculations

5.4.1
Modeling of Experimental Data

Apart from the mean-field work by Scholten et al. [46], mainly Monte Carlo
methods were used to numerically investigate the DS model. Some of them
focused on the Ising limit for the AFM [16, 25, 49, 73, 74], while others used
the full Heisenberg Hamiltonian of Eq. 5.2 [15, 21]. In the latter case a heat-bath
algorithm with single-spin flip dynamics was used, where the trial step of the spin
update consisted of two steps: firstly, a small variation within a cone around the
former spin direction, followed, secondly, by a total spin flip. This twofold spin
update is ergodic and symmetric and can take care of a broad range of anisotropies,
from very soft spins up to the high anisotropy (Ising) limit [75]. To observe the
domain structure of the AFM, one has to guarantee that typical length scales of the
domain structure fit into the system and that typical system sizes are of a lateral
extension of 128 x 128 and a thickness of tpy= 1 and tapy ranging from 3 to 9.
Periodical boundary conditions were used within the film plane and open-boundary
conditions perpendicular to it.

The main quantities which were monitored were the thermal averages of the
z-component of the magnetic moment for each individual monolayer normalized
to the magnetic moment of the saturated monolayer. In simulations, the system
is first cooled from above to below the ordering temperature of the AFM. During
cooling, the FM which is initially magnetized along the easy z axis provides a nearly
constant exchange field at the interface with the AFM monolayer. Also, the system
is cooled in the presence of an external magnetic field, the cooling field. In addition
to the exchange field from the ordered FM, the cooling field also acts on the AFM.
When the desired final temperature is reached, a magnetic field is applied along
the easy axis and reduced in small steps down to a certain minimum value and
afterwards raised again up to the initial value. This corresponds to one cycle of the
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Figure 5.22 Simulated hysteresis loops of field was Beool = 0.25 JinT. Shown are (a)
the DS model as explained in the text (see  the magnetic moment of the FM and (b) the
Eq. 5.2). Dilution p = 0.4, kgT = 0.1Jrm, interface monolayer of the AFM (normalized
positive interface coupling, Jint = |Jarm|- to its saturation value.) Taken from [14].
AFM anisotropy k, = Jrm/2. The cooling

hysteresis loop. A simulated hysteresis loop obtained as described above is depicted
in Figure 5.22. Shown are the results for the magnetization of (a) the FM and (b)
the AFM interface monolayer. EB is clearly observed.

An analysis of the magnetization curve of the interface layer gives an interesting
insight into the nature of EB. After the field-cooling procedure, the AFM interface
carries a magnetization. A part of this AFM interface magnetization is stable during
sweeping the hysteresis loop and leads to the fact that the magnetization curve
of the interface layer of the AFM is shifted upwards. This irreversible part of the
interface magnetization, mj,, of the AFM acts as an additional effective field on the
FM, resulting in EB. Note that the interface magnetization of the AFM also displays
hysteresis as a result of the exchange coupling to the FM. This means that the
whole interface magnetization of the AFM consists of a reversible part leading to an
enhanced coercivity and an irreversible part leading to EB. In experiments, usually
the magnetization of the whole FM/AFM bilayer is measured. The corresponding
sample magnetization loop might not only be shifted horizontally but also vertically.
The vertical shift contains contributions from the volume part of the AFM as well
as from its interface (for a comparison with experiment see Section 5.3.2.2). The
volume magnetization of the AFM is induced by the cooling field, and hence it is not
shifted when the cooling field is zero and shifted upwards when it is finite. The inter-
face contribution depends on the sign of the interface coupling and may be positive,
as in our calculation, or even negative for negative interface coupling [16, 17, 56].
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Figure 5.23 Snapshots of spin configu- of the FM (b). The interface coupling is
rations in a small portion of the interface assumed to be positive. The colors distin-
monolayer of the AFM after field cooling guish different AFM domains. The circles
with the external field and FM magnetization, mark sources of magnetization, wall mag-
both pointing upward (a) and after reversal  netization as well as volume magnetization.

With the two sketches (Figure 5.23a,b), we wish to illustrate the origin of interface
magnetization of the AFM on a more microscopic basis, including its partitioning
in reversible and irreversible parts. Figure 5.23a shows spin configurations in
a small portion of the interface monolayer of the AFM after field cooling. The
simulated system size is 64 x 64 x 10 with only one FM monolayer. For simplicity,
this simulation was performed in the Ising limit for the AFM (k, — o0). The
dilution p of the AFM is 50%; nevertheless the spins are much more connected via
the third dimension than it appears from the sketch.

Obviously, the AFM is in a DS, where a domain is defined as a region of
undisturbed AFM order. The reason for the domain formation and, consequently,
for the lack of long-range order is the interface magnetization which couples to
the exchange field coming from the FM and the external field (both pointing
up), lowering the energy of the system. The interface magnetization follows from
two contributions. Examples for both are indicated by circles. One contribution
comes from parallel spin pairs in the domain walls (domain-wall magnetization),
all pointing up in our example (Figure 5.23a), that is, in the direction of the
exchange field of the FM and the external field. A second contribution comes
from an imbalance of the number of defects of the two AFM sub-lattices (volume
magnetization). The imbalance in the number of defects of the two AFM sub-lattices
also leads to a net magnetization within a domain, which couples to the exchange
field of the FM and the external field. The reason for the imbalance is that the
domain structure is not random. Rather, it is an optimized structure arising during
the initial cooling procedure with as much magnetization as possible coupling to the
exchange field of the FM and the external field, following the energy minimization
principle.

However, an AFM-interface magnetization alone cannot lead to EB. Only the
irreversible part of it (during hysteresis) may lead to EB. Figure 5.23b shows for
comparison spin configurations in the same portion of the interface monolayer of
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the AFM after reversal of the FM. Clearly, the major part of the domain structure
did not change during reversal of the FM. However, there are rearrangements on
smaller length scales, leading mainly to the fact that the domain-wall magnetization
changes its sign. In Figure 5.23b, all of the spin pairs within domain walls now
point down following the reversed FM and the external field while the volume
magnetization coming from the defects remains frozen. The stability of the
domain structure stems from the fact that the domain walls are pinned at defect
sites as well as between pairs of spins which are aligned with the field. Hence,
during the movement of the domain-wall energy, barriers have to be overcome
by thermal activation. This explains why a large domain in general remains in
a metastable state on exponentially long time scales, while rearrangements on a
shorter length scale are possible, of course depending on the waiting time, the
temperature, and the material parameters of the AFM.

Important features of EB systems found experimentally [17] (some of them
described in Section 5.3) have their counterpart in simulations of the DS model
[16], such as the order of magnitude of EB fields, the shape of hysteresis curves, the
dilution dependence of EB, its temperature dependence, the training effect, and the
occurrence of positive EB. Other properties of EB systems which were successfully
investigated within the framework of the DS model are the dependence of EB on
thickness of the AFM [51, 73], the influence of ion irradiation [21], asymmetric
reversal modes [49], properties of the AFM domain structures [76], the enhanced
coercivity [46], and the cooling-field dependence [48]. In the following subsections
we will focus on the influence of the anisotropy of the AFM [14] and on newer
results on the influence of interface roughness [25].

5.4.2
Anisotropy Dependence

Asalready argued in the section before, during the initial cooling procedure the AFM
becomes frozen in a DS, the structure of which depends on the system parameters.
Some of these model parameters can be estimated from measurements, for
example, the exchange interactions from critical temperatures. The anisotropy of
the AFM is probably the most unknown quantity since it is hard to measure and
only few ab initio calculations exist (see, e.g., [77]). In the following discussion, we
will treat this anisotropy as an unknown parameter and discuss its influence on
the EB.

Typical staggered domain configurations of the bulk AFM are shown for three
different values of the AFM anisotropy in Figure 5.24. For low anisotropies,
k. < Jarm, AFM domain walls have a width of the order of (Jarm/k.)"/?. Even for
the lowest anisotropy shown, the width is only of the order of a few lattice constants,
which can hardly be detected in the figure. Also, because of the dilution domain
walls tend to follow the holes so that the wall width is further reduced at those
places. Interestingly, the domain structure itself depends on k.. The system has
the smallest domains for an intermediate value of k, = Jpy and not for the Ising
case corresponding to the high anisotropy limit k, = 30Jrv as one might expect.
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Figure 5.24 Frozen DS of a 40% diluted AFM consisting of
six monolayers for different values of the AFM anisotropy,

k; = 0.1Jem, 1.0Jem, 30/em (from top). The shading marks
the z-component of the staggered magnetization. Taken
from [14].

We will discuss the results following from this behavior later in connection with
the anisotropy dependence of the EB.

In the absence of any anisotropy in the FM and for very low dilution of the AFM,
we observe a perpendicular coupling across the interface between FM and AFM.
The magnetization reversal in the FM is here by coherent rotation. The picture
changes with increasing uniaxial anisotropy in the FM and upon increasing dilution
of the AFM. The magnetization reversal in the FM is now by domain-wall motion
and the perpendicular coupling becomes less significant. This is because uniaxial
anisotropies in both the FM and the AFM having the same axis no longer lead to
an energy minimum for a perpendicular coupling across the interface. Moreover,
AFM spins with missing AFM neighbors can lower their energy by rotating parallel
to their FM neighbors. Therefore, in the framework of our calculations a spin-flop
coupling is not an essential mechanism for EB.

In [14] the EB field was calculated for a wide range of values of k,, starting from
very soft spins to rigid, Ising-like spins. Figure 5.25 shows the results for different
thicknesses of the AFM and for a dilution of p = 0.4. Interestingly, one finds a
(negative) peak in the EB field for an intermediate value of k, for a sufficiently
thick AFM, while at lower thicknesses the EB field increases with the anisotropy
and saturates in the Ising limit.

The key to the understanding of EB is the understanding of AFM domain
configurations and domain walls. AFM domains are required to carry a surplus
magnetization at the interface, which must be stable during hysteresis in order
to produce any EB. In general, one might expect that the most stable domain
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configurations are obtained for the Ising limit. But Figure 5.25 and also Figure 5.24
suggest that the behavior of domains is more complex. Let us start considering the
Ising limit where some domain wall is formed upon field cooling. This domain wall
preferentially passes through defects thereby minimizing the exchange energy, and
at the same time it gathers magnetization thereby lowering the Zeeman energy.
When the anisotropy k. is decreased, the energy to create a domain wall will
decrease. Thus, the system will respond by roughening the domain boundaries
(see Figure 5.24, where the domain configuration in the middle is more complex
than the lower one which represents the Ising limit). This roughening enhances
the possibility for the domains to carry any surplus magnetization, and hence
the EB will increase. However, there exists a counter-effect. With decreasing k.
the width of the domain wall increases, so that less energy can be saved through
the dilution. Hence, for still lower anisotropy the domain walls will smoothen
thereby lowering again the exchange energy (see once again Figure 5.24, now
comparing the domain configuration in the middle with the upper one, which has
much smoother domain walls because of still lower anisotropy). Since flat walls
carry less remanent magnetization, the EB will decrease again with decreasing
anisotropy. The compromise between these two opposite effects is achieved at
some intermediate value of k., where the bias shows a maximum.

However, the maximum disappears at lower values of t. This happens since for
only one monolayer of AFM we are close to the percolation threshold where the
domain walls pass nearly exclusively through the defects at very little or no cost of
energy. Therefore, the first mechanism discussed above is less important and the
EB increases with k, till it saturates in the Ising limit.

543
Structural Dependence

The DS model correctly predicts that some dilution of the AFM bulk — which is
conducive to the formation of DS in the AFM - leads to an increased EB. However,
prior simulations [16] have predicted an optimal dilution of the order of 50%, while
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experiments [14, 17] have found it to be of the order of 10%. In the following
discussion, the aim is to modify the DS model to include nonplanar structure
at the interface. As will be shown, this leads to a new estimate of the optimal
dilution, which is much closer to that seen in the experiment and to new insight
regarding the dependence of EB on the details of the interface structure [25]. The
model comprises an Ising AFM of thickness tapy, coupled to a Heisenberg FM
which is only one monolayer thick. The overall system is hence a cuboid of size
(tarm + 1) x L x L where L is set to 128 for all the results presented here.
Periodic boundary conditions are applied in-plane and open boundary condition
out-of-plane. Spins are arranged on a simple cubic lattice. Energies are calculated
using the appropriate Ising or Heisenberg Hamiltonians, considering only the
nearest neighbor exchange interactions and disregarding the dipole interaction.
As explained before the bulk of the AFM is randomly diluted with nonmagnetic
defects which replace a proportion p of the spins. As a new aspect in the model, we
now introduce some intermixing of the FM and AFM sites in one monolayer at the
interface. This intermixing represents a minimum amount of roughness which in
a real system will always exist. This mixing is described by a mixing coefficient R.
In the layer adjacent to the FM monolayer, R is the proportion of spins which are
part of the FM rather than part of the AFM. The dilution p continues to act in this
layer, such that this layer consists of a proportion (1 — p) R of FM sites, and (1 -
p)(1 — R) of AFM sites. Note, that for R — 0 and R — 1 the interface is perfectly
flat and compensated while the roughness is maximal for R = 0.5. The model
presented here is clearly a vast simplification of a real interface, which usually will
have larger roughness with more than one monolayer involved, but as we will show
in the following discussion the results it produces are nevertheless intriguing.
The effect of the interface mixing R upon the EB field is shown in Figure 5.26.
We see that systems with low or no dilution feature a strong response in EB to the
introduction of roughness, while systems with high dilution that previously [16]
gave maximal EB are less affected. Comparing these results to the previous work
[16], we note two most important features: firstly, that EB is exhibited even for
systems with no dilution whatsoever (p = 0) and, secondly, that the rough interface
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Figure 5.26 Variation of the EB field with the interface
mixing R for different degrees of AFM dilution p. The
thickness of the AFM is four monolayers. Taken from [25].
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Figure 5.27 |Isolated FM spin in the interface layer of the
AFM as it is typical for low FM/AFM interface spin mixing
coefficient R. The sketch (a) is a cross section while (b)
shows the top view of the interface. On the (a) the FM is
reversed while the lone FM spin embedded in the AFM is
pinned by the interaction with its AFM neighbors.

renders a greater EB field (= 0.027]y7) than the greatest previous result from the
DS model (& 0.02];y1). Interestingly, the maximal EB is achieved for R ~ 0.2, that
is, for systems with a small amount of FM spins in the interface layer of the AFM.

The reason for the enhanced EB lies in the optimized interface coupling
associated with low values of R. For a given DS, EB is greater in slightly rough
systems because it effectively enhances the FM—AFM coupling. To understand
this, consider an FM spin embedded in the AFM (as sketched in Figure 5.27),
having five AFM neighbors and one FM neighbor. This lone FM spin will be pinned
by the AFM, since 5|Jarm| > |Jrm|. For positive interface exchange interaction, it
acts like a reversed AFM spin, except that unlike a normal AFM spin it has a
FM interaction with its FM neighbor, thus increasing the net exchange coupling
between FM and AFM since in usual EB systems the FM interactions are the
strongest interactions. Note that the above argument works only in the limit of
small R where one finds mainly isolated FM spins embedded in the AFM, instead
of larger groups of FM spins or even lone AFM spins in an FM environment. This
fact explains the asymmetry of the curves in Figure 5.26, which one might naively
not expect. The largest EB field is achieved for a rather small amount of FM spins
in the mixed interface layer. However, it is not obvious how the interface mixing
could be controlled microscopically in an experiment.

The peak of the EB field with respect to R results from the tendency of excessive
R to destroy the enhanced interface coupling described above: if there are too many
FM spins in the interface layer, then they form groups which are no longer frozen
into the AFM. For example, for R = 0.5 an FM interface-layer spin has on average
three FM neighbors and three AFM neighbors, so with gy > Japu it follows that
the FM during hysteresis is reversible, rather than being pinned by the AFM.
Furthermore, the peak in Figure 5.26 moves left with dilution because replacing
some AFM sites with defects reduces the R threshold required to allow FM spins to
be mixed with the AFM to move with the FM rather than being pinned to the AFM.
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The presence of DS-fostering EB even at dilution p = 0 may be explained by the
defect-like domain-wall-pinning action of FM spins in the AFM interface layer. For
a smooth interface, it was found that having defects only at the interface was not
sufficient to yield an EB, but the use of FM spins conveys an advantage over defects
since they enhance rather than diminish the interface coupling. This strengthened
interface coupling increases both the exchange field provided by the FM during
cooling and the action of the AFM upon the FM during hysteresis. Note that in the
limit of vanishing bulk dilution our model coincides with the model of Malozemoft
[6—8] for minimal roughness, so that our findings qualitatively support his earlier
ideas. To the best of our knowledge, the simulations in [25] are the only numerical
investigations of Malozemoff’s model.

For highly diluted (p ~ 0.6) systems, R appears to have only little effect. To
understand this, consider the case p = 0.5. Here, FM interface spins have on
average 1 FM neighbor, 2.5 defect neighbors, and 2.5 AFM neighbors. They are no
longer firmly tied to the AFM, which annuls the enhanced interface coupling. For
such high dilutions, roughness does not change the interface structure so much.
Furthermore, because the DS is already well formed due to dilution, the roughness
does not improve the AFM domain structure either. Overall, for p = 0.6 we see a
slight decrease in EB with R as can be explained by the increasing thickness of the
FM. The values of the EB field for R = 1 are in general about the same as those
for R = 0. This is quite unexpected since the EB should decrease with increasing
thickness of the FM, that is, it should be proportional to 1/tgy. However, within the
error bars it does not decrease at all. Probably, this is an artifact of the small AFM
thicknesses used (tapm = 4) since the net decrease in the thickness of the AFM with
R increases its magnetization due to the lower energy cost of domain formation.

Maximal EB is found in systems with a small dilution (p ~ 0.1), as well as some
mixing (R ~ 0.2) at the interface. This is an important result since it agrees with
the experimental fact that the largest EB is found in systems with dilutions of the
order of 10% (see Section 5.3.2.1 and [14, 17]), while previous simulations of the
DS model massively overestimated the optimal dilution [14, 16].

5.5
Conclusions

Characteristic features of EB found experimentally in Co/CoO-based systems can be
described theoretically by the DS model. Among these are the order of magnitude
of EB fields, the shape of hysteresis curves, the dilution dependence of EB, its
temperature dependence, the training effect, and the occurrence of positive EB.
Other typical features of EB systems which were successfully investigated within
the framework of the DS model are the dependence of EB on the thickness of
the AFM, the dependence on the anisotropy of the AFM, the influence of ion
irradiation, asymmetric reversal modes, properties of the AFM domain structures,
the enhanced coercivity, the cooling-field dependence, and the influence of interface
roughness.
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However, one should note that most of the AFMs used in EB systems have a
polycrystalline structure. Some model calculations for the metallic AFMs rest on a
granular model for the AFM [12, 78, 79]. So far, the grainy structure of a realistic
AFM was taken into account within the DS model only in the case of numerical
simulations for NigoFeyo/(FesoMnsp);—xCuy [80]. In the metallic AFM, diluted by
Cu of concentration x, the exchange coupling between the grains was omitted. A
Heisenberg model was used, which explicitly accounted for the energy barriers
upon reversal of the AFM spins and for the thermal relaxation of the magnetization
according to the Arrhenius—Néel law. The role of the AFM domains in Bgg was
tested by comparing samples for increasing dilution x with those in which for x =
0 the grain size was reduced. The finding was that decreasing the grain size and
lowering the defect concentration x have the same effect on Bgp as increasing x for
larger grains. Work following these lines is still missing for AFM oxides and would
certainly contribute to the further understanding of EB.
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6
Theory of Ferromagnetic—Antiferromagnetic Interface Coupling

Alexander |. Morosov and Alexander S. Sigov

6.1
Introduction

This chapter describes spin frustration that may occur on the boundary between
the layers in the problem of spin-exchange interaction between ferromagnetic and
antiferromagnetic layers, where we consider the cases of rough (for uncompensated
surface of the antiferromagnet) and atomically smooth (for compensated surface
of the antiferromagnet) interface between the layers. We study the distribution of
magnetic order parameters that arises in the near-interface region, and obtain a
magnetic phase diagram in the parameter space defined by the layer thickness
and by the surface roughness for the two-layer (“ferromagnet—antiferromagnet”)
and spin-valve three-layer (“ferromagnet—antiferromagnet—ferromagnet”) cases.
By incorporating the single-ion anisotropy energy, our model improves upon the
results of the exchange approximation.

Multilayered systems composed from alternating ferromagnetic and antiferro-
magnetic layers are widely used in magnetoresistive detectors based on the giant
magnetoresistance (GMR) effect, in the reading heads of hard drives, and in
magnetoresistive memory chips [1]. As layer thickness is usually on the order of
nanometers or fractions of a nanometer, the interlayer boundary and its mor-
phology have a substantial and often decisive influence on physical properties of
multilayered magnetic structures.

Frustration of spin-exchange interaction between spins belonging to different
layers on the interlayer boundary can give rise to a fairly complex magnetic phase di-
agram, which should be studied in detail in order to achieve optimization of element
properties and devices in magnetoelectronic applications. Such an optimization
also requires manufacturers to adopt production procedures (“technological paths”)
that would guarantee the necessary structure of interface boundaries.

This chapter is organized as follows. Section 6.2 discusses the concept of
frustration on the ferromagnetic—antiferromagnetic interface. Section 6.3 lays
out the mathematical model based on which a spatial distribution of ferro-
and antiferromagnetic order parameters has been computed for a multilayered
magnetic system. Section 6.4 considers distortion of magnetic order parameters
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6 Theory of Ferromagnetic—Antiferromagnetic Interface Coupling

near the interface between sufficiently thick ferromagnetic and antiferromagnetic
layers, as well as the resulting effective interaction between order parameters
in the bulk of the layers. It should be mentioned here that single-ion anisotropy
energy is taken into proper consideration in this section, which is an improvement
upon the exchange approximation.

The magnetic phase diagram of a thin ferromagnetic layer on a thick antiferro-
magnetic substrate is discussed at length in Section 6.5, and the phase diagram of a
spin-valve system of the ferromagnetic—antiferromagnetic—ferromagnetic typein
Section 6.6. Additionally, these sections provide a description of a new type of
domain walls that arise due to frustrations of spin-exchange interaction.

Conclusions and practical recommendations are given in the last section, which
is followed by the list of references.

6.2
Frustrations on the Ferromagnet—Antiferromagnet Interface

In this chapter, we study the case when lattice constants of the ferro- and antiferro-
magnet are closely matched, and the crystal lattice of one layer can be thought of as
a continuation of the crystal lattice of the other layer. In addition, we shall assume
a collinear antiferromagnet with two sublattices.

Our analysis reveals an essential distinction between the two following cases:

1) Atomic planes of the antiferromagnet that are parallel to the interface are
uncompensated, in other words, in every such plane all spins belong to one
sublattice of the antiferromagnet, whereby the spins of neighboring planes
belong to different sublattices.

2) Atomic planes of the antiferromagnet that are parallel to the interface are
compensated, in other words, they contain an equal number of spins belonging
to each sublattice, and thus have a zero magnetic moment in the absence of
external fields.

Let us consider the concept of frustration for each of these two cases, limiting
our analysis to the model of Heisenberg exchange interaction between localized
quasi-classic spins in the nearest-neighbor interaction approximation:

Hir = —Ji(5:. 5) (6.1)

where J;; equals Jr > 0 if both spins belong to the ferromagnet, J;; = Jor < 0if both
spins belong to the antiferromagnet, and J;; = Jr o if the spins belong to different
layers. In the discussion below we assume, for definiteness, that Jr 4 > 0.

6.2.1
Uncompensated Surface of the Antiferromagnet

Consider the case of layers having (100) orientation, and the crystal lattice having
tetragonal volume-centered structure, with easy axis of magnetization [001] lying
in the plane of the layers.



6.2 Frustrations on the Ferromagnet—Antiferromagnet Interface

In the case of an ideal atomically smooth interface, it is easy to find the orientation
of ferro- and antiferromagnetic order parameters (which are equal, respectively, to
the magnetization of the ferromagnet and to the magnetization difference between
sublattices of the antiferromagnet) that corresponds to the energy minimum of
exchange interaction: inside the layers, order parameters are uniformly distributed
and their mutual orientation is such that spins of the ferromagnet are parallel to
spins of the atomic plane of the antiferromagnet that is closest to the interface
since Jr o > 0 (Figure 6.1a). In the case of J;4r < 0, the mutual orientation of the
spins would be antiparallel.

However, a real interface always contains atomic steps whose height is equal to
one or several interatomic distances. In the following discussion we consider, for
the sake of simplicity, only those steps whose height is equal to one interplane
distance. However, one can easily show that steps whose height is equal to an odd

4 HONCNONONONO,

OB ODOOOLO BODOIOOO

OB ODOOOLO BODOIOOO
ODODOOLOLO BODOIOOO
OB ODBOOOLO BODOIOOO
OB ODBOOOLO BODOIOOO
ODODOOOLO DODOIOOO
OB ODBOOLOLO BODOIOOO

SIONCNRONS HOIONONO)

—

Figure 6.1 Interface between a ferromagnet and an un-
compensated antiferromagnet: (a) perfectly smooth planar
interface and (b) interface containing an atomic step.
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number of interplane distances are fully equivalent to the ones we consider as far
as frustrations are concerned, whereas those steps whose height is equal to an even
number of interplane distances do not cause any frustrations and can therefore
be excluded from consideration. It is thus sufficient to limit our analysis to steps
of the former type, that is, step height is equal to an odd number of interplane
distances.

On the opposite sides of a step of the first type, spins of the ferromagnet
interact with those of the antiferromagnet that belong to different sublattices. It
is impossible to identify a uniform distribution of magnetic order parameters that
would minimize the energy of exchange interaction.

Indeed, if on the one side of the step the mutual orientation of the ferro- and
antiferromagnetic order parameters is associated with the minimum energy of
exchange interaction between the layers, then the same energy is maximum on the
other side (Figure 6.1Db). One thus observes a frustration that is due to the presence
of an atomic step at the interface. A description of nonuniform distributions of the
order parameters that arise due to frustrations is the subject of the key sections of
this chapter.

6.2.2
Compensated Surface of the Antiferromagnet

Consider, for instance, the (110) orientation of layers having a tetragonal
volume-centered crystal lattice, the easy axis of magnetization [001] lying in the
plane of the layers.

In this case, spin frustration takes place even when the interface is atomically
smooth. Indeed, exchange interaction between spins of the ferromagnet tends
to align them parallel to each other, while exchange interaction between spins
of the ferro- and antiferromagnet also tends to orient spins in the upper layer
of the antiferromagnet parallel to the spins of the ferromagnet and thereby
parallel to each other. On the other hand, exchange interaction between spins
of the antiferromagnet tends to make neighboring spins of the antiferromagnet
(including those in the upper layer) antiparallel to each other. The end result
is a frustration of exchange interaction: one cannot find a uniform distribution
of magnetic order parameters that would minimize the energies of all three
spin—exchange interactions.

As spin frustration takes place even at atomically smooth interfaces, the possible
presence of atomic steps on the physical interface is not nearly as critically
important as it was for the uncompensated surface of the antiferromagnet. Except
some special orientations of step edges that are outside the scope of this chapter,
roughness of the interface does not cause any substantial change in the spin
distribution. Thus when the surface of the antiferromagnet is compensated, it will
be enough to consider only the case of an atomically smooth interface between the
ferromagnetic and antiferromagnetic layers.
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6.3
Mathematical Model

The majority of results discussed in this chapter have been obtained by computer
simulation based on the following discrete model.

The temperature range is T < T¢, Ty where T¢ is the Curie temperature of
the ferromagnet and Ty is the Neel temperature of the antiferromagnet. The
magnetic moments of atoms are assumed to be constant in magnitude. A lattice
of localized quasi-classical spins is studied in the approximation of Heisenberg
exchange interaction between nearest neighbors. The direction of the localized spin
is given by a unit vector s; and its magnitude enters the corresponding interaction
constant J;;. The exchange interaction energy (Eq. 6.1) then takes the form

Wi = —Jij (si,sj) (6.2)

We examine the cuts of a tetragonal body-centered spin lattice whose ratio
a/c is such that the atom located at the center of the unit cell has atoms in its
vertices as the atom nearest neighbors. In this case, the (100) and (110) cuts
correspond, respectively, to the uncompensated and the compensated surface of
the antiferromagnet.

An orthogonal Cartesian system is introduced, whose x-axis is lying in the plane
of the layers and is pointing along the easy axis of magnetization [001], while the
z-axis is perpendicular to the plane of the layers.

With this notation, the energy of the single-ion anisotropy has the form

Wan =K. ) (SEZ))Z -K ) (ng))z (6-3)
ief i

where summation is over the localized spins, K|, > 0 is the uniaxial anisotropy con-
stant, and K, > 0 is the surface anisotropy constant of the ferromagnet that implies
the energy disadvantage of states having a nonzero z-component (i.e., component
normal to the layer plane) of magnetization. An attempt to take dipole—dipole
spin interaction into account explicitly makes the problem dramatically more
complicated and leads to longer computation times.

In addition to tetragonal lattices, cubic crystal lattices with layer orientation
(100) have been studied as well. In a body-centered cubic lattice, the (100) cut is
uncompensated, and the difference from a tetragonal lattice is that two mutually
perpendicular easy axes are present in the layer plane. The second term in Eq. (6.3)
should be replaced by the expression

K Z [(SE"’)4 - (SEY’)4] (6.4)

A compensated surface (100) of the antiferromagnet is observed in the case
of a simple cubic lattice with antiferromagnetic ordering of type C, when the
neighboring spins belong to two different sublattices. In this case, we again
observe two mutually perpendicular easy axes in the plane of the layer, and the
expression (6.4) should be used to obtain the energy of single-ion anisotropy.

195



196

6 Theory of Ferromagnetic—Antiferromagnetic Interface Coupling

The equilibrium distribution of localized spins was obtained by modeling their
dynamics on the basis of the system of Landau-Lifshitz—Gilbert equations:
dSi

ha = [SiHeff] + uHeg (65)

where u is the damping constant, and the effective field Hef is

o IW

__ow 6.6
eff 85{7 ( )

where p = x,y,z, and W is the sum of the exchange energy and the anisotropy
energy.

The solution of the system (Eq. 6.5) was found by the “classical” fourth-order
Runge—Kutta method. A transition to the equilibrium was identified by looking
at the temporal behavior of the overall energy of the spin system. As a rule, the
initial state was chosen in such a way as to be almost identical to the state that
would occur in the absence of spin frustration. A weak perturbation is necessary to
prevent the initial state from being an extremal state. In this case, there is no time
evolution of spins.

The simulation was carried out for the case when atomic step edges on the
boundaries between the layers are parallel to each other and to the y-axis of a
Cartesian system of coordinates; in other words, the problem was a two-dimensional
one with periodic (with respect to x) boundary conditions. This last assumption
does not cause any substantial qualitative change to the magnetic phase diagram.

6.4
The Interface between Thick Ferromagnet—Antiferromagnet Layers

The term thick should not be taken too literally with regard to the layers. What is
assumed in this section is that the thickness of layers is far larger than the charac-
teristic distance R between atomic step edges at the boundary separating the layers.
In addition, in the case of layers with single-ion anisotropy of the “easy-axis”
type, that is, when there is just one easy axis lying in the plane of the layers, it
is necessary that layer thickness must substantially exceed the thickness of Bloch,
Neel, and hybrid walls in the respective layers. As the thicknesses Ay ) and surface
energies &rqf of these walls (where indexes f and af relate to the ferro- and
antiferromagnet, respectively) have the same order of magnitude [2]

1/2
Ap ~ b (Jr/Ky) (6.7)
where b is the lattice constant,
1/2
e ~ (k)" /1 (6.8)

we refer to them as traditional domain walls.

When these conditions are satisfied, all inhomogeneities of magnetic order
parameters that arise due to spin frustration will be concentrated in the near-
interface region.
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6.4.1
Uncompensated Surface of the Antiferromagnet

In this case, one should consider two possible limiting-case formulas relating the
above-mentioned parameters Af(s) and R.

6.41.1 R < (Af, Adf)

Under this condition, a system of static spin vortices arises near the interface
(Figure 6.2). At the interface, their boundaries coincide with atomic step edges.
The location of vortices relative to the interface depends on the ratio of exchange
stiffness constants of the layers. When the exchange interaction constant of one
layer is much greater in magnitude than that of the other layer, the vortex is almost
completely localized in the layer having a smaller exchange integral (Figure 6.2a).
On the other hand, when the constants have equal magnitude, the vortex will be
positioned symmetrically with respect to the interface (Figure 6.2b).

The dimensions of the vortex in the direction perpendicular to the interface are
of the same order of magnitude as the smallest size of the vortex in the interface
plane.

The emergence of static spin vortices due to frustration has been predicted
theoretically in papers [3, 4] (see also the review paper [5]). As of this writing, we
are not aware of any studies in which this effect has been observed experimentally.
This lack of experimental data is due to the fundamental difficulty in observing
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Figure 6.2 (a) Spin orientations in the fer-  for the case |Jof| ~ Jf in the single-domain
romagnetic and antiferromagnetic layers phase. The arrows indicate the direction of
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magnetic order parameters near the interface
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distributions of magnetic order parameters on a nanometer scale in the bulk of the
magnetic layer.

Atomic steps divide the interface into regions of two types. In regions of the
first type, the parallel orientation of ferromagnetic and antiferromagnetic order
parameters is energetically favorable, whereas in regions of the second type, the
antiparallel orientation is energetically favorable.

Since shape anisotropy makes energetically favorable those states whose magne-
tization vector (and thereby, due to interaction between layers, the antiferromag-
netism vector as well) is lying in the layer plane, the direction of order parameters
can be uniquely characterized by the angle 64 formed by the corresponding
order parameter vector and the easy axis in the layer plane. As mentioned above,
magnitudes of the order parameters are assumed to be invariable.

Spin vortices can also be subdivided into two types depending on the type
of the region in which the vortex arises. One can describe the vortex structure
using the exchange approximation. Since the characteristic size R of the vortex
is much smaller than the traditional domain wall thickness, the vortex structure
will remain essentially unchanged even when the anisotropy energy is taken into
consideration. In the exchange approximation, magnetic order parameters inside
the layers remain homogeneous at |z| > R, that is, at large distances from the
interface, which is located at z = 0. Suppose the directions of the order parameters
form an angle ¥. Then in the vortices of the first type, the net order parameter
rotation angle is equal to ¥ and the rotation partially takes place in one layer and
partially in the other. In vortices of the second type, a rotation by the total angle
7 — 1 takes place.

The vortex structure near an atomic step edge is of special interest. In the
continuum approximation, the quantity V6 in the r < R region (where r is
the distance from the step edge) is inversely proportional to r: |V6f| oc r1.
It is this region that makes the greatest contribution to the vortex energy. If
exchange interaction between the layers is characterized by the same (to an order
of magnitude) energy as the exchange interaction in the layer having the smaller
exchange interaction constant, then the dependence just mentioned remains valid
even when r is on the order of atomic distances. The region near the step edge will
be discussed more extensively in Section 6.5.1.

The surface energy density averaged over the vortex can be estimated as [4, 5]

_min(fr [Ja[)o® R

vor

where « is the angle of rotation of the order parameter within the vortex.

At atomic distances from the step edge, the volume energy density of distortions
is high. This may cause changes not just in the direction but also in the magnitude
of the order parameter. On the other hand, at distances from the step edge exceeding
several interatomic distances, the volume energy density of distortions, which is
proportional to | V6 g apparently is no longer enough to cause a considerable
change in the magnitude of the order parameter.
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By using Eq. (6.9), one can determine the mutual orientation of the ferro- and
antiferromagnetic order parameters outside the vortex region that will correspond
to the energy minimum.

This problem is completely analogous to the “magnetic-proximity” model put
forth by Slonczewski [6]. The total energy of the system of vortices can be written
in the form

W = Gy + Gy — )? (6.10)
where
_ min(Jy, |Jo[)oi . R
= Ing (6.11)

and o; is the total interface area occupied by the regions of type i (where i = 1, 2).

It is easy to see that when regions of both types are represented with equal
probabilities (07 = 0,), the energy minimum (in the exchange approximation) in
the absence of external magnetic fields is achieved if magnetic order parameters
are mutually perpendicular at sufficiently large distances from the interface.

The question that arises is, how will our conclusions change if we go beyond
the scope of the exchange approximation by taking into account the single-ion
anisotropy energy?

The answer depends on the number and orientation of easy axes in the layer
plane. In the case of two mutually perpendicular easy axes in the layer plane, there
will be no change in the configuration suggested by the exchange approximation.
Each order parameter will orient itself parallel to a corresponding easy axis, so they
will still remain perpendicular to one another.

However, if there is only one easy axis in the layer plane, then a mutually
perpendicular orientation of order parameters far from the interface does not yield
a minimum of the single-ion anisotropy energy. Instead, this energy reaches its
minimum when magnetic order parameters are collinear.

As a result of “competition” between the energy of vortices and the energy of
single-ion anisotropy, a 90° exchange spring arises where the mutual orientation
of the order parameters changes from perpendicular to collinear [7].

We prefer to use the term exchange spring rather than domain wall, because a
domain wall separates domains having different orientations of the order parameter
that has the same physical nature. In contrast, an exchange spring appears near the
interface between layers whose order parameters differ by their physical nature.
The structure of the exchange spring in each layer is completely analogous to the
structure of a Bloch domain wall in the corresponding material. The width of the
space region occupied by the exchange spring is of the same order of magnitude
as the thickness A4y of the corresponding domain wall and is much larger than
the characteristic size R of a vortex (we recall that R < Af(y)). The energy of the
exchange spring is smaller than the overall energy of the vortices by approximately
the same factor.

For the most part, the exchange spring is located in the layer having a lower
surface energy of the domain wall (Figure 6.3). The structure of the exchange
spring is discussed in more detail in Section 6.4.2.
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Figure 6.3 Exchange spring in the ferromagnet. The arrows
indicate the direction of the corresponding order parameter.
The rotation of the order parameters takes place in the layer
plane.

6.41.2 R> (Af, Ag)

It is for this relation between parameters that the first attempts to come up with a
qualitative picture of spin distribution in a frustrated system have been made [8, 9].
In these studies, domain walls were assumed to be atomically sharp. A computer
simulation making use of the hypothesis of collinear spin orientation [10] has
confirmed the existence of domain walls in one type of regions near the interface
(out of the possible two types). The domain walls appeared in those layers where
their surface energy was smaller, and they formed at the step edges bounding the
given area (Figure 6.4a).

However, the hypothesis of collinear spin orientation is only valid when the
single-ion anisotropy energy is considerably higher than the exchange interaction
energy. However, we are discussing the opposite limiting case, where the spin
distribution appears to be essentially noncollinear.

What happens to the spin distribution shown in Figure 6.3 as we increase the
distance R between step edges at the interface? Let us assume for the sake of
simplicity that the anisotropy constants of the layers are equal. Then the energy
of a traditional domain wall will be lower in the layer having the lower exchange
interaction energy, and both the vortices and the exchange spring will be mostly
confined to this layer.

When the value of R approaches the thickness of a traditional domain wall, the
transverse (i.e., in the direction perpendicular to the interface) size of the vortex
stops growing and approaches the value of min(Ay, Ay)). The vortex changes its
shape from a semicircle to a flattened semicircle.

If there exist two mutually perpendicular easy axes in the layer plane, the vortices
sufficiently far away from the step edges transform into 90° exchange springs
whose structure (as mentioned above) is similar to that of the Bloch domain wall
in the corresponding layer. There is no qualitative change in the order parameter
distribution (Figure 6.4b).
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Figure 6.4 (a) Domain wall in the case of collinear orienta-
tion of spins in the layer plane; (b) exchange springs in the
case of two mutually perpendicular easy axes; and (c) the
case of a single easy axis. The arrows indicate the direction
of the corresponding order parameter. The rotation of the
order parameters takes place in the layer plane.

If there exists a single easy axis in the layer plane, an “annihilation” of the vortex
and the 90° exchange spring takes place in the regions of the same (e.g., first) type.
The resulting distribution of order parameters in the regions of this type becomes
uniform.

In the regions of the other type, distortions of the vortex and of the spring
add up, resulting in 180° exchange springs whose structure is analogous to that
of 90° exchange springs in a system with two mutually perpendicular easy axes
(Figure 6.4c). Itis easy to see that unlike in the case shown in Figure 6.4a, exchange
springs in the layers start from the interface.

6.4.2
Compensated Surface of the Antiferromagnet

The spin configuration arising due to frustrations near the smooth interface
between ferromagnetic and compensated antiferromagnetic layers was first pro-
posed by Koon [11]. It was found that in the exchange approximation, the
magnetization vector of the ferromagnet orientates itself perpendicular to the
antiferromagnetism vector in the absence of an external magnetic field.
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The exchange interaction between ferromagnet and antiferromagnet spins
leads to a canting of magnetizations of antiferromagnet sublattices, which is
analogous to the canting of magnetizations of antiferromagnet sublattices that
takes place in an external magnetic field (spin-flop orientation) (Figure 6.5). The
only distinction is that in the nearest-neighbor approximation, the exchange field
of the ferromagnet acts just on a single atomic layer of antiferromagnet spins.
Therefore the canting angle 6 in the antiferromagnet layer decreases rapidly at
atomic distances from the interface.

Along with this canting, the spins in the ferromagnet undergo angular dis-
placement and an antiferromagnetic order parameter vector is then induced in
the ferromagnet. Just like in the antiferromagnet layer, the value of angular
displacement ¢ falls off at atomic distances from the interface. As shown in [12],
the decrease of 6 and ¢ is described by a characteristic length that depends on the
crystal lattice type and on the type of the cut.

In particular, one must mention the important role of the ratio of numbers z;
and z,, where z; is the number of nearest (with respect to the given spin) neighbors
in the nearest atomic plane parallel to the interface, and z; is the number of nearest
neighbors in the atomic plane (also parallel to the interface) to which the given spin
belongs. Then the quantity 2z; + z; = z is the total number of nearest neighbors
for the given spin.

In the region of small angles |¢;| < 1, where j is the index of the atomic plane of
the ferromagnet (j = 1 at the interface), the following equation holds [12]:

Qj = K@j-1 (6.12)

Figure 6.5 Orientation of spins in the bottom atomic layer
of the ferromagnet and in the top atomic layer of the anti-
ferromagnet for the (100) cut of a simple cubic lattice.
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Table 6.1 The value of Z;, Z,, and K for several cuts.

Type of the lattice Cut z z; K
Ne (100) 1 4 0.101
sC (110) 2 2 0.268
BC (110) 2 4 0.172
where
z 2z (z
k=2 41— —2(—2+2) (6.13)
Z1 zZ1 Z1

Similarly, for the antiferromagnet layer,
6 = —k6; 4 (6.14)

where « has the same meaning as above.

Thus the antiferromagnet sublattices are canted in the opposite directions in
each pair of neighboring atomic planes parallel to the interface. The values of z,
z,, and « for several possible cuts are given in Table 6.1.

We must emphasize that it is precisely the presence of induced “improper” order
parameters in each magnetic layer that is responsible for the magnetic interaction
between the layers.

Far from the interface (at distances greater than the typical atomic distance),
magnetic order parameters remain homogeneous in the framework of the exchange
approximation.

What happens to the system when we go beyond the limits of the exchange
approximation?

When two mutually perpendicular easy axes are present in the layer plane, the
single-ion anisotropy energy can be taken into account without causing any changes
in the above-described picture.

However, if there is only one easy axis in the plane of each layer, the spin-flop
orientation causes frustration of single-ion anisotropy: it is impossible to realize
such an orientation and achieve a minimum of single-ion anisotropy energy at the
same time. This type of frustrated system is described in [13].

As a result of competition between the exchange energy and the energy of
single-ion anisotropy, an exchange spring analogous to the one discussed in Section
4.1.1 arises near the interface. In the near-interface region, the magnetization vector
in the ferromagnet layer and the antiferromagnetism vector in the antiferromagnet
layer orientate themselves perpendicular to one another, deflecting from the easy
axis. As the distance from the interface increases, the vectors turn in such a way
as to become collinear to the easy axis (Figure 6.6). The characteristic length at
which this change takes place is the thickness of the traditional domain wall in the
corresponding layer.
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Figure 6.6 Order parameter distribution near the interface
between ferromagnet and antiferromagnet.

The exchange spring arising in the process of remagnetization of a two-layer
“hard ferromagnet—soft ferromagnet” system has been the subject of many studies
(see, e.g., [14-16]). In the system under consideration, as opposed to a system of
two ferromagnetic layers, the exchange spring arises in the absence of external
magnetic fields and corresponds to an equilibrium, rather than metastable, state of
the system.

If the thicknesses of traditional domain walls inside the layers are much larger
than interatomic distances, an analytical solution of the given problem can be
found easily by using the continuum approximation. In this approximation, one
can neglect the induced “improper” order parameters that originate in each
magnetic layer at atomic distances near the interface.

The energy W of the exchange spring, which is obtained in the continuum
approximation as the difference between the total energy of the layers and the
energy of their uniform ground state, has the form

0
W = Njz {yaf / [(04(6)* + car(1 = cos 26,:(x)) | d+

—00

+ foo [(@é(x))2 + oy (1 — cos 205(x)) + 2(1 — cos ef(x))] dx} (6.15)
0

Here we assume that the ferromagnet and the antiferromagnet are occupying
space regions x > 0 and x < 0, respectively; N is the number of spins in the atomic
plane parallel to the interface; distance is measured in the interplane distance units,
and the dimensionless quantities y,r, of(qf), and B are correspondingly equal to

Vof = |Jar| /]y (6.16)
ar) = 2Ky /21 [Jran| < 1 (6.17)
B = 1atBo/z1]f (6.18)

where [y is the atomic magnetic moment and By is the strength of the external
magnetic field.



6.4 The Interface between Thick Ferromagnet—Antiferromagnet Layers

Since the exchange energy is considerably higher than the anisotropy energy, we
have
T

0 (0) = 0,1(0) = 5 (6.19)

Without restricting generality, we choose the numeration of the two sublattices
of the collinear antiferromagnet in such a way as to ensure that at sufficiently
large distances from the interface the ferromagnet’s magnetization vector should
be parallel rather than antiparallel to the antiferromagnetism vector. Then the two
vectors deflect from the easy axis of magnetization in the opposite directions. Let
the corresponding deflection angles be 6y > 0 and 6,7 < 0.

By varying the energy given by Eq. (6.15), one obtains the following Euler
equations:

O = Olaf SIN 20, (6.20)
and
0f = ay sin26f + Bsiny (6.21)
The solution of the first Euler equation is of the form [17]
€08 Ogf () = th [—(20tap) /(¢ + x1) ] (6.22)
while the solution of the second one is

2[BQas + B)] sh[(2as + B) 2 (x + x2)]
205 + Bch? [(2ey + B)12(x + x2)]
The constants x; and x; are expressed through 6(0) and 6,¢(0). Making use of

Eq. (6.17) and minimizing the combined energy of the spring with respect to the
last remaining parameter, we obtain

sin 6 (x) = (6.23)

202 2 2 1/2
& Hefﬂ + 4o (ef + B) (e —I—eaf)] —sfﬂ}

Zaf(sf + sﬁf)

cos O = (6.24)

where &f o a}/ 2 and Eaf X yafa;fz are the surface energy densities of domain walls
in the corresponding layers in the absence of an external magnetic field.
If By = 0 one has
Eaf
tghr(0) = — 6.25
8% (0) p (6-25)
and thus the exchange spring is mostly confined to the layer having a lower surface
energy of the domain wall.
As the external magnetic field is increased, the exchange spring is forced out into
the antiferromagnetic layer. For large values of B (8 > ay) one gets

_ fa [205 ~1/2
0= | oLoch (6.26)
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In the derivation of this result, we have neglected the canting of antiferromagnet
sublattices by assuming the external magnetic field to be much weaker than the
characteristic spin-flop field in the antiferromagnet.

6.5
A Thin Ferromagnetic (Antiferromagnetic) Layer on a Thick Antiferromagnetic
(Ferromagnetic) Substrate

6.5.1
Uncompensated Surface of the Antiferromagnet

It should be noted that in the absence of an external magnetic field the problem
of constructing the phase diagram of a thin layer of ferromagnet on a thick
antiferromagnetic substrate is completely equivalent to the similar problem about
the phase diagram of a thin layer of antiferromagnet on a thick ferromagnetic
substrate. For the purpose of definiteness, we shall assume the thin layer to be
ferromagnetic.

If the layer is thin enough, frustration-induced distortions of magnetic order
parameters may spread over the whole volume of the layer and largely determine
its magnetic phase diagram. In this section, we calculate the phase diagram for the
two variables: thickness of the thin layer and characteristic distance between atomic
step edges at the interface. Along with traditional domain wall thicknesses for the
two layers, these two geometrical parameters are the mostimportant characteristics
of the system under consideration.

This problem has been analyzed by Levchenko, Morosov, A. Sigov, and Yu.
Sigov [3, 4] (see also the review paper [5]) within the framework of the exchange
approximation, when

(@, R) < (Af, Do) (6-27)

where a is the thin layer thickness. The single-ion anisotropy has been taken into
account by Morosov [7], who obtained a significantly more complex phase diagram
for the case when the inequality (Eq. 6.27) is no longer valid.

We start our analysis with the region in the phase diagram in which all
applicability conditions for the exchange approximation are satisfied. Then we are
left with two geometrical parameters (¢ and R) and two dimensionless parameters:
Yaf given by Eq. (6.16) and

_ Uf af |
Jr

which completely determine the behavior of a two-layer system in the framework
of the continuum approximation.

Viaf (6.28)

6.5.1.1 The Case of y;r > 1
If yar >> 1, then the substrate remains homogeneous for all practical purposes, and
all distortions of the magnetic order parameter are located in the thin layer. In this
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Figure 6.7 Nanodomain phase of a bilayer system in the case y,r > 1.

case, we have only three parameters to consider: a, R, and yy or. When using these
parameters, we assume a and R to be measured in the units of the corresponding
lattice constants.

Let us discuss various relations between these two geometrical parameters. If
R > a, the thin ferromagnetic layer breaks up into nanodomains with domain
walls perpendicular to the layer plane. The domain boundaries coincide with
atomic step edges on the interface [18, 19], meaning that they coincide with the
boundaries of regions of two types, where (respectively) parallel or antiparallel
relative orientation of the ferromagnetic and antiferromagnetic order parameters
is energetically favorable (Figure 6.7). The relative orientation of magnetic order
parameters in each region corresponds to the minimum of the interface energy.
Therefore the domain wall arising in such a case appears to be a 180° wall.

However, the papers [18, 19] offer no discussion of the structure of the resulting
domain wall. As demonstrated in our papers [3, 5], the structure of such a wall is
substantially different from the structure of traditional domain walls (Bloch, Neel
cross-tie, etc.) — a fact that justifies our use of the label “traditional” to emphasize
this distinction.

Let us now consider the structure of this nontraditional wall that appears due to
frustration of exchange interaction at the interface.

The main distinguishing features of this wall are as follows:

1) small thickness determined by the competition of in-layer and interlayer
exchange interactions, rather than by the competition between the exchange
energy and the anisotropy energy (as is the case for traditional domain walls);

2) increase of domain wall thickness § in proportion to the distance from the
atomic step edge at the interface.

Figure 6.8 shows a typical dependence §(z) of domain wall thickness on the
z-coordinate (the z-axis is perpendicular to the layer planes and the interface is
positioned at z = 0) calculated for the case ysqra>> 1 [3]. One can see that the
function §(z) is linear near the substrate and has a zero derivative at the free
boundary surface of the layer.

On the basis of simple energy considerations, one can evaluate the domain wall
thickness 8y = §(z = 0) at the interface as well as the quantity ¢ that is given by the
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Figure 6.8 Dependence of the domain wall thickness on
the distance from the interface calculated for (1) A;>a and
(2) A < a. All distances are in units of the appropriate lat-
tice parameters.

derivative function 8/(z) averaged over the layer thickness. Let us approximate the
function 6 (x, z) by the following expression:

T, x> 8(2)
O(x,2) = % (1+x/8(2)), —8(2) <% < 5(2) (6.29)
0, x < —4(2)
where
8(z) =80 +¢z,0<z<a (6.30)

The inhomogeneity of the order parameter in the domain wall results in the
following contribution to the energy of the exchange interaction in the thin layer
(here energy is per unit length along the y-axis):

wy = %/0 % /_m dx [(6,)” + (6)°] ~

’Jr (1 8
I (L Y det (6.31)
b \c 73 5
The increase in the energy of interlayer exchange interaction equals
2 o 2
W of = J’;“f / dx{1 — cos B(x,0)] ~%80 (6.32)
0

where the center of the domain wall is assumed to be located at x = 0. By
minimizing the overall energy w = wy + wy 4r with respect to parameters ¢ and 8o,
one immediately obtains estimated values for these parameters.

For yrqra < 1 one has

¢~ e <1 (6.33)
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so it is possible to neglect the increase of domain wall thickness. The initial wall
thickness is

8o ~ +/ a/yf,af (6.34)

If, on the other hand, yf4a > 1, the minimization yields

c~1 (6.35)
8o ~ max(1, yfja}) (6.36)

The characteristic thickness of a nontraditional domain wall induced by the
frustration is given by

8o, for yrara < 1 637)
a, for yrara > 1
We see that when the thickness of magnetic layers is on a nanometer scale,
the value of §; is much smaller than the thickness of a traditional domain wall.
Equation 6.37 remains valid until domain wall thickness becomes comparable to
the thickness As of a traditional domain wall. Thereafter, domain wall thickness
approaches a limiting value due to the contribution from the anisotropy energy
(Figure 6.8).
The energy per unit length of a domain wall of the new type is approximately (to
an order of magnitude) equal to

J
Ef‘/yf,afay Yiafo K 1
W~ (6.38)

%ln(yf,afa), Vrafa > 1

The increase of domain wall thickness that takes place when yy 4ra > 1 leads to
only a logarithmic increase of energy with thin layer thickness.

It is worth noting that since the exchange interaction between spins belonging
to different layers is generally of the same order of magnitude as the interaction
between spins within a layer, fulfillment of the condition yf.ra < 1 (where a is
on the order of 10 atomic distances) seems to be highly improbable. Therefore the
following discussion focuses on the case yyqra > 1.

Domain walls of the new type predicted theoretically in [3] have been observed
experimentally in thin antiferromagnetic layers of manganese on an iron substrate
by using spin-polarized scanning tunneling microscopy [20, 21]. As mentioned
earlier, the problem of a thin antiferromagnetic layer on a ferromagnetic substrate
is completely equivalent to the one just discussed. The positions of domain walls
observed in the experiment perfectly coincided with the edges of atomic steps on
the substrate surface, and their thickness increased linearly with thickness of the
manganese layer, the proportionality coefficient being of the order of unity.

We now return to our theoretical analysis and try to predict what will happen
to the nanodomain structure in a bilayer system as the characteristic distance R
between atomic step edges becomes smaller.
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When the distance R becomes comparable to the characteristic thickness of
the nontraditional domain wall §; given by Eq. (6.37), the domain walls begin to
overlap.

In the hypothetical case yr4ra < 1, in the R « & limit, the thin layer goes into
a single-domain state, and only slight distortions of the magnetic order parameter
can take place within this layer. Thus the transition from a polydomain to a
single-domain state in the thin layer occurs at R ~ &, and not at R ~ a.

In the case when yfuu > 1 these conditions are equivalent. However, for
80 < R < &, there remain large distortions of the ferromagnetic order parameter
in the thin layer. All these distortions are concentrated near the interface, while in
the bulk of the layer magnetization remains uniform. The distortions of the order
parameter have the form of static spin vortices discussed earlier using thick layers
as an example. If y,r > 1, the vortices are located in the thin ferromagnetic layer
and have the shape of a semicircle.

If yrof < 1, then itis possible, in principle, that as the surface roughness and the
value of §y increase (see Eq. 6.36), the distance R becomes much shorter than &.
Then static spin vortices disappear and only weak distortions of the order parameter
are preserved in the thin layer.

In the region where vortices are formed (as well as in the region where weak
distortions take place) the minimum exchange energy corresponds to a mutually
perpendicular orientation of ferromagnetic and antiferromagnetic order parameters
outside of the region in question, whose size in the direction perpendicular to the
layer planes is on the order of R. The reasons that cause this orientation of order
parameters in the exchange approximation were discussed at length in Section
6.4. For such an orientation, magnetization rotates through the angle /2 in each
vortex, the rotation angles being opposite in the regions of different types.

The transition from a polydomain to a single-domain phase that takes place as we
decrease parameter R or increase thin layer thickness a (assuming the applicability
conditions for the exchange approximation are satisfied) occurs continuously and,
strictly speaking, is not a phase transition. Such a transition can be realized in
the process of atomic layer-by-layer deposition of the thin magnetic layer. As layer
thickness increases, the condition R > a will eventually fail and the system will go
into a single-domain state.

Let us see how the picture described above will change if we go beyond the limits
of the exchange approximation and take into account the single-ion anisotropy.

The phase diagram in Figure 6.9 “characteristic distance R between step
edges—thin layer thickness . There is no change in the region of the diagram
where both parameters (R and a) satisfy the inequality (a, R) < Ay, where Ay is the
thickness of a traditional domain wall in the ferromagnet. However, outside this
region, the real physical situation cannot be described adequately unless single-ion
anisotropy is taken into account. In this case, just as in the case of thick layers, the
outcome will depend on the number of easy axes (one easy axis or two mutually
perpendicular easy axes) in the layer plane.

Let us start with the case when R « Ay, and the ferromagnetic layer thickness
a is gradually increased until it equals the quantity Ay and then exceeds it. In this
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Ay a

90° exchange spring; and (4) the phase with
180° exchange springs parallel to the inter-
face in one type of regions. The solid line is
a first-order phase transition line, and C is
the critical point.

Figure 6.9 Phase diagram for the case

Yaf > 1: (1) the polydomain phase; (2) the
phase with semicircular vortices and with
the film magnetization perpendicular to the
easy axis; (3) the phase with vortices and a

process, the system makes a continuous transition to the thick layer case that was
discussed in Section 6.4.

If there exist two mutually perpendicular axes of easy magnetization in the layer
plane, the situation is similar to that considered in the exchange approximation for
the case R < a.

If only one easy axis exists in the layer plane, then a (almost) 90° exchange
spring arises in the thin layer near the interface, so that near the interface the
ferromagnetic order parameter is perpendicular to the antiferromagnetic one, and
far from the interface the magnetization in the ferromagnet deflects from the
easy axis by the angle ¢r, which can be found as follows. The rotation angle of
magnetization in the exchange spring is 7/2 — ¢f and the spring surface energy
for gr <« 1is

2
o =" [1 - ﬂ] (6.39)

T

(
where ¢ 3

% is the surface energy of a 90° exchange spring. The anisotropy-energy
loss (per unit surface area of the thin layer) due to the deflection of magnetization
vector from the easy axis is

Kja(l — cos ¢r)/So (6.40)

where Sy is the unit cell area in the thin layer plane.

One should keep in mind that the quantity a is expressed in the units of
interatomic distance in the direction perpendicular to the layer plane.

By requesting that the sum of Egs. (6.39) and (6.40) should be minimized, one
finds for a > As

Ar

<1 (6.41)
a

Yr~
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Here it should be emphasized once again that for a <« Ar the angle ¢y is close
to /2.

Suppose we have conditions corresponding to region 3 of the phase diagram (see
Figure 6.9), that is, a > Ay. If we now increase the value of R so that it exceeds A
(but is still smaller than a), we will find the system in the state related to region 4
of the phase diagram that was described in Section 6.4.1. Under these conditions,
the thin layer near the interface contains either 90° exchange springs of two types
(for the two mutually perpendicular easy axes in the layer plane) or 180° exchange
springs in the regions of one type (for one easy axis in the layer plane). The rest of
the thin layer remains uniformly magnetized.

It remains for us to discuss the transition from phase 4 to the polydomain phase
1. As we mentioned already, as long as the exchange approximation applies, the
transition process is taking place continuously and is therefore not a true phase
transition.

The situation is quite different for (a, R) > Ay. In this range of parameter values,
domain walls do not overlap as the distance R decreases. The transition from phase
1 to 4 is therefore a jumplike phase transition of the first order. Indeed, for a certain
critical value of parameter R = R;, domain walls perpendicular to the layer plane
get replaced by exchange springs parallel to the interface.

The critical value R is easily estimated by the following simple reasoning. A
part of the wall positioned near the atomic step edge makes a small contribution to
the wall energy at a > Ar, whereas in the remaining part of the layer the domain
wall can be considered as a traditional one. The energy (per unit interface area) of
domain walls perpendicular to the layer plane can be estimated as vera/R, where
v ~ 1 (v =1 for parallel step edges and v = 2 when the steps form a square grid),
and ¢f is the surface energy of a traditional 180° domain wall.

The energy (per unit interface area) of exchange springs parallel to the interface
in the single-domain phase equals jief. In the case of one easy axis, there appears a
factor u = 0.5, because exchange springs appear only in regions of the same type.
In the case of two crossing easy axes in the layer plane, this factor is u < 1 because
the energy of a 90° domain wall is lower than the energy of a 180° wall.

By equating the energies of domain walls and exchange springs, one finds the
critical value R = R, corresponding to the phase transition:

R.~a (6.42)

At R> R, the thin layer is in a polydomain state (phase 1) and at R < R; the thin
layer is in a single-domain state, with exchange springs located near the interface.

For real samples, the phase transition gets “‘smeared out” (diffuse phase transi-
tion) because instead of having one constant width of atomic steps at the interface,
we actually have to deal with some range of possible values.

Since for R < Ar the transition between phases 1 and 2 (see Figure 6.9) is a
continuous process, while for R > Ay there takes place a first-order phase transition
from phase 1 to 4, there should exist, on the phase diagram ““characteristic distance
between atomic step edges—thin layer thickness”, a critical point Cat R ~ a ~ Ay.
At this point C (Figure 6.9), the first-order phase transition line ends.
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6.5.1.2 A Thin Layer with a Much Higher Exchange Rigidity
We now switch to the case of y,r « 1, where the exchange interaction energy
(exchange rigidity) in the thin layer is much higher than in the substrate. In such a
case, magnetic order parameter distortions can no longer be considered as localized
solely in the thin layer because frustration also causes fairly significant distortions
of the antiferromagnetic order parameter in the substrate.

We start our consideration with the case of an isolated domain wall perpendicular
to the layer plane, which corresponds to the polydomain phase of the thin layer.

If the interlayer exchange interaction is of the same order of magnitude as in the
substrate, then numerical calculations show that in the exchange approximation,
the domain wall has the shape displayed in Figure 6.10 [4, 5]. It can be described
by two characteristic lengths. The first one is the domain wall thickness in the thin
ferromagnetic layer &, and the second is the size 8y of that area on the interface
in which the difference 6y — 6, differs from its optimum value which equals zero
on one side of the atomic step and 7 on its another side. This optimum value
corresponds to the minimum of interlayer interaction energy.

When estimating the energy of distortions of the ferromagnetic order parameter
in the thin layer, one can neglect the widening of the domain wall in the thin layer.
Then one has VO ~ Jf_l and the energy of the domain wall in the thin layer (per
unit length of the wall) is equal to

wr ~ Jra/bss (6.43)

by the order of magnitude.
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Figure 6.10 Distributions of the order parameters over the
domain wall. The ordinate is equal to zero at the interface.
All distances are in units of the appropriate lattice param-
eters. The correspondence between the hatching and the
value of ¢4 (measured in radians) is shown in the inset.
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The energy of distortions of the antiferromagnetic order parameter in the
substrate can be easily estimated as well, because the structure of distortions of the
order parameter near the step edge is analogous to that in the thin layer given the
condition y,s > 1. The only difference is that the widening of the distortion region
is limited from above by the quantity & rather than by the thin layer thickness.
The energy of distortions of the order parameter in the substrate (per unit length)
is estimated as

Wef ~ ]%f In i—f(; (6.44)

Minimizing the sum wy + w,r + Wwyqor (Wrof is given by Eq. (6.32) with respect to

the parameters &y and &7, we find

5o ~ max (1, Yof ) (6.45)
Yf.af

8 ~ a/Vaf (6.46)

Since & > a, it is possible to neglect the widening of the domain wall in the
ferromagnetic layer.

It can be easily seen that the main contribution to the domain wall energy is
made by the antiferromagnetic order parameter distortions in the substrate.

All these estimates are true if the condition 8y < & is valid, which means that

Vfaf &
Var

> 1 (6.47)

Otherwise (though such a situation seems to be only hypothetical), order param-
eter distortions in the substrate are small enough, and domain wall parameters are
analogous to the ones obtained for the case y,r > 1 when yrqra < 1.

If the substrate thickness is less than &, the domain wall penetrates through the
entire substrate, that is, the antiferromagnetic layer breaks up into domains, while
the ferromagnetic layer remains, nearly uniform. In other words, we arrive at the
case yur > 1 where the roles of the layers have been inverted.

We have thus obtained the critical thickness of the substrate. If the substrate
thickness exceeds this critical value, the substrate can be considered as sufficiently
thick. For large distances between atomic steps on the interface, the critical
substrate thickness equals &;.

Let us see what changes should be introduced to the picture displayed in
Figure 6.10 if one goes beyond the limits of the exchange approximation.

For the sake of simplicity, we assume that anisotropy constants in the layers are
equal, so the ratio of thicknesses of traditional domain walls is defined by the ratio

of exchange energies in the layers:
Af —1/2
= 6.48
Ay Vaf ( )

Since y,r < 11in the case under consideration, we have the condition Ar >> Ay
Therefore, as the thickness a of the thin ferromagnetic layer increases, the thickness
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of the domain wall §; induced by frustration first reaches the value of A . After that,
for Ay > 8 > A, the shape of the region of magnetic order parameter distortions
in the substrate changes from semicircle to a flattened semicircle, elongated along
the interface. When the distance from the step edge exceeds A,s, distortions of
the antiferromagnetic order parameter assume the shape of an exchange spring
parallel to the interface.

Let us estimate domain wall thickness &¢ in the ferromagnet assuming that
8r <« Ar. The energy of distortions of the antiferromagnetic order parameter in the
substrate wyf at Ay < 8y < Ay is given by the expression

Agf
So
instead of Eq. (6.44). Here again all lengths are given in the units of the corre-
sponding interatomic distances.

Minimizing the sum wy + w,r + wy o With respect to the parameter 6y, we
obtain [7]

12 A\ 172
5 ~ <]f“> ~ (“ "f) o al’? (6.50)
Eafb Vaf

Thus we see that for the given range of thin ferromagnetic layer thicknesses, the
linear increase of thickness &; is replaced by a square root dependence on a.

Once thickness & (which is increasing with a) becomes equal to the traditional
domain wall thickness Ay, it stops increasing with increase of thin ferromagnetic
layer thickness, and we have &; ~ Ar. Under our simplifying assumptions, the
condition 8f = Ay is equivalent to the condition Ay = a.

We may now consider the “thin layer thickness a—characteristic distance between
step edges R” phase diagram (Figure 6.11). If parameter R exceeds the domain
wall thickness 8¢ in the range R < Ay, then the thin layer gets subdivided into
domains by domain walls of a new type, which are perpendicular to the layer plane
and coincide in position with the atomic step edges on the interface (phase 1 in
Figure 6.11).

As parameter R decreases, the domain walls begin to overlap and the system
makes a continuous transition to a state in which the thin layer is actually a
single domain and significant distortions of the antiferromagnetic order parameter
occur in the substrate near the interface. When R « Ay, those distortions are
just semicircular static spin vortices (phase 2). If Agr < R < 8¢ < Ay, the vortices
become flattened (phase 3) and their size along a normal to the layer plane becomes
close to Ay and is less than their size R in the layer plane.

The energy of the vortices is minimum when the ferromagnetic and antifer-
romagnetic order parameters are mutually perpendicular, just like in the case
Yaf > 1. Therefore in the case of a single easy axis in the layer plane, magnetization
of the thin layer for a < A is directed along the axis of hard magnetization.

For the range of values a < Ay, the transitions between phases 1, 2, and 3 are
continuous, and therefore they are not “true” phase transitions.

As we increase the thickness of the thin layer, the system at a > A, makes a
transition from phase 2 to 4 that was discussed in Section 6.4. The difference from

Waf ~ ]%f In + (6 — Aaf)bsaf (6.49)
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Figure 6.11 Phase diagram for the case semicircular vortices and a 90° exchange

Yaf < 1: (1) the polydomain phase; (2) the
phase with semicircular vortices and with the
layer magnetization perpendicular to the easy
axis; (3) the phase with flattened vortices
and with the layer magnetization perpen-
dicular to the easy axis; (4) the phase with

spring; and (5) the phase with 180° ex-
change springs parallel to the interface in
one-type regions. The dashed line describes
the 87 (a) dependence, the solid line is a
first-order phase transition line, and C is the
critical point.

the case y,r > 1 s that, first, the distortions of the magnetic order parameter near
the interface (including the 90° exchange spring arising in the system with a single
easy axis in the layer plane) are “shifted” from the thin layer into the substrate,
and, second, in such a system the deflection of thin-layer magnetization from the
easy axis at a > A is given by Eq. (6.41), where Ay is substituted for Ay.

If we start out from phase 4 (see Figure 6.11) and increase the characteristic
distance R between atomic steps, so that R 3 Ay (but R should remain smaller
than its critical value R, that corresponds to the transition of the thin layer into
a polydomain phase), then we get to phase 5. This phase is characterized by 90°
exchange springs in the substrate in the case of mutually perpendicular easy axes in
the layer plane; or, in the case of one easy axis in the layer plane, by 180° exchange
springs in the regions of one type in the substrate plus a uniform distribution
of magnetic order parameters in the regions of the other type. The situation is
analogous to the one that arises when yur >> 1, but now the exchange springs are
located in the substrate, rather than in the thin layer.

The transition between the single-domain phase 5 and the polydomain phase
1 of the thin layer for R > Ar is a smeared (diffused) phase transition of the first
order, just like in the case y, > 1. Therefore when R ~ A there exists a critical
point C on the phase diagram of Figure 6.11.

The critical value R; corresponding to the phase transition point can be found
in the same manner as in the case y,r > 1. The only difference is that in the
expression for the energy of exchange springs parallel to the interface inside the
antiferromagnet, the quantity f should be replaced with &4. This energy (per unit
area of the interface) is on the order of 4. Then the value R; can be estimated as

R~ a/y,/* (6.51)
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In the intermediate case y,r ~ 1, the distortions of magnetic order parameters
localized near the interface populate the boundary regions of both layers — the thin
ferromagnetic layer and the substrate. The estimations for the phase boundaries
adduced above are valid (by the order of magnitude) for this case (yar ~ 1) as well.

It is possible, of course, to increase the number of physical parameters, for
example, by introducing two substantially different anisotropy constants for differ-
ent layers. However, this would tend to make the phase diagrams far more complex
and less self-intuitive. We therefore leave it for the reader to generalize the results
given in this subsection for a large number of parameters, using the information
and methods given here. At the same time, we feel that such a project should only
be undertaken when there is a compelling need to explain or predict some specific
experimental results.

Itis beyond the scope of this chapter to discuss the behavior of the above-described
bilayer systems under the influence of an external magnetic field, though we are
well aware that the phenomenon of hysteresis loop shift (the “‘exchange bias”)
in a ferromagnet due to the interaction of ferromagnetic and antiferromag-
netic order parameters plays an important part in technical applications where
“ferromagnet—antiferromagnet” multilayer structures are involved. This topic is
the subject of a chapter 7 in this book.

The reader who would like to find the exchange bias for each of the phases that
form in the system, and to learn how the character of the exchange bias depends
on the number of easy magnetization axes in the layer plane, can refer to a recently
published book which contains a whole chapter written by us that is specifically
dedicated to these questions [22].

The question then arises about the best way to achieve phase transitions be-
tween different phases shown in the diagrams in this subsection in a practical
experimental setup. If y,¢ > 1, this can only be done by increasing the thickness
of the thin layer in the process of deposition. In the case of y,r « 1, when the
Curie temperature of the ferromagnet is higher than the Neel temperature of the
antiferromagnet, such a transition can be initiated by heating the sample. When we
approach the Neel temperature, the parameter §; o ya}l « Tn/(Ty — T) increases
indefinitely, so one can achieve a transition from a polydomain to a single-domain
state in the process of sample heating.

The situation considered in Section 6.5.1.2 is in good agreement with the results
given in [23], which describes an experimental study of the “thickness—vicinal
angle” phase diagram for an iron film on a chromium (001) substrate. This
would be the case of y,r « 1 in our model. For vicinal angles x close to zero,
the polydomain phase was observed at film thicknesses a < a, = 3.5nm. In a
film with critical thickness a,, the characteristic distance between the edges of
randomly positioned atomic steps corresponds to the value & given by Eq. (6.46).
For larger values of a4, a single-domain phase was observed with magnetization
oriented perpendicular to atomic step edges. According to the theory developed
in this subsection, the antiferromagnetism vector must be parallel to the step
edges.
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As the vicinal angle gets larger, we observe some regularly aligned parallel steps
in addition to the ones positioned at random. When the concentration of regular
steps becomes predominate (x > 1°), the value of a. begins to decrease. According
to the theory developed here, one can write

ac occtgy ~ x ! (6.52)

6.5.2
Compensated Surface of an Antiferromagnetic Substrate

As shown in Section 6.4, in the region near an atomically smooth interface between
a ferromagnet and an antiferromagnet whose spin-compensated atomic planes are
parallel to the interface, in the case of one easy axis in the layer plane, there arises
a 90° exchange spring that is mostly located in the layer having a lower traditional
domain wall energy.

Suppose now that one of the layers —say, for the sake of definiteness, the
ferromagnetic one —is of thickness a <« As. Then its contribution to the system
energy is insignificant. As the result, the antiferromagnetic order parameter in the
substrate is parallel to the easy axis, whereas the ferromagnet magnetization vector
is perpendicular to it: 6,(0) = 0, 67(0) = /2.

It follows from numerical calculations [13] that as the thin layer thickness
increases (though we still require that a <« Ay), the value of 6,(0) increases
proportionally:

Oaf (0) = Opp" (0)a/ Ay (6.53)

where 02}‘”‘(0) is the angle formed at the interface by the antiferromagnetism vector
and the easy axis in the case of thick layers.

It is important to keep in mind that 6(0) = /2 — 6,¢(0).

What happens to the deflection angle of the ferromagnet’s magnetization on the
free surface of the thin layer? The quantity 0;(a) decreases with increase of thin
layer thickness a. There are two major reasons for this: first, because the thin layer
makes a larger contribution to the system energy, which leads to a corresponding
decrease of the quantity 6¢(0); and second, because the magnetization vector can
rotate through a larger angle inside the layer since at larger values of a, a larger
part of the exchange spring can fit within the layer.

The dependence of the quantities 6(0) and 6¢(a) on the number of atomic planes
in the thin layer obtained by numerical calculation is presented in Figure 6.12.

In the case of a small number of atomic planes, magnetization of the ferromag-
netic layer remains uniform and 6;(0) = 67(a) (point P = 5 in Figure 6.12).

As the number of atomic planes gets larger, one has 6;(a) — 0, while 67(0)
approaches a constant value given by Eq. (6.25).

The above-described behavior of the quantity 6f(a) is in qualitative agreement with
experimental observations [24] for the system consisting of a thin NiO layer on a Fe
(001) surface (as mentioned earlier, the problem about the phase diagram of a thin
antiferromagnetic layer on a thick ferromagnetic substrate is completely equivalent
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Figure 6.12 Rotation angle of the magnetization vector
versus the number of atomic planes in the ferromagnet, cal-
culated for af = ayr = 0.004 and y,r = 1: (1) at the interface
between the ferromagnetic and antiferromagnetic layers and
(2) at the free surface of the ferromagnet.

to the previously considered problem that deals with a thin ferromagnetic layer on
an antiferromagnetic substrate).

6.6
Spin-Valve Ferromagnet—Antiferromagnet—Ferromagnet System

In this section, the phase diagram of a spin-valve system comprising two ferromag-
netic layers separated by an antiferromagnetic interlayer is discussed.

If the atomic planes of a collinear two-sublattice antiferromagnet that are parallel
to the interface are uncompensated, then the presence of atomic steps at the
interface causes frustration of the exchange interaction between the ferromagnetic
layers (see, e.g., review article [5]). Indeed, on one side of the atomic step edge, the
number of atomic planes is even, while on the other side it is odd. If the number of
uncompensated planes of the antiferromagnet is odd, spins of the ferromagnetic
layers interact with the nearest neighboring spins of the antiferromagnet belonging
to one and the same sublattice (Figure 6.13a). Regardless of the sign of the
exchange integral Jr . for neighboring spins located in different layers, parallel
orientation of magnetization vectors of the ferromagnetic layers is energetically
favorable. If the number of atomic planes in the antiferromagnetic layer is even,
then spins of the ferromagnetic layers interact with the nearest neighboring
spins of the antiferromagnet belonging to different sublattices, and antiparallel
orientation of magnetization vectors of ferromagnetic layers is energetically
favorable (Figure 6.13b). We thus observe frustration caused by the atomic step.

Thus atomic steps on both interfaces break up the plane parallel to the layer
planes into regions of two types. For the regions of the first type, parallel orientation
of magnetizations of the ferromagnetic layers is energetically favorable; in contrast,
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Figure 6.13 Spin orientation corresponding to the energy
minimum: (a) odd number of atomic planes in the antifer-
romagnetic interlayer and (b) even number of atomic planes
in the antiferromagnetic interlayer.

for the regions of the second type, antiparallel orientation of magnetizations of the
ferromagnetic layers is favorable.

The three-layered “ferromagnet—antiferromagnet—ferromagnet” frustrated sys-
tem was studied by our group several years ago using the exchange approximation
[25, 26]. A “layer thickness—roughness” phase diagram was predicted for such a
system. The exchange approximation is valid if the atomic step width R and the
layer thickness are much smaller than the thicknesses of traditional domain walls
in the ferromagnet and the antiferromagnet, which are determined by the ratio of
the exchange and anisotropy energies. The achievements of modern technology
make it possible to produce films and multilayer structures with large atomic step
widths at the interface. Therefore it becomes important to go beyond the limits
of the exchange approximation and to take into account the single-ion anisotropy.
This task was performed in [27].

In this section, we restrict ourselves to the case y,r « 1. Otherwise, order
parameter distortions in the antiferromagnetic spacer are practically absent, and
the problem reduces to that of order parameter distortions in a ferromagnetic
film on a rigid antiferromagnetic substrate. Such a problem was discussed in the
previous section. In addition, in order to reduce the number of parameters, we
assume that the layers are of equal thickness and that their single-ion anisotropy
constants are equal as well.

6.6.1
Domain Walls in a Three-Layer System

The most important geometrical parameters of the system are the layer thickness
a and the characteristic distance R between step edges on the layer interface. If the
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Figure 6.14 Distribution of order parameters near a
frustration-induced domain wall (calculated in the exchange
approximation).

distance R exceeds a certain critical value (which is specified later on), then all layers
break up into domains with parallel or antiparallel orientation of magnetizations
of ferromagnetic layers. The domain wall of the new type that arises due to
frustration penetrates all three layers; its coordinates in the layer plane coincide
with those of the atomic step edge at each of the two interfaces. In the exchange
approximation, magnetization vectors of the ferromagnetic layers in the domain
wall rotate through the angle of 90° in opposite directions. The antiferromagnetic
order parameter rotates together with magnetization of that ferromagnetic layer
whose interface has no atomic step at the given location [5, 25, 26] (Figure 6.14).
The structure and the energy of the domain wall depend on the parameter

Yf.af &/ Vaf -

6.6.1.1  yrara/ves K 1

In this case, one can neglect the dependence 6f 4 (2), (i.e., domain wall widening is
negligible), so one deals with a one-dimensional problem. The domain wall takes
the shape that is shown in Figure 6.15a. It is characterized by two thicknesses 8¢
and 8, corresponding to the ferromagnet and antiferromagnet layers, respectively.
The energy (per unit length of the domain wall) of ferromagnetic order parameter
inhomogeneity is given by Eq. (6.43). By analogy, the energy of antiferromagnetic
order parameter inhomogeneity can be estimated as

war = |Jar| @/bda (6.54)

Let the atomic step be located at the first interface between the layers and have the
coordinate x = 0. The interlayer interaction energy (per unit length of the domain
wall) at this interface is

0
Wier = JJ;;f [/_Oo [1 — cos(Qf‘l(x) — Guf(x))] dx+

+00
+ /0 [1 + cos(y () — 9af(x))] dx} (6.55)
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At the second interface, where there is no atomic step at the given location, the
analogous energy contribution is

Wroef = Ji‘;‘f / ) [1 = cos(6f2(x) — Our (x))] dx (6.56)

To estimate the thicknesses 87 and 8,7, one can make use of the wall symmetry:
0r,1(0) = —m/4 and 0O,7(0) = 672(0) = /4 (to the accuracy of corrections of the
order of yuf). In addition, one can assume that §, < &f, as shown later on. Then
the region of integration over the x coordinate can be divided into the intervals
|| < 84r, in which the function 6f;(x) can be considered equal to 6f;(0)(i = 1,2),
and 8,¢ < |x| < &, in which the quantity 6,r can be considered equal to 0 and /2
to the left and the right of the step edge, respectively. with account of this one can

write down
Wraaf + Wriaf ~ Jf'Tuf(Cle + c284f) (6.57)

where the coefficients ¢; and ¢, are positive, and their magnitudes are of the order
of unity.
Minimization of the net energy

W =Wr1 + Waf + Wr2 + Wr1af + Wraaf

yields
8 ~ (a/vy.af) ' (6.58)
12
AYof ) 1/2
Baf A =5y * <8 6.59
’ (w vl < by (659)

which is accurate to the order of magnitude.
These results justify the assumption made above. The total energy of the domain
wall per unit length in the layer plane is (to the order of magnitude)

J
W~ Ef(uyf,uf)l/z (6.60)

Computer simulation for a wide range of values for all parameters confirms the
estimations obtained above.

6.6.1.2 yf,afa/yaf >1

In this case, which is of greater practical interest than the previous one, the domain
wall thickness in the antiferromagnetic interlayer increases dramatically with the
distance from the interface containing the atomic step, just like in the case y,r < 1
for the two-layer system (Figure 6.15b). The minimum value 8, of domain wall
thickness is found in exactly the same way and given by Eq. (6.45).

The thickness 8¢ of the domain wall in ferromagnetic layers can also be found
by making use of simple energy considerations similar to those in the preceding
subsection.

Let us suppose that §r > a and the atomic step is located at the point x = 0.
Then in the region a < |x| < &, isoclines of , are essentially parallel to the
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Figure 6.15 Domain wall in a spin-valve
system for the case of (a) ypra/ve < 1
and (b) yrara/ves > 1. The correspondence
between the hatching and the value of 6

(measured in radians) is shown in the inset.

Diagram (c) shows the central part of di-
agram (b). Coordinates z=0 and z=16
correspond to the interfaces. The step is lo-
cated at the point x =z =0.
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interface (Figure 6.15¢). In this region, we have |V6,|~ a~'. The energy of
antiferromagnetic order parameter distortions per unitlength of the domain wall is

Vor| (8 . @
=—|>4+n— 6.61
Waf b a +n 80 ( )
and the quantity wr is given by Eq. (6.54).
By minimizing the net energy of the domain wall one obtains

S ~alyl >a (6.62)

aj

which justifies our assumption. Therefore one can neglect domain wall widening
in the ferromagnetic layer.

Let us see how domain wall structure will change when the single-ion anisotropy
energy is taken into account. The condition of applicability of the exchange
approximation (Eq. 6.27) can be violated in two ways: by increasing the step size in
the case of thin layers (a « A.f), and by increasing both a and R simultaneously.

In the case of two mutually perpendicular easy axes in the layer plane, there
will not be any changes in the patterning of thin layers. However, in the presence
of only one easy axis in the layer plane, the breaking up of the thin layers
into 90° domains ceases to be energetically favorable at R >> As. Indeed, let the
magnetizations be directed along the easy axis in the domains of one type. Then
they must be perpendicular to the easy axis in the domains of the other type.
As a result, the anisotropy energy increases and the total energy is minimum
when magnetization is collinear with the easy axis both in domains with parallel
orientation of magnetizations of the ferromagnetic layers and in domains with
antiparallel orientation of those magnetizations. In this case, however, the structure
of the domain walls that are perpendicular to the layer planes and separate these
domains changes radically: the domain walls become three-layered ones.

Let us consider a planar domain wall that is perpendicular to the layer plane and
separates a domain with parallel orientation of magnetizations of ferromagnetic
layers (§ < 0, with & being the coordinate in units of the lattice parameter along an
axis perpendicular to the step edge from which the domain wall nucleates) from a
domain with antiparallel orientation of magnetizations (§ > 0). In the first region
of the domain wall, both magnetizations rotate in the layer plane through an angle
of 45° from the easy axis. The thickness of this region is of the same order as
the traditional domain wall thickness Ar, and magnetizations of the ferromagnetic
layers remain parallel to each other within this region.

The second region is similar to the frustration-induced domain wall described
above. The width of this region is given by Eq. (6.62) or (6.58). Here the magneti-
zation of one ferromagnetic layer rotates through 90° in the same direction as in
the first region, while the magnetization of the other layer rotates through 90° in
the opposite direction. As a result, the magnetizations rotate through the angles
of 135° and —45°, respectively, from their initial direction (Figure 6.16), and their
mutual orientation becomes antiparallel.

Finally, in the third region, both magnetizations remain antiparallel and rotate
through 45° in the same direction as in the first region. As they exit the domain wall,
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Figure 6.16 Angles of rotation of the magnetization vectors
of the ferromagnetic layers in a three-layered domain wall:
(1) an atomic step is present at the interface and (2) the
interface is smooth. The atomic step is located at the point
£ = 500.

these magnetizations form the angles of 180° and 0° with the easy axis, respectively.
The antiferromagnetic order parameter rotates together with the magnetization of
the second ferromagnetic layer whose interface does not contain an atomic step at
the given location.

As the layer thickness increases, the estimation (Eq. 6.62) remains valid until the
thickness 8¢ of the domain wall induced by the frustration of exchange interaction
becomes of the same order of magnitude as the traditional domain wall thickness.
Thereafter, due to the contribution from the anisotropy energy, domain wall
thickness remains unchanged and equal to Ay.

Under the assumptions we have made, the condition of applicability of the
exchange approximation, a/ yalf/ S Ay, is equivalent to the condition a < Agy,

where Ag ~ b (Jor/ KH)I/ ? is the thickness of a traditional domain wall in the
antiferromagnet.

As layer thicknesses increase and reach a ~ Ay, three-layered domain walls
normal to the layer planes undergo a transformation. The central region of the
domain wall becomes comparable in width to the other regions, and the domain
wall in the second ferromagnetic layer disappears. The domain wall in the first
ferromagnetic layer (whose interface has an atomic step at the given location)
transforms into a traditional 180° domain wall. The characteristic size of the
region around the atomic step edge where one can observe antiferromagnetic order
parameter distortions is of the order of As in the direction parallel to the layer
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Figure 6.17 Domain wall in one layer for the case of y,r =
0.1, a = 50, and Af = 14. An atomic step is located at x =
500 and z = 50.

plane and perpendicular to the step edge, and is of the order of A in the direction
normal to the layer plane. Therefore, the central part of the antiferromagnetic
interlayer is in a single-domain state. The structure of the isolated domain wall
induced by the frustration of exchange interaction is shown in Figure 6.17 for
a > Ay (see the color inset).

6.6.2
Phase Diagram

In the exchange approximation, the polydomain phase exists at R > 6. Ata ~ 1nm
and y,r ~ 0.1, this condition is satisfied even for domains with size of the order
of 10 nm. One can thus speak of a nanodomain state whose investigation requires
extremely sensitive techniques.

The domain structure of a Fe/Cr multilayer system has been studied experi-
mentally [28]. In this system, the average thickness of the antiferromagnetic layers
corresponded to the antiparallel orientation of magnetizations of the neighbor-
ing ferromagnetic layers. It was found that as the roughness of the interfaces
increases, the percentage of regions with parallel orientation of magnetizations of
the neighboring ferromagnetic layers increases as well and finally reaches 50%.

The question that arises is, what happens to the domains as we decrease the
size R of the atomic steps? Within the range of applicability of the exchange
approximation, the domain walls begin to overlap and at some critical value R ~ &¢
the system makes a continuous transition to a state in which ferromagnetic layers
are almost homogeneous; only weak distortions of magnetization can take place in
these layers.

If vrara/ver <1 and step sizes belong to the range 8, < R < &, the
antiferromagnetic interlayer gets broken up into 90° domains. In the domains
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Figure 6.18 Orientations of the order parameters within domains.

of the first type, the antiferromagnetism vector is parallel or antiparallel to the
bisector of the angle formed by the magnetizations (Figure 6.18a), whereas in the
domain of the second type, the antiferromagnetism vector is orthogonal to this
bisector (Figure 6.18b) and can have two opposite directions. The domain type
is determined by the type of the region, that is, by the number (even or odd) of
atomic planes in the antiferromagnetic interlayer.

As shown in [25], the additional (as compared to a state with no frustration)
energy is related to the interlayer interaction energy and has the form

2 _
W=— Jiz’af(alcos%+azcosn Zw

where 01,0, are the areas of the regions of the first and second types on the
surface of the antiferromagnetic layer, and ¢ is the angle between magnetizations
of the ferromagnetic layers. If o7 = 03, then the additional energy reaches its
minimum at ¢ = 7/2; in other words, in the absence of an external magnetic field,
magnetization vectors of the ferromagnetic layers are perpendicular to each other.

If, on the other hand, a <« R < 8y, then the system is in a state where distortions
of magnetic order parameters are small and the orientation of order parameters
corresponds to the one shown in Figure 6.18a.

If yrara/ver > 1 and step sizes are in the range a < R < &, the additional
(as compared to a state with no frustration) energy is related to the energy of
the exchange springs of two types arising in the antiferromagnetic interlayer.
Springs of either the first or the second type appear in the corresponding type of
regions. Such a state can be described within the framework of the Slonczewski
“magnetic-proximity” model [6]. Specifically, the dependence of the system energy
on the angle y between magnetization vectors of the ferromagnetic layers can
be described by Eq. (6.10), where ¥ and = — ¢ are the rotation angles of the
antiferromagnetic order parameter in the exchange springs of the first and the
second type, respectively. The constants C; and C, were estimated [25, 26] to be
equal to

) (6.63)

Cl,Z N — . — (664)

For 01 = 03, the energy reaches a minimum at = 7/2; in other words, in the
absence of an external magnetic field, magnetization vectors of the ferromagnetic
layers are mutually perpendicular. The condition that the energy of exchange
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springs should be much higher than the anisotropy energy yields the well-known
inequality @ <« Ag4s. In order to decrease the anisotropy energy, magnetization
vectors of the ferromagnetic layers are arranged in such a way that the easy axis
becomes the bisector of the right angle between them.

The noncollinear orientation of ferromagnetic layer magnetizations in multilay-
ered structures with an antiferromagnetic interlayer has been discussed extensively
(see, e.g., [29, 30]). It should be noted, however, that unless the experiment provides
a sufficiently high spatial resolution, one has to rely on data averaged over a large
part of the surface of the layer, and as a consequence, it becomes hard to distin-
guish a polydomain state of ferromagnetic layers with nanosized domains from a
noncollinear state of homogeneous ferromagnetic layers. In fact, in the majority of
experimental studies, the possibility of a polydomain state is simply ignored.

Let us now switch to the range of values R « a. In this case, all distortions of
the order parameters are concentrated near the interfaces, interaction between the
ferromagnetic layers becomes weak, and the energy of interaction between the
adjacent layers discussed in Section 6.4 plays the dominant role.

As a result, at oy = 0;, the antiferromagnetic order parameter is oriented
perpendicular to the magnetizations of the ferromagnetic layers, which thus
become collinear vectors.

The transition from a phase with mutually perpendicular magnetizations of the
ferromagnetic layers to a phase with collinear orientation of the magnetizations
is a first-order phase transition [26]. Both states coexist for a certain range of the
values of R, and the energies become equal at a certain value R* ~ a. The value of
the quantity R* does not depend on temperature, so one cannot observe this phase
transition by raising or lowering the temperature of the system.

Figure 6.19 shows a phase diagram “layer thickness—characteristic distance
between atomic step edges” for a spin-valve system for the case when Jr . ~ Jof,
that is, when there are no weak distortions of the order parameter.

Let us discuss how phase 3 will change when we take the range of layer
thicknesses a > A, for which the single-ion anisotropy energy becomes important.
We consider the case of a single easy magnetization axis in the layer plane. The
exchange springs in the antiferromagnetic interlayer transform into 180° domain
walls of the following shape: at distances of the order of A, from atomic step
edges, which serve as boundaries of the domain wall, the thickness of this wall
increases from the interatomic distance to a value of the order of A, while in
the remaining area, the domain wall is still a traditional one. Therefore, only the
antiferromagnetic interlayer will be in the polydomain state (phase 4 in Figure 6.19).
The magnetizations of the ferromagnetic layers are collinear, and their transition
from parallel orientation to antiparallel one should be accompanied by collective
“switching” of the domain walls in the antiferromagnetic interlayer (Figure 6.20).
Since atomic step edges are arranged randomly, the energies of the initial and the
final (“switched”) state are equal.

At this range of layer thicknesses, the transition from a single-domain state of the
ferromagnetic layers to a polydomain state (phase 2 in Figure 6.19) is a first-order
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Figure 6.19 Phase diagram of a spin-valve
system: (1) the phase with 90° domains in
the ferromagnetic layers; (2) the phase with
180° domains in the ferromagnetic layers;
(3) the phase in which the ferromagnetic
layers are in a single-domain state and the
antiferromagnetic interlayer contains ex-
change springs (Slonczewski phase); (4)

the phase with 180° domains in the antifer-

romagnetic layer; (5) the phase with static

Figure 6.20 ‘“‘Switching” of domain walls
in the interlayer. Dot-and-dash lines and
dotted lines show the positions of domain
walls in the antiferromagnetic interlayer be-

<o

a

90° spin vortices and with the antiferromag-
netic order parameter directed perpendicular
to the magnetizations of the ferromagnetic
layers; (6) the phase with 180° exchange
springs parallel to the interfaces in the an-
tiferromagnetic layer; and (7) the phase with
spin vortices and two 90° exchange springs
parallel to the interfaces in the antiferromag-
netic layer. Solid lines are first-order phase
transition lines and C is the critical point.

dot-and-dash arrow and the dotted arrow in-
dicate the direction of magnetization of the
upper layer before and after the switching,
respectively. The solid arrow indicates the di-

fore and after the switching, respectively. The rection of magnetization of the bottom layer.

phase transition. Since this transition is continuous at small layer thicknesses, the
phase diagram has a critical point at a ~ Agyf.

Far enough from the critical point (a 3> Agy), the contribution to the domain wall
energy from the transition region near the step edge is small and the parameter R,
corresponding to the phase transition point at a given layer thickness can be found
from the following considerations. In the polydomain phase, the energy (per unit
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layer area) of transverse domain walls is given by
wy ~ 2vera/R (6.65)

where v ~ 1 (v = 1 when atomic step edges are parallel, and v = 2 when they form
a square grid).

The energy (per unit square area of the layer) of the domain walls in the
antiferromagnetic interlayer in the single-domain phase is equal to

Wy ~ garL/R (6.66)

where ¢, is the surface energy density of a traditional domain wall in the
antiferromagnet, and L is the characteristic distance between the nearest-neighbor
steps on the opposite interfaces (Figure 6.20). By equating the energies given by
Egs. (6.65) and (6.66) and estimating L as (a? + R%/4)1/2, we find the critical value
1/2
R; ~ 4va/ yaf/
At R > R, the ferromagnetic layers are in a polydomain state, and at R < R, they
are in a single-domain state. In a physical spin-valve system, the phase transition
will be a diffused transition due to the spread in the widths of atomic steps at the
interfaces.

(6.67)

It can be easily seen from Figure 6.20 that in the antiferromagnetic layer, a
domain wall connecting steps on the opposite interfaces is energetically favorable
only if parameter R exceeds a certain critical value R*. For a periodic arrangement
of steps shown in Figure 6.20, this value can be estimated as

R* = (4/3)"?a (6.68)

For R < R*, distortions of the antiferromagnetic order parameter are concen-
trated near the interfaces, and the bulk of the antiferromagnetic layer is in a
single-domain state (phase 6 in Figure 6.19). The interaction between the ferro-
magnetic layers is weak in this case, and the interaction between adjacent layers
becomes dominant. The transition of the antiferromagnetic layer from a polydo-
main state to a single-domain state is also a first-order phase transition diffused
due to the spread in the widths of atomic steps on the interface.

For the range of values Ays <« R < Rx, distortions of the antiferromagnetic order
parameter have the form of 180° exchange springs that are parallel to the interface
and exist in those regions on the interface where the spins of the ferromagnetic
layer are the nearest neighbors of the spins of a certain (let us say, the second — for
the sake of definiteness) antiferromagnet sublattice. In those regions where the
spins of the ferromagnetic layer are the nearest neighbors of the spins of the first
sublattice of the antiferromagnet, the antiferromagnetic order parameter remains
homogeneous (Figure 6.21).

As parameter R decreases within the range R <« Ay < a, static spin vortices
arise in both types of regions in the interlayer. The edges of these vortices at the
interfaces coincide with the step edges, and their size along the normal to the
interface is equal to their minimum size in the interface plane. In order to decrease
the vortex energy, the antiferromagnetic order parameter near the interfaces orients
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Figure 6.21 Exchange springs parallel to the interface in the
antiferromagnetic interlayer. The arrows indicate the direc-
tion of the corresponding order parameter. The rotation of
the order parameters takes place in the layer plane.

F —_—

Figure 6.22 Spin vortices and two 90° exchange springs in
the antiferromagnetic interlayer. The arrows indicate the di-
rection of the corresponding order parameters. The rotation
of the order parameters takes place in the layer plane.

itself perpendicular to the easy axis. In each vortex, the antiferromagnetism vector
rotates through the angle of 90°, the directions of rotation being opposite in the
regions of different types. In addition to static 90° vortices, 90° exchange springs
are formed near the two interfaces within the interlayer, so that the order parameter
in the center of the antiferromagnetic layer is parallel to the easy axis (Figure 6.22).
This state is denoted as phase 7 in Figure 6.19.
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Figure 6.23 The phase in which there are spin vortices and
the antiferromagnetic order parameter is perpendicular to
the magnetizations of the ferromagnetic layers. The arrows
indicate the direction of the corresponding order parameter.
The rotation of the order parameters takes place in the layer
plane.

As the layer thickness a decreases and reaches the value a ~ A, these domain
walls disappear abruptly (“jumpwise”) and the spin-valve system undergoes a
phase transition to the state with static 90° spin vortices, the antiferromagnetic
order parameter being perpendicular to the magnetizations of the ferromagnetic
layers and to the easy axis (Figure 6.23). This state is denoted by the number 5 in
Figure 6.19.

The phase diagram displayed in Figure 6.19 will change in the case when we
have two mutually perpendicular easy axes in the layer plane. The three-layered
domain walls will no longer occur and the whole region of the polydomain state will
correspond to phase 1 with 90° domains. In this case, phase 7 is absent altogether
and the region where it used to exist is occupied entirely by phase 5.

In phase 6, the 180° exchange springs in the regions of the same type no longer
exist; instead, 90° exchange springs are formed in both types of regions. These
90° exchange springs are parallel to the interface and have opposite directions of
rotation in different types of regions (see Section 6.4). Far from the interface, the
antiferromagnetic order parameter is perpendicular to the magnetizations of the
ferromagnetic layers.

If the surface energy of two 90° domain walls in the antiferromagnetic layer
is lower than that of one 180° domain wall, then phase 4 must be replaced
by another phase 4’ in which the magnetizations of the ferromagnetic layers are
mutually orthogonal and the antiferromagnetic interlayer is broken up into separate
domains by 90° domain walls. Their number is two times larger than in the case
shown in Figure 6.20 (see Figure 6.24). The relations given by Egs. (6.67) and (6.68)
that define the boundaries between the phases remain practically unchanged.
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Figure 6.24 The 90° domain walls in the antiferromagnetic
interlayer. The arrows indicate the direction of the order pa-
rameters.

6.6.3
Matching Experimental Data?

A nanodomain state has been observed in three-layer systems Fe/NiO/Fe [31] and
Fe/CoO/Fe [32]; see also the review paper [33]. In contrast to the model observed
above where all three layers had equal thicknesses, in the experiments cited, the
lower (nearest to the substrate) Fe layer was fairly thick, while the thicknesses of
antiferromagnetic interlayer and upper Fe layer varied over wide limits.

The experimental data appear explicable within the framework of the theory
formulated above only with the supposition of (001) planes of nickel and cobalt
oxides being uncompensated. In experiments on neutron scattering in CoO, two
coexisting types of magnetic ordering were observed: AF-I and AF-II described
by the wave vectors (0,0,1) and (1/2,1/2,1/2), respectively, with AF-I type ordering
indeed resulting in uncompensated CoO(001) planes [34, 35]. However, as discussed
in Chapter 7, Section 7.3.2.3, neutron diffraction investigations of exchange-biased
Fe304/CoO multilayers showed no evidence of AF-I ordering [36, 37]. Similarly,
this type of AF phase was never observed in NiO-based systems [38]. Therefore,
the origin of the local uncompensation in CoO- or NiO-based multilayer magnetic
structures seems to call for an explanation (see Chapters 5 and 7 ,Section 7.3.2.3).

If the system contains a thick ferromagnetic layer, one can assume with reason-
able confidence that the latter always remains in a single-domain state. Instead of
a single parameter, that is, the layer thickness a, as in Section 6.6.1.2, now we have
two parameters: the thickness of antiferromagnetic interlayer dys and the thickness
of upper ferromagnetic layer dy.

Referring to the simple evaluation in the framework of the exchange approxi-
mation similar to that performed in Section 6.6.1.2, for the nanodomain phase at
R > dy, the thickness of the domain wall in a thin ferromagnetic layer originated
from an atomic step at any of the boundary planes, for dr > yurdyr equals

8¢ ~ (drdaf /vor)'? (6.69)

For df < yardas, the thickness of the domain walls originating from the atomic
steps at the interface between the thin ferromagnetic layer and the antiferromag-
netic interlayer becomes equal to dy/y,, as in the two-layer system (Eq. 6.46),
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while the domain walls originated from the atomic steps at the interface between
the thick ferromagnetic layers and the antiferromagnetic interlayer have the thick-
ness of the order of d,, which continues to increase with increasing interlayer
thickness.

The (R, dys) and (R, dr) phase diagrams of the asymmetric three-layer system are
displayed in Figures 6.25 and 6.26. Phase 1 is that with the thin ferromagnetic layer
subdivided into 180° nanodomains by the domain walls of equal thickness.

The new phase 5 is the phase with 180° nanodomains in the thin ferromagnetic
layer, the domain walls having two different characteristic thicknesses.

Phase 2 is the Slonczewski phase with homogeneous and mutually perpendic-
ular magnetizations of ferromagnetic layers and with exchange springs in the
antiferromagnetic interlayer (corresponding to phase 3 in Figure 6.19).

Phase 3 is the one with collinear magnetizations of ferromagnetic layers, with spin
vortices in the antiferromagnetic interlayer near the interfaces, and with the antifer-
romagnetic order parameters perpendicular to the magnetizations (corresponding
to phase 5 in Figure 6.19).

A new phase (phase 4 in Figure 6.25) appears under the condition dyr >
R>dg/ys, in which the antiferromagnetic layer contains static spin vortices
near the thick ferromagnetic layer surface, and the thin ferromagnetic layer is
broken into nanodomains, the antiferromagnetic order parameter in the central
part of the antiferromagnetic layer remaining homogeneous and perpendicular to
the thick ferromagnetic layer magnetization. The magnetization vectors in 180°
nanodomains are collinear with the antiferromagnetic order parameter and hence
perpendicular to the magnetization of the thick ferromagnetic layer. Contrary
to phase 1 in which the domain walls originate from the atomic steps on both
interfaces, the domain walls in phase 4 are induced only by the steps on the

e i

Ot/ Uy

Figure 6.25 Phase diagram of asymmetric  thin ferromagnetic layer and homogeneous
three-layer system: the phase with 180° do-  antiferromagnetic order parameter far from
mains in the thin ferromagnetic layer and interfaces (4); the phase with 180° domains
domain walls of equal thickness (1); Slon- in the thin ferromagnetic layer and two types
czewski phase (2); the phase with static 90°  of domain walls (5). Solid line relates to a
spin vortices and with the antiferromagnetic  first-order phase transition and M is the crit-
order parameter directed perpendicular to ical point. AB segment corresponds to the
the magnetizations of the ferromagnetic lay- data reported in [32]; CD segment corre-

ers (3); the phase with 180° domains in the sponds to the data from [39].
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Figure 6.26 Phase diagram of asymmetric
three-layer system: the phase with 180° do-
mains in the thin ferromagnetic layer and
domain walls of the equal thickness (1);
Slonczewski phase (2); the phase with static
90° spin vortices and with the antiferromag-
netic order parameter directed perpendicular
to the magnetizations of the ferromagnetic
layers (3); the phase with 180° domains in

dy

the thin ferromagnetic layer and homoge-
neous antiferromagnetic order parameter far
from interfaces (4); the phase with 180° do-
mains in the thin ferromagnetic layer and
two types of domain walls (5). Solid line re-
lates to a first-order phase transition and M
is the critical point. AB segment corresponds
to the data reported in [31]; CD and EF seg-
ments correspond to the data from [39].

interface between the oxide and the thin ferromagnetic layer. In this phase, as well
as in the collinear phase, the interaction between the ferromagnetic layers through
the antiferromagnetic interlayer is suppressed, and the problem reduces to two
independent two-layer systems. In particular, the thickness of the domain wall in
the thin ferromagnetic layer is given by Eq. (6.46).

The multilayer magnetic structure behavior observed in the experiments is in
qualitative agreement with the phase diagrams derived from the theoretical model.
The ranges of the parameters dy and dys corresponding, in our opinion, to the
experimental data [31, 32, 39] are marked in Figures 6.25 and 6.26. For low interlayer
thicknesses (df < 1.3 nm), no domains were observed in Fe/CoO/Fe system [32].
This experimental point is the only one not interpreted within our theory. However,
if one allows for the presence of pinholes ignored in our model, it becomes possible
to explain this point as well. For a higher interlayer thickness, the nanodomain state
(phase 1) does occur, the thin ferromagnetic layer being broken into 180° domains,
and then, with increasing interlayer thickness, this state transforms into phase 2
with mutually perpendicular orientation of the ferromagnetic layer magnetizations.
In the case of Fe/CoO/Fe multilayer structure, the investigated range of the values
of d,r does not reach the line of the phase transition to the collinear phase 3.

For the Fe/NiO/Fe multilayer structure, having a larger value of the parameter
Yaf With respect to the Fe/CoO/Fe structure, the range of dys values [39] begins in
phase 2 and crosses the line of the phase transition to the collinear phase 3. In [32]
the parameter dy was varied at constant dys value, from phase 4 to the collinear
phase 3.
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6.7
Conclusion

To summarize, we have shown that spin frustrations arising at the interfaces of
a multilayer ferromagnet—antiferromagnet system determine many aspects of the
behavior of magnetic order parameters in nanometer-thick layers.

We therefore ask both experimental physicists and technologists to exercise
utmost care and diligence when measuring interface parameters, paying special
attention to the characteristic distance R between the edges of neighboring atomic
steps — a parameter that is of critical importance for the case when uncompensated
atomic planes of the antiferromagnet are parallel to the interface. Unfortunately,
this parameter has been given little attention by the researchers who chose to focus
on the standard deviation of the interface from its mean position.

Only when the dependence of R on technological parameters is well established,
will it become possible to select a technological route leading to a multilayered
magnetic structure that corresponds to a certain region of one of the phase
diagrams mentioned above, which should permit optimization of parameters of
magnetoelectronic components and devices.

This will certainly require an in situ control of the R parameter in the process
of growth of a multilayered structure. We wish success to those colleagues of ours

who commit themselves to this difficult but extremely important endeavor.
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7

Antiferromagnetic—Ferromagnetic Oxide Multilayers:
Fe;04-Based Systems as a Model

P. J.van der Zaag and Julie A. Borchers

7.1
Introduction

Interfacial coupling between ferromagnetic (F) and antiferromagnetic (AF) layers
in multilayer films can substantially alter the magnetic properties of the individual
components, as discussed in Chapters 5 and 6. Throughout the past 20 years,
intense research has focused on metallic systems with coupled layers and has
led to unprecedented advancements in magnetic recording technology and other
spintronic applications. More recently, focus has shifted to oxide-based materials
as a result of discoveries of colossal magnetoresistance (CMR) in perovskite
manganite films [1] (for a review see [2]), large tunneling magnetoresistance (TMR)
through oxide barrier layers [3], and coupling among the electric, magnetic, and
structural order parameters in multiferroic nanostructures [4]. In particular, the
proposed device applications for the versatile multiferroic materials range from
filters, oscillators, and phase shifters that can be tuned by magnetic fields to
magnetoelectric generators and spin wave amplifiers that can be driven by electric
field or current. Researchers in the field agree that realization of these applications
requires a complete understanding of the magnetic interactions in these oxide
multilayers as well as the ability to control and manipulate their characteristics
on the nanoscale level. Though most oxide systems are quite complex, many of
their properties can be understood within the framework of experimental and
theoretical studies of more simplistic systems with well-characterized components
such as ferrimagnetic Fe;O4 [5] and AF NiO or CoO. In addition, researchers in the
field often take transition metal monoxides such as CoO, NiO, and FeO as model
antiferromagnets to understand interface phenomena [6].

Specifically, the oxygen sublattice in the Fe;O4 spinel structure (see Figure 7.1)
allows for growth of crystalline AF/F multilayers with sharp interfaces. Full analysis
of the chemical magnetic structure of thin Fe;0, films and especially of Fe;O,4
interfaces is important for understanding related coupling studies in which oxides
play a role. Nanostructures of current interest include multilayers with AF layers
that yield exchange biasing as well as (all-oxide) tunnel junctions that exhibit
enhanced magnetoresistance (MR) originating from the half metallic nature of
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Fe;0y (see Figure 7.1b) [7]. As shown schematically in Figure 7.1(b), Fe30O4 has a
gap for the majority Fe** spin band but the minority spin Fe?t band crosses the
gap leading to the well-known hopping conduction along the octahedral B-sites [5].
Moreover, even Fe;Oy4-layered nanoparticles are of current interest because of their
potential applications in targeted drug delivery for cancer treatment.

This chapter will thus focus on experimental investigations of Fe;Og4-based
multilayers, as they are a model system for discussing key aspects of interface
and chemical structure, their influence on anisotropy and interlayer exchange
coupling, and their role in determining the resulting magnetic properties of
AF/F composites. As in related AF/F oxide multilayers, exchange interactions in
Fe;O4-based systems are mediated by superexchange via the oxygen sublattice
and are thus quite sensitive to the local structural environment. The organization
of this chapter is intended to highlight the close relationship between structure
and magnetism in these exchange-coupled multilayers. Section 7.2 describes
early ground-breaking research on the growth and structural characterization of
Fe;04-based multilayers. The section next reviews the detailed investigations of
interfacial properties, including magnetic dead layers, interface anisotropy, and
antiphase boundaries, that soon followed. In Section 7.3, the implications of these
effects are explored within the context of magnetic exchange coupling in AF/F and
related multilayer systems. The magnetoresistive and magnetooptical properties
of these composite systems are discussed in Section 7.4. The last section provides
a summary as well as an outlook for future investigations of exchange-coupled
magnetic oxide systems.

7.2
Interface and Structural Effects

Seminal work on the growth of oxide magnetic multilayers was done by Terashima
and Bando in the 1980s [8]. They were the first to grow high-quality superlattices
using molecular-beam epitaxy (MBE) of ultrathin CoO and NiO on NaCl substrates.
They realized, however, that magnetism in pure AF multilayers is difficult to
characterize by conventional magnetic techniques due to the absence of a net
magnetic moment. Their subsequent study dealt with CoO-Fe;0O4 multilayers
[9] as the magnetic interactions with ferro(i)magnetic layers had greater potential
for applications. Many of the phenomena that fascinated researchers during the
following decade were discovered in this system: A shifted hysteresis loop due
to unidirectional anisotropy, a reduction of the saturation magnetization of the
magnetic oxide with decreasing layer thickness, and an increase in the AF ordering
temperature for very thin CoO layers in the multilayers.

Subsequently other groups started to grow oxide magnetic multilayers by MBE,
notably Lind and coworkers [10—12], Wolf et al. [13], Hibma and coworkers [14, 15]
and Chambers and colleagues [16-18]. Although in some of the initial studies
evidence was found for intermixing at the interface [19], these groups all determined
that by oxygen-enhanced MBE, AF-F oxide multilayers could be grown under
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242 | 7 Antiferromagnetic—Ferromagnetic Oxide Multilayers: Fe3O4-Based Systems as a Model

108 - (36 A Fej0,/53 A CoO),,  on MgO (100)

108 -
3 L
s
2 104 Simulation
2
Q -
£
102 [
Experiment
1 1 1 1 ]
30 35 40 45 50

20 (degrees)

Figure 7.2 0 — 20 X-ray diffraction pattern for a (36 A
Fe304/53 A CoO) 20 multilayer grown on MgO(100). The
top curve shows the simulated curve, which indicates that
discrete layer thickness variation is less than 1A for the
CoO and Fe3Oy4 layers in this case. Figure reproduced
from [20].

similar growth conditions in a small pressure window (of 2 x 10~> mbar [13]).
The near absence of interfacial intermixing has been shown convincingly by both
reflective high-energy electron diffraction (RHEED) and X-ray reflectometry [14],
as well as by high-resolution X-ray diffraction [20] and neutron diffraction studies.
X-ray diffraction revealed that single-crystalline superlattices could be obtained
with rocking curve widths of  0.20° and interface widths of 2 & 1 A [21]. Figure 7.2
shows the results of an X-ray diffraction (XRD) study for a (36 A Fe;O,/53A
Co0) 30 multilayer grown on MgO(100). From the simulated spectrum, it was
found that the roughness of the layers, included in the model through discrete
layer thickness fluctuations, amounted to only 1 A for CoO and Fe; 0, [20], attesting
to the high quality of these AF—F multilayers.

7.2.1
Chemical and Structural Quality Effects

Although deposition techniques of oxide materials had advanced significantly
due to work done on high T¢ superconductors, growing mixed-valence oxide
superlattices raised many challenges. First the properties of magnetic oxides are
intimately dependent on cation distribution and stoichiometry, as this influences
the magnetization and anisotropy [5]. Moreover, one could envision that these issues
are particularly pronounced at the interfaces giving rise both to complications and
new effects due to coupling between the layers. Consequently, it is important to
assess the quality of the multilayers and to regulate growth at the interface in order
to control the properties of the resulting multilayers. Terashima and Bando assessed
the quality of their oxide multilayers by XRD and *’ Fe Méssbauer spectroscopy [9].
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In their M6ssbauer studies, they were able to study the free standing multilayers
by ingeniously making use of the fact that their multilayers were grown on NaCl,
which could be dissolved. They found that the Fe;0, layers between 2.6 and 9 nm
exhibited a hyperfine spectrum that was broadened compared to that of bulk Fe;Oy.
On the basis of these results, the authors correctly proposed a tendency toward
superparamagnetism in the ultrathin Fe;O4 layers, as verified by later studies [22,
23]. Analysis of the possible types of interface structure, that is, type I-1I or I-III
(see Figure 7.3), showed excessive negative charge for type I-II, while type I-III
has excessive positive charge [9]. Consequently, these authors predicted that the
CoO-Fe;0, interface structure would be unstable leading to cation redistribution
at the Fe;0, interface that is different from the bulk. This redistribution distorts
the magnetic structure in the interior of the ultrathin Fe;O4 layer and thereby
accounts for the Mossbauer data [8]. Alternatively the formation of vacancies could
provide charge neutrality [13].

Assessing the stoichiometry of ultrathin mixed-valence oxide layers on an oxide
substrate such as MgO, SrTiO;, or Al,O3 is challenging. Determination of the
stoichiometry through the Verwey metal-insulator transition temperature, T,,

@
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> — > azi I|||I FegO4
— = — - — — Il
= s e = = Il
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(d (e) () &} L
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@ Ni2+’ COZ+
Figure 7.3 Structural model of the growth by hopping of electrons (see b) and another
of Fe3O4 on a rock-salt crystal (e.g., MgO, in which Fe3* ions occupy A-sites (see c).
NiO, CoO). Note that Fe;O4 has two dif- Notice that Fe3O4 has a double magnetic
ferent lattice planes, one in which the Fe?* lattice parameter with respect to CoO and
and Fe3* ions fill the octahedral B-site in NiO (see e).

rows, along which the conduction occurs
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occurring in Fe;Oy [5] is fraught with difficulty, since for epitaxially grown layers
the strain, as well as differences in thermal expansion coefficients, will also
influence T, [24]. Thus only limited experimental work has been done to determine
the stoichiometry of thin Fe;O4 layers. One approach taken has been to investigate
the magnetooptical Kerr spectra, which has the advantage of being sensitive to only
the top layer of the film [25]. (The top 2—4nm of an unprotected film was found
to be oxidized). A more traditional approach involves the use of >’ Fe Méssbauer
spectroscopy for which the interior of the ultrathin layers was grown with enriched
*’Fe isotope [12]. In the latter study, it was shown that the stoichiometry of
the Fe;04 layer could be tuned over a broad range from 0.0 to 0.35 depending
on the pressure of the NO,, which is a very strong oxidizing agent. The more
commonly used O, is a weaker oxidizing agent, and work in the Bando group
using Mossbauer showed that only magnetite films Fe;_,O4 could be grown with
x < 0.06 [26], where x is defined as the relative deviation of the stoichiometry
from that of the ideal compound. Several groups have thus demonstrated that
high-quality superlattices can be grown of oxide magnetic materials. However,
when mixed-valence compounds are included, consideration should be given to
some minor off-stoichiometry in the layers.

7.2.2
Interface Effects on Magnetic Properties

Before discussing the properties of ferro(i)magnetic—AF multilayers, it is useful
and necessary to consider the interface properties of ferromagnetic layers deposited
on nonmagnetic (NM) oxide layers. On this topic a significant amount of work has
been done over the last decade, notably on the Fe;04/MgO system. This system
will therefore be taken as the model for this section from which the key aspects
of the interface effects on the magnetic properties will be discussed. A noticeable
amount of the work on this system has been done on Fe;O4/MgO multilayers
with the aim of enhancing the magnetic contribution from the ultrathin (<5nm)
interface layers.

An understanding of the magnetic structure of thin Fe;O, films and especially of
Fe; 0, interfaces is crucial to the interpretation of coupling studies in which oxides
play a role, such as when coupled to AF layers to yield exchange biasing or when
embedded in multilayer structures to yield (all-oxide) tunnel junctions. The latter is
of interest for applications owing to the half-metallic nature of Fe;O4. The scientific
interest in the interface magnetism of the Fe;O4 layers themselves stems firstly
from the discovery of the magnetic interface anisotropy favoring perpendicular
anisotropy in oxide systems [27] and secondly from the anomalous behavior of the
saturation magnetization of thin Fe;O4 layers [27, 28]. We start with the discussion
of the latter phenomenon.

7.2.2.1 Reduced Magnetization and “Dead” Layers at the Interface
A number of studies have found that the saturation magnetization, M, of Fe;04
layers decreases with Fe;O4 layer thickness to values below the bulk saturation
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magnetization of 497 kAm ! for Fe;Oy. This effect was initially reported by Parkin
et al. for Fe;O4 layers deposited on polished silicon (111) crystals [29]. Further,
studies in 1994 by Margulies et al. [28] showed that despite the application of a
field of 7 T, the magnetization of Fe;O4 layers deposited by pulsed laser deposition
(PLD) on MgO, as well as on other substrates such as MgAl, 0, and Al,03, could
not be saturated. Subsequent experiments on MBE-grown Fe;O, layers deposited
at 500 K also found anomalous magnetic properties [20, 27]. The key results of these
and related studies on very well-defined Fe;04/MgO layers are discussed here.

Van der Heijden et al. grew a series of Fe;04/MgO multilayers by O;-assisted
MBE on MgO substrates in a UHV Balzers UMS 630 multichamber MBE system.
Fe;04 was deposited through e-gun evaporation from Fe targets in an O, ambient
atmosphere at 2.8 x 10~ mbar at 500K [27]. Under the same conditions, MgO
was deposited using Knudsen cells. Superconducting quantum interference device
(SQUID) magnetometry was used to investigate at room temperature a series of
Fe;04/MgO multilayers on MgO(100) with Fe;O, layer thickness varying between
1 and 50 nm and the MgO interlayer thickness chosen such that interlayer coupling
effects were minimal [30]. The resulting magnetic moment normalized to Fe;O4
layer thickness () is shown in Figure 7.4(a) as a function of the Fe;Oy4 layer
thickness, tre;0,. These data show that for tge;0, > 30nm, the magnetic moment
is, within the experimental accuracy, equivalent to the bulk moment of Fe;O4 at
300K of 497kAm~! (dashed line in Figure 7.4a) [5]. However, below 30 nm the
saturation moment, even in these high-quality samples, falls below the bulk value.
Just as in earlier studies [29, 31], the behavior of the Fe;O4 layer was modeled using
a so-called “dead” layer, which is a layer at the interface of the Fe;O4 layer with no
net contribution to the overall magnetization. Thus, the overall magnetization of
the Fe;Oy4 layer should adhere to the expression

M = M,(bulk) — (2M;/1) (7.1)

where M;(bulk) is the bulk magnetization, (M;/M;) is the thickness of the magnet-
ically “dead” layer at the interface, t; and the factor 2 is incorporated since each
Fe;O4 layer has two interfaces with MgO. The analysis of the data becomes more
straightforward by dividing by Mg and multiplying both sides of Eq. (1) by t yielding

EM = EMg(bully — 2t (7.2)

In Figure 7.4(b), the data have been plotted using this format, and one can see
that the data are well described by this equation between 1 and 50 nm. The inset
in Figure 7.4(b) shows the same data in the range up to 10nm. A positive x-axis
intercept is found at 1.4 + 0.6nm, yielding a “dead” layer thickness t; of 0.7 &+
0.3nm. The larger dead layer thicknesses of 2.5nm [29] and 4.0 nm [31] reported
previously by others may be due to the nonoptimal growth conditions employed in
these earlier studies, which relied on sputtering to prepare the Fe;Oy4 layer. Since
the lattice constant of Fe3 Oy is 8.38 A [2], the result in Figure 7.4 might suggest that
the magnetization of the Fe;O4 layer is disturbed over just the first lattice period
and thus attests to the high-quality growth of these Fe;O4 layers by MBE. In the
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Figure 7.4 (a) Thickness dependence of the this figure, the solid line represents a linear
magnetic moment, Ms, of Fe3O4 grown on  fit to the data and the inset is an enlarge-
MgO(100) normalized to the total Fe;O4 ment of small Fe3O4 layer thicknesses show-
volume of the sample at 300K. (b) M multi- ing that M becomes zero at finite tre;0,-
plied by the Fe3O4 layer thickness, tge;0,. In  Figure reproduced from [27].

study of ferrites, “dead” surface/interface layers have been invoked successfully
to account for the anomalous saturation magnetization of ultrafine particles due
to spin canting at the surface [32] and to explain the dependence of the magnetic
permeability of bulk ferrites on the grain boundaries [33]. However, one has to bear
in mind that a magnetically “dead” layer with M; = 0 at the Fe;04/MgO interface
is an oversimplification. More likely the magnetization profile should be more
rounded. Moreover, the above description provides limited insight into the exact
nature of the magnetic state giving rise to this observed absence of magnetization
at the Fe3 O, interface.

7.2.2.2 Anisotropy and Interface Anisotropy of Thin Fe3O4 Layers

The anisotropy in ultrathin MBE-grown Fe;O, layers was first systematically
investigated by van der Heijden et al. [34] and more recently by McGuigan et al.
[35]. The key findings were again that for large layer thicknesses (t > 30 nm), the
magnitude and temperature dependence of the magnetic anisotropy resembles the
behavior of bulk Fe;Oy4 [34]. For lower thicknesses, the magneto—crystalline and
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from ferromagnetic resonance experiments at (). Figure reproduced from [34] (© 1998
room temperature (filled squares)for Fe;04  with permission from Elsevier).

the uniaxial out-of-plane anisotropies decreased monotonically with decreasing
Fe;0,4 layer thickness to finally vanish below 5nm (see Figure 7.5 taken from
[34]). Consequently, we focus the discussion on what happens for ultrathin layers
possibly due to a contribution from interface anisotropy.

The study of the interface anisotropy of magnetic thin films was driven in
large part by the relevance of this topic for magnetooptic recording media, which
require a preferred axis of the magnetization perpendicular to the surface of the
film plane. Thus far the study of perpendicular anisotropy had been focused
exclusively on metallic (multi)layers. In the late 1980s, a number of studies were
done on the properties of ferrite films deposited by sputtering, without focusing on
obtaining perpendicular anisotropy in these films [36]. However, recent progress
on controlled MBE growth of magnetic oxides film has allowed for a more detailed
study of the surface contribution to the magnetic anisotropy that gives rise to the
desired perpendicular magnetization.

From the study of metallic multilayers, it is well known that the out-of-plane
anisotropy K of thin magnetic layers is composed of a bulk or volume contribution
K, and an interface or surface contribution K;. The work on metallic magnetic
multilayers has shown that the anisotropy of metallic systems can be described
phenomenologically by the following equation [37]:

K =K, + 2K/t (7.3)
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with ¢ the layer thickness. The K, contribution to K is composed of various
terms including the shape anisotropy, the magnetocrystalline anisotropy, and the
magnetoelastic anisotropy due to strained, coherent growth. For thin layers, the
shape anisotropy, favoring in-plane preferential magnetization, can be overcome by
the surface anisotropy contribution, which gives rise to a preferred magnetization
contribution out of the film plane. This effect has been amply demonstrated for
metallic systems [37], yet has been investigated for only one oxide system to date,
Fe;04 grown on a MgO substrate [27]. As discussed in the preceding section, there
is no measurable magnetic moment contribution from the interface layer of Fe;04
on MgO. Hence, Eq. (3) needs to be modified to account for this “dead”-layer effect
by correcting the apparent thickness by t;. Thus, in practice the relevant equation
for K becomes

K = K, + 2K,/(t — 2t3) (7.4)

To study the interface anisotropy of Fe;O4, van der Heijden et al. [27] grew a
wedged-shaped sample on a MgO(100) substrate. The first sample was composed
of 0-40-nm Fe;04/2-nm MgO/3-nm NiO. The MgO component of the capping
layer ensures that a symmetrical situation is attained. The additional 3-nm NiO
capping layer is needed to prevent reaction of MgO with H,0 and CO; during the
measurements. To be able to detect any influence of this capping layer, only half
of the wedged sample had the capping layer. Figure 7.6 schematically shows the
layout of the samples studied. With a wedged-shaped sample, all the anisotropy
measurements on various layer thicknesses can be performed on a single sample
grown in a single growth run [38]. The slope of these wedges is 3-nm Fe;O4/mm,
and consequently one can easily measure the hysteresis loop at a well-defined
Fe;0, layer thickness using the MOKE.

NiO
MgO
Fe;0,

MgO

Figure 7.6 Schematic representation of the wedge-shaped
sample used to study the interface anisotropy of Fe3O4
grown on MgO(100). The Fe3;O4 wedge has a maximum
thickness of 40nm and a slope of 3.6 nm/mm. The wedge
is partly covered by 2-nm MgO/3-nm~! NiO to enable inves-
tigation of the influence of the top capping layer.
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To determine the out-of-plane anisotropy, K, van der Heijden et al. [27] measured
hysteresis loops along their wedged-shaped sample in both longitudinal and polar
MOKE geometry with a magnetic field applied parallel and perpendicular to the film
plane, respectively. Figure 7.5(a) shows the thickness dependence of the uniaxial
out-of-plane anisotropy field, H,, determined from the measured perpendicular
saturation field, H;. The results of longitudinal MOKE experiments show that the
in-plane saturation magnetization is sufficiently small for Fe;O4 layer thicknesses
larger than 5 nm (less than 10 kAm~! [39]) compared to the perpendicular saturation
field, Hy, and it can be neglected. Thus, K can be directly obtained from H; for
Fe; 04 thicknesses in excess of 5 nm using the equation [37]

K = —1poM;H (7.5)

with 110 the vacuum permeability. Below 5 nm, the in-plane saturation is no longer
negligible and should be incorporated when calculating K. Figure 7.7 shows the
resulting thickness dependence of K multiplied by (t — 2t;) versus the effective
magnetic Fe;O4 layer thickness (¢ — 2t,) [27]. For two points on this curve, at an
Fe;0, layer thickness of 9.3 and 23.7 nm, the value of K was deduced from SQUID
magnetometry data for corresponding Fe;O4/MgO multilayers. In Figure 7.7, open
data points were determined from the symmetric wedge, while the filled data points
were determined from the part of the wedge that did not have any cap layer. The
absence of a cap layer enables one to obtain data at lower Fe;O, thickness as less
light is absorbed by the cap layer. From this figure, one can immediately see that
the phenomenological Eq. (7.3) (and Eq. (7.4)) also describes the data in this oxide
system. The slope of the fit in Figure 7.7 gave values for the volume anisotropy K, of
—0.123 £ 0.0.10 MJm~3 and —0.129 & 0.010 MJm 3 for the wedged sample with
and without a capping layer, respectively. These values were found to be in accord
with the various terms contributing to K,. Specifically, the shape anisotropy for
the system studied is —3 o MZ = 0.155 MJm ™3, the crystalline anisotropy at K /4
= 0.003MJm~? is small, and the pseudomorphic growth of Fe30, on MgO(100)
results in a magnetoelastic anisotropy contribution of about 0.027 MJm~3. The
summation of these values yields a volume anisotropy contribution K, that is in
excellent agreement with the experimental data irrespective of the capping layer
—0.125MJm~3 [27].

However, the situation concerning K, was less clear. The fit to the data (Figure 7.7)
would suggest that at a Fe;O, layer thickness (t — 2t4) of 3.5nm or a total layer
thickness of 5 nm, the surface anisotropy term that favors perpendicular anisotropy
would balance the volume anisotropy term that favors in-plane anisotropy. Thus,
at thicknesses below 5 nm, the system should exhibit positive anisotropy favoring
perpendicular magnetization. However, experimentally this was not observed. The
signal intensities of the MOKE experiment were insufficient to obtain reliable data
below 5 and 10nm for the noncapped and capped wedged sample. However, a
SQUID magnetometry experimenton a (1.6-nm Fe304/2.5-nm MgO) 5o multilayer
capped with 3-nm NiO showed that hysteresis loops along the <100> in-plane
axis and the film normal coincide. Ferromagnetic resonance (FMR) experiments
confirmed that the out-of-plane, as well as in-plane, anisotropy vanishes below
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Figure 7.7 The thickness dependence of
the out-of-plane anisotropy multiplied by the
thickness obtained from the Fe3;O4 wedge
with the capping layer (c) and without a cap

layer (filled squares) grown on MgO(100) us-

ing the corrected layer thickness t—2t; (see
text). Inset to figure: For two Fe3O4/MgO

multilayers with FesO4 = 9.3 and 23.7 nm,
respectively, the out-of-plane anisotropy has
been calculated using the hysteresis loop
determined by SQUID magnetometry with

H applied along the [100] in-plane axis ()
and applied perpendicular to the plane (filled
square). Figure reproduced from [27].

a Fe;04 layer thickness of 5nm. This result led the authors to conclude that
the “dead”-layer effect that they had observed somehow precludes a meaningful
interpretation of the observed interface contribution to the anisotropy K; in terms

of a Néel-type mechanism [27].

7.2.2.3 The Interface Structure: Antiphase Boundaries

A key experiment to elucidate the nature of the magnetism of the Fe;O4 interface
layers was the conversion electron Méssbauer spectroscopy (CEMS) experiment
performed by Voogt et al. [23]. Using MBE techniques, these authors successfully
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grew Fe;04/MgO multilayers in which 0.42-nm (i.e., 2 monolayers) Mossbauer
probe layers with the 3’Fe Méssbauer active isotope were incorporated at both
the Fe;O4 interfaces with the MgO layer or within the bulk of the Fe;O, layer.
In their series of samples, the Fe;O; layer thicknesses were 1.8, 3.5, and 5.0nm,
respectively, and the MgO interlayer thickness was chosen to be 2.0 nm to exclude
pinhole coupling between the Fe;O4 layers of the multilayer [30]. At first glance,
the most surprising result of this room-temperature Méssbauer experiment was
that the two hyperfine split sextets indicative of long-range ferromagnetic order in
Fe;04 decrease with decreasing Fe;O4 layer thickness regardless of the position
of the probe layer (see Figure 7.8 [23]). The breakdown of the long-range order
for Fe;Oy4 layer thicknesses less than 5nm is clearly not an interface effect. The
Mossbauer data clearly show a loss of long-range order as the two sextet peaks
gradually deteriorate with decreasing layer thickness until they appear to coalesce
into one peak for the 1.8 nm sample. Thus, this effect occurs throughout the entire
layer and not just at the interface.

The two sextet components for the multilayer in which the Fe;O,4 thickness is
5.3nm correspond to the isolated Fe** and Fe?>* ions in the octahedral sites.
This result demonstrated that the structure of the Fe;O4 film is spinel-like in
its entirety, and the presence of other iron-oxide phases at the interface, such as
Fe;_,O or y-Fe; 03, can be excluded. Moreover, the formation of a mixed MgFe; 04
ferrite at the interface in these high-quality MBE samples can also be excluded
since MgFe, 04, with its high resistivity, does not have hopping conduction along
the octahedral sites that would give rise to a Fe?>" signal in the Mdossbauer
spectrum [23].

Drawing a comparison to CEMS studies of thicker Fe;O, layers [40], the
Méssbauer data indicate that the hyperfine fields of both the Fe’* and Fe?>+
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Figure 7.8 Room-temperature conver- layer: (a) In the center of the Fe;O4 layer
sion electron Mossbauer spectra of (100) and (b) at the Fe3O4/MgO interface. Figure
Fe304/MgO multilayers as a function of the reproduced with permission from [23] (©
Fe3O4 thickness (indicated in each spec- 1998 by the American Physical Society).

trum) and the position of the ’Fe probe
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components become smaller as the Fe;O, thickness is reduced. Even in the ferro-
magnetic phase, the magnetic moments of the Fe-ions are progressively fluctuating
faster. Ultimately, this leads to the collapse of the sextet spectrum around 3.5 nm,
while a transition to a fully paramagnetic state occurs at a layer thickness of 1.8-nm
layer. Consequently, from these Mdssbauer experiments, there is no evidence of
any nonmagnetic or “‘dead” layer at the Fe;O, interface.

Independent of each other, two groups proposed that the explanation of the
anomalous magnetization behavior of thin Fe;O4 layers is caused by antiphase
boundaries (APBs) [22, 23]. APBs develop because Fe;O4 has a lower symmetry
and a larger unit cell than the underlying MgO substrate (and the MgO interlayer
in the case of multilayers). Consequently, Fe;O4 islands can nucleate on a MgO
substrate in eight unique ways. When nucleated on a substrate, these islands
are not able to match up with each other in order to form a continuous Fe;O4
layer without lattice faults (Figure 7.9). Consequently, the Fe;O, layer will have
a continuous O;-sublattice coincident with a fragmented, discontinuous cation
sublattice [22, 23]. Such APBs have been observed directly in transmission electron
microscopy (TEM) studies (see Figure 7.10) [22, 41, 42] as well as in scanning
tunneling microscope (STM) studies (Figure 7.11) [43]. In Figure 7.11, the STM
image of a 33 x 33nm? area of the surface of an MBE-grown Fe;Oy layer shows
a regular network of bright features elongated along the <110> direction, which
indicates a p(1 x 1) surface reconstruction. This reconstruction was interpreted
as a clustering of tetrahedral ions, which have dangling bonds that rotate by 90°
from one atomic plane to the next [43]. This 90° rotation is observed between two

° T—>
[110]
[ ]

Fe

Figure 7.9 Schematic representation of the and 3-4 leads to the formation of an APB
formation of antiphase boundaries (APBs) as the islands are shifted with respect to

by the growth of Fe;O4 on a rock-salt struc- each other. This shift is thought to give rise
ture, here, MgO(100). For clarity, one mono- to 180° Fe—~O-Fe superexchange paths, as
layer containing only octahedral Fe cations indicated by the solid lines (© 1998 by the
is shown. The coalescence of islands 1-2 American Physical Society).
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Figure 7.10 Dark-field TEM images of a respectively. The scale bar is 20 nm for all
12-nm-thick Fe3Oy4 film (a) as-grown. The three images. Figure reproduced with per-
images in (b) and (c) were taken after mission from [42] (© 2003 by the American

postannealing at 300°C in an oxygen back- Physical Society).
ground pressure of 107 mbar for 1 and 2h,
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Figure 7.11 (a) Scanning tunneling mi- the white line shown in (a). This line scan
croscope (STM) image of a 33 x 33 nm? shows that the two Fe3Oy4 islands are at the
area of Fe3O4 grown on MgO(100) with a same height on the surface. The two islands

p(1x1) surface reconstruction showing two  are separated by a disordered region taken
Fe;Oy islands rotated by 90° with respect to be an APB. Figure reproduced from [43]
to each other. (b) Line profile taken along (© 1997 with permission from Elsevier).

adjacent terraces which are separated by a single step on one atomic layer (0.2 nm).
However, Figure 7.11 also shows a disordered region between two Fe;Oy islands
nucleated with a different (cationic) orientation relative to each other. These two
islands appear to be separated by a disordered region of around 5 nm, which was
taken to be an APB. Figure 7.10 shows a TEM image of antiphase boundaries in
MBE-grown Fe;Oy layer at lower resolution, thereby offering a macroscopic view
that allows one to determine the density of the APBs [42]. For this MBE-grown
layer, the APB density or boundary length per unit area was determined to be
6.8 x 107> nm™!, which is equivalent to an average antiphase domain (APD) size
of 300 nm? [41]. This size is more than 2 orders of magnitude larger than the APD
of 27.5 nm? found for sputtered layers [22, 28], indicating a strong dependence of
APD size on growth conditions.

Although both the San Diego [22, 28] and Groningen [23] groups proposed
that APBs play an essential role in explaining the anomalous magnetization
behavior of ultrathin Fe;Oy4 layers, the models invoked to justify their conclusions
differ. In addition to the CEMS studies on Fe;04/MgO multilayers, Voogt et al.
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performed SQUID studies at low temperature. They observed that the remanent
magnetization at 5 K after field cooling in a 10kOe (= 796 kAm ™) field decreased
rapidly with increasing temperature until it leveled off at what they defined as the
blocking temperature [23]. They also determined that this blocking temperature
decreased with film thickness with values of 40, 140, and 250K for their 1.8, 3.5,
and 5.3-nm thick layers, respectively. This magnetic behavior was attributed to
superparamagnetism caused by magnetic domains within the Fe;O4 layer having
dimensions of approximately 10 x 10nm?. It was proposed that these domains
originate from a new 180° Fe—O—Fe interaction across the APBs that is not present
within Fe;O4. They surmised that these 180° Fe—O—Fe interactions are quite strong
because a similar Fe—O-Fe superexchange interaction found in orthoferrites has
a superexchange constant J of —25 K [44]. Since this new interaction at the APB is
comparable to the dominant superexchange interaction between Fe on tetrahedral
(A) and octahedral (B) sites within Fe;O4 (Jap interaction of —23.4K [5]), these
authors assumed that the A— B coupling across each APB cancels the 180° Fe-O-Fe
interaction, yielding an average net coupling strength of 3 x 10 m~2 for the AF
superexchange interaction between neighboring domains within the Fe;Oy layer.
This gives Rise to a barrier height W ~ 3 x 10eV per 10 nm of antiphase boundary
for the fluctuation of the domain due to AF coupling across the APB. Comparing
this calculation with the experimental data, the authors concluded that the influence
of the superexchange barriers across the APBs must be largely suppressed due
to frustration among the interdomain interactions. When Fe;O, islands nucleate
on the MgO substrate at random points during film growth, junctions between
domains common to three domains will be in the majority. Each of these junctions
have competing interdomain interactions in which superexchange barriers will
effectively cancel each other out and enable the domain to fluctuate freely. In this
situation, single-crystalline, epitaxial Fe;O, films will become superparamagnetic.

In contrast, the San Diego group did not invoke superparamagnetism to explain
how APBs account for the magnetism of thin Fe;O, films [23]. These authors also
concluded that new 180° Fe—O—-Fe interactions occur across the APBs. In addition,
these authors assumed that the number of A—A interactions increases along with
the A—O-A angle relative to 180°. As a consequence, the interaction term also
increases [22]. This assumption of an increase in A—A interactions may be incorrect
as it relies on models of the APB in which the octahedral and tetrahedral ions
are in close proximity. If one assumes that there must be charge neutrality along
the APBs, these APBs are not likely to occur. Nevertheless, Margulies et al. [22]
arrived at the same conclusion as Voogt et al. The altered exchange interaction
across the APB causes the coupling between two adjacent domains to be AF since
the 180° Fe—O-Fe coupling will overpower the A—B coupling. These authors
used this model to explain their observation that their thick sputtered Fe;O,4 films
did not saturate even in extremely high fields up to 70kOe (= 5572 kAm ™). We
note, however, that subsequent studies demonstrated that high-quality Fe;O4 films
grown by MBE could be saturated (see Figure 7.4a) presumably due to a lower
density of APBs.
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The accepted explanation of how the APBs and the APDs influence the observed
magnetic properties of Fe;O, films originates largely from the work done by Hibma,
Eerenstein, and coworkers. From resistivity measurements [45], these authors first
found that the antiphase domain size, and thus the APB density, strongly increases
with decreasing film thickness. Specifically, the antiphase domain size D was found
to depend on film thickness, t, as [42].

D o« /t (7.6)

This effect also explained the thickness dependence of the magnetization and
anisotropy (see Sections 7.2.2.1 and 7.2.2.2 as well). Subsequently, these authors
[42] demonstrate that the antiphase domain size is not fixed but could be altered
by annealing the Fe;O,4 films after dissolving the MgO substrate to remove it.
Figure 7.10(a) shows the dark-field TEM image of the as-grown 12-nm Fe; O, film.
Figures 7.10(b) and 7.10(c) show the effect of postannealing the film at 300°C
for 1 and 2h, respectively, in an oxygen atmosphere of 107° mbar. Clearly, the
APB density and the antiphase domain size change. This result is quite important
because the antiphase domain size previously was thought to be fixed by the initial
growth conditions [41]. Eerenstein et al. showed that the activation energy for the
diffusive motion of an APB is quite low at 26 £ 5 kJmol~! (250 meV) [42], primarily
because the oxygen sublattice is continuous at the APB and the cation sublattice is
discontinuous. Since these cations can move into the mostly unoccupied interstices
of the Fe; 04 lattice (Figure 7.1a) and since the rapid exchange of electrons between
FeX™ and Fe’* above the Verwey temperature [5] prevents the buildup of long-range
electrostatic interactions, this process does not require high energy and can occur at
growth temperatures typical for Fe;O4 films. Consequently, the longer deposition
times needed for thicker films give rise to a lower APB density. (These authors also
showed that for MBE-based growth, the antiphase domain size does not depend on
oxygen pressure.) Given that the critical nuclei for the films consist of both Fe and
O atoms and that Fe diffuses faster, the island formation depends on the density
of the slower O species. Differences in magnetic results that depend on growth
conditions at various labs can thus be explained. (This model applies to both Fe;O4
films grown by MBE and sputtering, but not to pulsed laser deposited films as the
atomic species are deposited at the same time in the latter.) In a subsequent paper
[46], the Mossbauer investigations indicated that the magnetic fluctuations of the
larger antiphase domains are most likely blocked while the smaller domains have
magnetic moments that are superparamagnetic. A more refined analysis showed
that only 50% of the coupling across APBs gives rise to AF coupling [47]. The
authors thus could quantitatively explain the earlier results by Voogt et al. [23] on
the observed blocking temperature dependence of the remanent magnetization.

APBs were thus directly observed both in sputtered and in MBE-grown films [22,
23, 41], and analysis of the magnetization revealed that new 180° Fe—O—Fe coupling
occurs giving rise to AF coupling between domains originating from differently
nucleated Fe;Oy islands. To gain more insight into the relevant model [22, 23], an
experiment was performed to see if the superparamagnetic state predicted [23] could
be observed. To investigate this, the hysteresis loop of a (Fe304/MgO) 5o multilayer
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Figure 7.12 Hysteresis loops at various
temperatures determined by SQUID mag-
netometry for a (10A Fe304/22 A MgO) 5o
multilayer with a 30A NiO cap layer grown
on MgO(100). H was applied along a [100]

in-plane direction. The magnetic moment M
is normalized to the total Fe3O4 volume of
the multilayer after linear correction for the
diamagnetic substrate contribution. Figure
taken from [48].

with a 1-nm Fe;O,4 and 2.2-nm MgO was measured by SQUID magnetometery [48],
and the data are reproduced in Figure 7.12. These data clearly show saturation of the
magnetization at all four temperatures investigated (40, 100, 200, and 300 K), where
the observed moment decreases with increasing temperature. A key observation
is that the temperature dependence of the hysteresis loop cannot be described by
the Langevin function, which is expected for superparamagnetic behavior. One has
to note that in measuring these hysteresis loops, a correction had to be made to
the signal for the diamagnetic contribution of the MgO substrate. However, it was
shown that it is not possible to adjust this linear correction such that a Langevin
temperature dependence could be obtained. Thus, the proposed model based on
superparamagnetic behavior of thin Fe;O4 layer induced by the 180° Fe—O-Fe
coupling across the APBs does not seem to hold if magnetization measurements
are considered.

There appears to be a contradiction between the magnetization measurements
that find no evidence of a “dead” layer and the Mdssbauer data that see evi-
dence for motional narrowing of the Mdssbauer spectra for films of less than
2.4-nm thickness [23, 46]. These differences can be reconciled by considering that
both measurement techniques detect the magnetization at different timescales.
Specifically, the Mossbauer timescale of 1078 s is much shorter than the mag-
netization measurement scale of ~1s. Consequently, fluctuations of the spins
within the measurement time of Mdssbauer give rise to motional narrowing
or “superparamagnetism”, while these spin fluctuations are not detectable in
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conventional magnetization measurements that consequently are sensitive to the
missing magnetization. The layer thickness dependence can thus be understood
in that the antiphase domain size D depends on the film thickness as D o /%,
and the magnetic fluctuations of the spins in larger APDS are blocked or exceed
the Méssbauer measurement time. Consequently, the relative contribution of the
antiphase boundaries to the total Fe;Oy4 layer thickness decreases as the Fe;O4
layer becomes thicker, and the layers become easier to magnetize, as shown in
Figure 7.4(a). A possible interpretation of the strictly linear dependence for the
anisotropy in Figures 7.4(b) and 7.7 then is that the absolute contribution (i.e.,
amount) of the spins in the APBs is more or less constant giving the effect of
a (small) “dead” fraction of spins which do not contribute to the magnetization
signal. The absence of a so-called “dead” layer at the Fe;O4 interface bodes well for
applications of Fe;O4 in oxide tunnel junctions (to be discussed in Section 7.4),
as a true “dead” layer at the Fe;O4 interface with any NM tunnel barrier could
severely limit the spin polarization available for tunneling and thereby reduce the
attainable tunnel magnetoresistance ratio.

7.3
Magnetic Coupling Studies

Though the properties of magnetic oxide multilayers are determined largely
by the nature of the magnetic coupling between the layers, the structural and
magnetic characteristics of each individual component (as detailed in Section
7.2) strongly influence the behavior of the composite system. Because of the
potential for spintronics applications (discussed in Section 7.4), recent research
has focused primarily on AF-F oxide multilayers that exhibit exchange biasing,
on F—F multilayers that act as exchange springs, and on F-F systems with NM
interlayers that show tunneling MR. Simplistic multilayers composed of monoxide
antiferromagnets, however, were the topic of the earliest investigations as their
growth was straightforward. The magnetic phenomena discovered in these AF—AF
and AF-NM systems, such as scaling of the ordering temperature, are described
first in Section 7.3 as they provide a basis for understanding the complex behaviors
observed later in F—AF multilayers, as discussed later in this section.

7.3.1
Antiferromagnetic Multilayers

7.3.1.1  AF—NM Multilayers: Finite-Size Scaling

Finite-size scaling, which is an important field of study in physics, refers to
changes in the physical properties of solids resulting from a reduction in a
dimension below a certain characteristic length scale. Early studies of this effect
in magnetic MnFe,04 nanoparticles prepared by wet-chemical methods [49, 50]
were fraught with difficulty due to nonequilibrium cation distributions [51] and
surface chemistry/oxidation effects [52]. Recently, a systematic investigation of
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related nanoparticles confirmed unequivocally that these structural issues were
actually responsible for the observed deviations in Ty that were initially attributed
to finite-size scaling [53]. Advances in the growth of magnetic oxide multilayers
and thin films by sputtering and MBE have opened a more controlled approach
for characterizing finite-size scaling effects on magnetic properties such as the
ordering temperature Ty. Since these oxides are strongly correlated systems, the
correlation length ¢ is short and finite-size scaling should occur only in ultrathin
films. Indeed, investigations of metallic magnetic films preceding the oxide studies
established that finite scaling of the ordering temperature occurs only for ultrathin
films that are 5-6 monolayers thick [54].

Figure 7.13 summarizes the key results of measurements of the CoO order-
ing temperature Ty and its dependence on layer thickness in CoO-NM oxide
multilayers. This figure includes data on both CoO/MgO multilayers prepared by
MBE [21, 55, 56] and CoO/SiO, multilayers grown by reactive sputtering [57, 58].
Specifically, Figure 7.13(b) shows the ordering temperature determined from sus-
ceptibility measurements of the CoO/SiO, multilayers. These data suggest that the
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CoO bulk Ty of 291 K is reached only at CoO thicknesses greater than 100 A =~ 25
monolayers. In contrast, neutron diffraction studies of high-quality single-crystalline
(30 A CoO/30 A MgO)y333 and (30 A CoO/18 A MgO), 5o multilayers demonstrated
that Ty of the CoO layers remains bulk-like [21, 56]. The plot of the intensity of the
111) AF reflection as a function of temperature for the (30 A CoO/18 A MgO),so
multilayer (Figure 7.14) clearly shows that Ty = 300 = 10 K. The correlation length
deduced from the width of the (311) reflection for this multilayer is 38 A, thus
ruling out the possibility that interlayer coupling among the CoO layers across
the MgO layers leads to an enhancement of the ordering temperature. Moreover,
Abarra et al. studied a series of sputtered CoO/MgO multilayers by specific heat
and observed a very limited reduction of Ty (- data points in Figure 7.13a) [55].
The apparent discrepancy between the behavior of the ordering temperature of
CoO/MgO multilayers (Figure 7.13a) and CoO/SiO; multilayers (Figure 7.13Db)
was addressed by Tang et al. [58] who demonstrated that the structural integrity of
the CoO/MgO multilayers was better than that of the CoO/SiO, multilayers even
though both were grown by reactive sputtering. Given that SiO; is amorphous, it
was not surprising that in their CoO/SiO, multilayers the structure of the CoO was
also amorphous for layer thicknesses less than 20 A. In contrast, their CoO/MgO
multilayers grown on MgO substrates exhibited higher ordering temperatures
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because lattice matching of the CoO and MgO rock-salt structures results in
the growth of polycrystalline multilayers with large grain sizes [58]. Moreover,
for their CoO/MgO samples, the authors also identified apparent contradictions
among values of the “ordering” temperature determined by measurements of
the specific heat in comparison to values obtained from analysis of the decay
time of the thermoremanent moment or from a comparison of the zero- and
field-cooled magnetization. The ordering temperatures that they determined for the
Co0/Si0; multilayers by specific heat measurements are plotted in Figure 7.13(a)
(e data points). The “ordering temperature” found from measurements of the
thermoremanent magnetization and the zero- and field-cooled magnetization is
actually a blocking temperature [58], and the trend with CoO layer thickness
matches that shown in Figure 7.13(b) for CoO/SiO, multilayers. The explanation
for the discrepancy between the data in Figure 7.13(a) and 7.13(b) may be that
magnetic susceptibility measurements for thin films are unduly influenced by
uncompensated surface spins [55], while neutron diffraction and specific heat
directly probe the bulk of the AF material. Consequently, taking into account the
quality of the samples studied, limited evidence exists, as of yet, for finite scaling
of Ty for CoO layers as thin as ~25A (e.g., 6 monolayers). It would be highly
desirable to extend these studies to include single-crystalline, MBE-grown samples
with CoO layer thicknesses <30 A.

The ordering temperature of MBE-grown, ultrathin NiO single layers on MgO
was also studied using magnetic X-ray dichroism (MCD) [59], and it was shown
to be reduced below Ty of bulk NiO (520 K) [60]. Specifically, Ty was found to be
470, 430, and 295 K for NiO thicknesses of 20, 10, and 5 monolayers, respectively
[59]. Note that for CoO/MgO and NiO/MgO sputtered multilayers, Ty for NiO
is considerably more suppressed than for CoO layers of comparable thickness
[55]. To date, there exists no explanation for the origin of the differences in
behavior observed among ultrathin metallic films [54], CoO multilayers in which
finite scaling effects are observed only below 5-6 monolayers (if at all), and NiO
multilayers in which finite-size scaling occurs in much thicker layers.

7.3.1.2 AF-AF Multilayers: Exchange Coupling

As described in Section 7.2, the first CoO—NiO AF-AF multilayers were grown
by MBE by Terashima and Bando [61]. These authors were also the first to study
oxide multilayers using neutron diffraction techniques, which directly probe the
AF order. In each of their multilayers, the CoO and NiO layers had individual
thicknesses less than 20 A, and they behaved as a single magnetic unit with a single
Ty that varied linearly with the relative CoO/NiO content [62]. The XRD results
for multilayers with a bilayer thickness <50 A were consistent and showed a single
diffraction peak that yielded a lattice parameter intermediate between that of the
individual CoO and NiO components [61]. The interest in these AF—AF multilayers
was further stimulated by the work of Carey and Berkowitz, who showed that
AF NiO or CoxNi;_,O could be used as a pinning layer to exchange bias (see
Section 7.3.2) a permalloy overlayer in read heads [63]. Exchange biasing [64, 65]
was also observed in related systems involving CoO—NiO multilayers, and these
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multilayers were subsequently studied by neutron diffraction [66, 67] and specific
heat techniques [55]. Characterization of the ordering temperature as a function
of NiO layer thickness, tyio, and CoO layer thickness, tco0, yielded the following
picture:

1) Multilayers with tcoo and tnio < 20A behave as a single entity with Ty
determined by the average NiO : CoO ratio [55, 62, 66].

2) Multilayers with tcoo < 30 A, tyio < 50 A no longer behave as a single antifer-
romagnet and show two transition temperatures [55, 66].

3)  For tyio, tcoo = 60A, the layers behave as individual layers with transition
temperatures approaching their bulk values [62, 65, 66].

This trend is clearly illustrated in Figure 7.15 [65] that shows the blocking
temperature, Tj (i.e., the temperature at which the exchange biasing [68] ceases to
exist) plotted as a function of CoO layer thickness for a series of NigoFe;0/CoO—NiO
trilayers with the NiO thickness > 450 A and the intermediary CoO thickness varied
from 10 to 55 A (see inset in Figure 7.15). The three different regimes identified
above are apparent with a transition region extending over a CoO thickness range
from 30 to 50 A.

The scaling of Ty can be understood within the context of the magnetic proximity
effect that gives rise to long-range spin alignment. Using a mean-field approach [69],
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Figure 7.15 Blocking temperature, Tg, versus CoO layer
thickness, tcoo, for thick NiO/thin CoO/Nig;Fejq exchange
couples. The drawn line indicates variation in TB. Ty for
NiO/Nig; Feqg is 475K and for CoO/Nig Feyq is 305 K. The
inset shows the sample structure used. Figure reproduced
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a single bilayer is modeled as Nyio planes of NiO and N¢,o planes of CoO. The
magnetic structure of the bilayer is determined from a mean-field equation that
includes only nearest-neighbor interactions. For the i spin in the bilayer

Ji < Sici>4]i < Sij1 >
kgT

< S;> = Bsg ( (7.7)
where Bg is the Brillouin function. The exchange parameter [nio and Jc,o were
determined from the Ty of bulk NiO and CoO, and J; at the interface was taken
as the average of Jnio and Jcoo. This model reproduced qualitatively the thickness
dependence of Ty as determined from neutron measurements [66], and it also
predicted that the moment decays smoothly through the interface to near zero in
the center of the CoO layer at temperatures just below Ty for NiO. According to
the model, the Co spins near the interface are polarized by exchange coupling to
Ni moments, and this polarization gives rise to, for example, the increase of the
CoO ordering temperature of approximately 80 K observed for a (43 A NiO/29 A
Co0)y100 multilayer [66]. The results of these neutron diffraction experiments
are consistent with ordering temperature measurements for other multilayers
involving ionic antiferromagnets such as FeF,/CoFe; [70] and Fe;04/NiO [71, 72].

Remarkably, in the CoO/NiO multilayers described above, the measured mag-
netic coherence length along the growth axis (i.e., perpendicular to the growth
plane) is 250 A at 300K and 170 A at 450K [66], which exceeds the individual
NiO layer thickness even at temperatures (450 K) at which the CoO is effectively
disordered [66]. The coherence of the NiO spins at temperatures greater than the
apparent Ty of the CoO suggests that the magnetic exchange interactions may be
of longer range than previously believed in these AF oxide systems.

7.3.2
Antiferromagnetic—Ferromagnetic Coupling

7.3.2.1 Exchange Anisotropy
Exchange anisotropy or exchange biasing was discovered by Meiklejohn and Bean
in 1956 upon field cooling Co particles with surface oxidation [68]. They observed
a hallmark signature of exchange biasing: a hysteresis loop shifted along the field
axis for temperatures below the AF Néel temperature, Ty. Figure 7.16 shows this
effect for a [111] oriented Fe;O4/CoO bilayer grown on «-Al,03(0001) upon field
cooling through the CoO Ty. The shift of the hysteresis loop along the field axis
is defined as Hep, and is indicated in Figure 7.16. The extent of the shift, Hep,
depends on temperature as shown in the figure. The temperature at which the
biasing vanishes is defined as the blocking temperature T with Tp < Ty. Note
that in this case Hg, depends linearly on T. For recent reviews of this effect that
include basic models, refer to [73, 74] in addition to Chapter 5 [75]. A discussion
of various theories for biasing can be found in the reviews of [76, 77] as well as in
Chapter 6 [78].

From simplistic energetic models, one can derive an equation for the expected
magnitude of the field shift, Hep,, by balancing the Zeeman field with the exchange
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axis by Hep as indicated in the figure. The

coupling across the interface:
n2 _] ex S F S A F

H., =
< a? oMptp

(7.8)

where a is the lattice parameter, n/a? is the number of exchange-coupled bonds
across the AF—F interface per unit area, J is the exchange constant, S; the spin
of either the F or AF, o is the vacuum permeability, M is the magnetization of
the F layer, and tr is the thickness of the F layer. An important aspect of Eq. (7.8)
is that it predicts that Hgp, o tp, indicating that exchange biasing is an interface
effect. This dependence has been verified for many systems exhibiting exchange
bias. For the oxides discussed here, this has been demonstrated to be the case in
[79]. Unfortunately, the model described by Eq. (7.8) also predicts that the absolute
value of Hep is 2 orders of magnitude larger than the H,, values measured in
metallic systems such as NigoFeyo/FeMn. This discrepancy led to the development
of models for exchange biasing in which domain-wall formation in the AF layer
reduces the expected Hy, [80, 81].

Since a general discussion of the experimental results on exchange biasing using
AF oxide bilayers is provided in Section 5.3 of Chapter 5 [75], the section here
focuses exclusively on the exchange-biasing phenomenon in oxide multilayers.
The advantage of these materials, in general, is that the analysis is straightforward
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because the (super)exchange interaction is local and well understood [5], and
values for the exchange interaction across the interface can be found in the
literature [82]. Moreover, as discussed in Section 7.2.1, the growth of high-quality,
single-crystalline multilayers avoids complications from extrinsic structural effects
such as small grain sizes and rough interfaces. In addition, neutron diffraction
measurements, designed to directly elucidate the magnetic structure within the AF
layers, can easily be applied to crystalline oxide superlattices with multiple bilayer
repeats, as opposed to individual polycrystalline AF layers with thicknesses at
which exchange biasing occurs (typically < 100 A) which do not generate sufficient
scattered intensity. As in the previous sections of this chapter, we focus our
discussion on MBE-grown systems using magnetite, with particular emphasis on
Fe;04/NiO and Fe;04/CoO, which have been extensively studied due to their
matching oxide sublattices. The implications of these investigations for other oxide
systems, such as the perovskites and manganites grown by PLD, are clear.

Table 7.1 lists examples of the various Fe3;04/CoO and Fe;O4/CoyFe;_O4
multilayers which have been shown through the years to exhibit exchange biasing.
(We note that Fe;04/Co30,4, which is a F/AF system comprised of two spinels,
is not included in the table as no exchange biasing was observed [83].) Since
theoretical models generally provide only zero-temperature results, one should
consider He, at T = 0K when comparing theoretical and experimental results.
To eliminate differences in layer thickness among the various systems studied,
the exchange anisotropy constant Ki? has been calculated in Table 7.1 for those
all-oxide systems for which low-temperature biasing data are available

KY = pnoMsH Dty (7.9)

e

As we mentioned before in reference to NigyFe,o/FeMn multilayers grown by
MBE, the magnitude of the difference between the measured and calculated (via Eq.
7.8) exchange anisotropy even at low temperature is quite large (i.e., nearly 2 orders

Table 7.1  List of the magnitude of the and the experimentally found value for bi-
exchange anisotropy in various all-oxide asing at low temperature, Hg?, Data for the
exchange-biased systems for which classic metallic NiggFez0/FeMn system grown

low-temperature data are available. A is the by MBE are included for comparison
ratio of the biasing calculated from Eq. (7.8)

System Orientation Substrate Deposition Kgl))) (mJm=2) A References
Fe304/CoO (100) SrTi03(100) MBE 2.11 8 [84]
Fe30,4/Co0 (111)  «@-AL,03(0001)  MBE 1.43 35 84]
Fe304/CoO (100) MgO(100) PLD 1.2+03 14 [79]
Fe;04/Co0O (111) MgO(111) PLD 1L1+03 47 [79]
Fe;04/CoyFe; Oy  (100) MgO(100) PLD 1.840.4 [79]
Fe304/CoxFey_Oy4 (111) MgO(111) PLD 1.0+ 0.2 [79]
NigoFeo/FeMn (111) Cu(111) MBE 0.22 73 [84]
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of magnitude), as observed and reported many times for related metallic systems. In
comparison, the biasing measured for all-oxide multilayers is significantly larger,
and the experimental and theoretical anisotropies differ by less than an order
of magnitude. The classical interpretation of exchange biasing thus gives values
of the bias field that are, at least, the right order of magnitude for AF-F oxide
systems. The contrast between the behavior of (111) and (100) oriented bilayers
may be understood within the context of differences in the construction [84] (and
reconstruction) of their interfacial planes (as discussed, in part, in Section 7.3.2).
It is also interesting to note that the results for Fe;O4/CoO multilayers grown by
PLD are consistent with those for multilayers grown by MBE, albeit with slightly
lower biasing.

7.3.2.2 Dependence on Antiferromagnetic Thickness

An explanation for the characteristic dependence of Hep, on AF layer thickness is an
essential feature of any model for exchange biasing. In particular, Malozemoff made
a very specific prediction that biasing only occurs below a critical thickness ta it
of the AF layer (see Figure 7.5 of [81]). For Fe304/CoO bilayers, the experimentally
determined dependence of Hep, on tcoo has been plotted in Figure 7.17 both for
[111] Fe304/CoO bilayers grown on «-Al,03(0001) substrates as well as for [100]
bilayers grown on SrTiO3(100) and MgO(100) substrates [84, 85]. In these sample
series, the CoO layer thickness, tco0, was varied while the Fe;Oy4 layer thickness,
tre;04, Was held constant at 120 A. At first glance, the observed dependence for two
of the sample series strongly resembles that predicted by the Malozemoff theory
(viz., a regime where Hep, o 1/taf, followed by a regime in which Hy, is constant).
Upon closer inspection of Figure 7.17(a), blatant inconsistencies are apparent as
noted previously in [84]. Specifically, Malozemoff’s theory includes an expression
for the critical thickness ta «rit1 above which biasing should disappear:

tacritt = SVAK
critl —
’ 4./

where f; is a parameter of order 1 [81], A is the exchange stiffness, and K is the
uniaxial anisotropy constant of the antiferromagnet. Using parameters for bulk
Co0 (Kcoo = 1.1 x 107 Jm™—3 [86]), one finds that ts i < 2 A, which is clearly at
odds with the data shown in Figure 7.17(a). In fact, this calculated value for ta in
more closely matches the CoO layer thickness of ~4 A corresponding to the onset of
exchange bias at low temperatures. As the roughness associated with deposition of
the CoO underlayer is of this order, it is likely that the onset of biasing is determined
entirely by factors related to the growth in contrast to Malozemoff’s predictions. In
comparison to related ionic systems such as MnFe,/Fe and FeF,/Fe [87] in which
Ty is less than 100 K, interpretation of the onset of biasing in CoO-based systems
is more straightforward as He, was measured at temperatures well below Ty of
CoO. Finally, we note that the constant regime of Hep, in the Malozemoff theory is
an artifact of the nonanalytical expression used for the random-field energy, which
disappears when an analytic expression is used [84].

(7.10)
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Figure 7.17 (a) The low-temperature a-Al,03(0001), SrTiO3(100), and MgO(100).
exchange-biasing field, Hg;), versus the CoO  For details on the tcoo-dependence, see text.
AF layer thickness, tcoo, for Fe304/CoO (b) The Fe3O4 perpendicular lattice param-
bilayers with a Fe;Oy4 layer thickness of eter, a;, versus tceo for the Fe304/CoO

~120A grown on three different substrates  bilayers grown on &-Al;03 and SrTiOs.

In Figure 7.17(b), the perpendicular lattice parameter a, of the Fe;O4 layer
as measured by X-ray diffraction is plotted as a function of tcoo for the [111]
Fe;04/CoO bilayers grown on «-Al,03(0001) and for the [100] bilayers grown on
SrTiO3(100) [85]. A striking parallel to the variation of Hep, with tcoo (Figure 7.17a) is
evident indicating that the dependence of a; on tc,0o is also a direct consequence of
growth-induced variations among these samples. Specifically, Figure 7.17(b) shows
that three regimes exist for the growth of Fe;04/CoO bilayers with critical CoO
thicknesses of approximately 100 A and 200 A. For tc,0 < 100 A, the perpendicular
lattice parameter, a_ , is less than or equal to the Fe;Oy lattice parameter of 8.396 A
[5]. For tcoo > 200A, a; = 8.30 A as a direct consequence of lattice-matched growth
of Fe;O4 on the thick CoO underlayer. Since the lattice constant of CoO for the
double oxygen sublattice is 8.52 A, epitaxial growth of the Fe3O, oxygen sublattice
on the CoO(100) sublattice gives rise to an in-plane lattice stress of 1.48%. Using
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the elastic constants of Fe;O4 [88], the corresponding strain o is 4.29 GPa and the
resulting perpendicular lattice parameter is 8.30 A for Fe;0y, as observed. Clearly,
the CoO underlayer strains the Fe;O, layer in this thickness regime for both the
[111] and [100] bilayers.

For tcoo < 100 A, the situation is reversed, and the relatively thick Fe;Oy4 layer
with its bulk-like lattice parameter (Figure 7.17b) strains the thin CoO layer.
Correspondingly, Hep, exhibits no dependence on tar in this regime (Figure 7.17a).
The observed tar dependence of He, thus appears to originate from induced strain
that increases the anisotropy of the CoO layer and subsequently increases Hep.
The thickness-independent biasing data for [100] Fe30,/CoO bilayers on MgO in
Figure 7.17(a) further support this conclusion. In this case, the CoO is closely
lattice matched to the MgO(100) substrate. The Fe;Oy layer, rather than the CoO
layer, is thus strained for all tar considered. Also, biasing fields obtained for [111]
66 A Fe304/NiO bilayers grown on «-Al,03(0001) were a factor of four stronger
than those observed for [100] bilayers grown on MgO(100), much to the surprise
of the authors [89]. While these results are seemingly at variance with the general
trends shown in Table 7.1, these differences can now be understood in terms of
strain effects.

The recent results obtained by Hibma and coworkers on CoO thin films have
revealed that variations in the CoO strain can alter the CoO single-ion anisotropy
by as much as 4.8 meV, from 3.4meV to —1.7meV [90]. Qualitatively, the data
for the Fe304/CoO bilayers shown in Figure 7.17 can be explained by these same
effects. The enhancement of H, in Fe304/CoO bilayers by a factor of three may
result from strain induced by the Fe;O4 overlayer on the CoO. This strain would
influence the Co?* single-ion anisotropy, which can be enhanced by a factor of
three from its bulk value to a value of ~7 x 10° Jm~ in CoO thin films due to the
4% tensile stress induced by epitaxial growth on MnO(100), according to the data of
[90]. Although we have argued here that the Malozemoff model for the AF thickness
dependence of the bias field may not be appropriate for this Fe;0,4/CoO system,
the observed dependence of Hg, on Kcoo seems to be consistent with the general
trend predicted by models for exchange biasing that are based on domain-wall
formation (including Malozemoff’s) [80, 81]

Heb o< v/ AarKar (7.11)

Additional support for these domain-wall models is provided by investigations
of the temperature dependence of the anisotropy. For antiferromagnets with cubic
anisotropy such as CoO and NiO, K varies with T as [63, 91]

Kar o (1 — T/Ty)? (7.12)
Combining Egs. (7.11) and (7.12) yields
Hep o (1 — T/Ty) (7.13)

giving the linear dependence of H, on T typically seen for Fe;0,4/CoO bilayers
irrespective of orientation [56, 79, 84, 92] (see Figure 7.16).
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The formation of AF domain walls as predicted by these models has been
investigated using high angle neutron diffraction by Borchers et al. in Fe;04/NiO
multilayers [93], and the formation of F domain walls was probed using polarized
neutron reflectometry (PNR) by Ball et al. in Fe304/NiO and Fe;0,4/CoO multilayers
[94]. As described in detail in the next section, diffraction measurements of the
(111) magnetic reflection provided direct information about the NiO AF order as a
function of temperature and field in these samples. Specifically, these experiments
[93] revealed that the observed exchange biasing is associated with domain walls
that “freeze” into the NiO layers during field cooling. These domains were relatively
small (i.e., 40nm in-plane and 80nm along the growth axis) and their size did
not vary with subsequent field cycling. In contrast, the sizes of the AF domains
both parallel and perpendicular to the growth plane were larger after cooling in
zero field to 78 K, but decreased systematically when the field magnitude was
increased. PNR measurements of similar Fe;04/NiO bilayers provided additional
evidence of domain-wall formation in the exchange-biased state but within the
ferromagnetic, rather than the AF, layer [94]. We note that PNR is sensitive to the
depth dependence of the magnetization of ferromagnetic layers along the growth
axis. Using this technique, the authors determined that the Fe;O4 magnetization
was depleted in a saturating field applied opposite to the cooling direction, and
they suggested that this reduction could be a consequence of domain walls parallel
to the growth plane that form within the ferromagnetic layer. As the anisotropy of
NiO is reasonably large, it is possible that domain walls form both in the F and
AF layers, as indicated by these combined neutron measurements, consistent with
the general predictions of the Malozemoff model [81]. However, the dependence
of the bias field on the AF anisotropy magnitude remains untested in these
systems.

7.3.2.3 Perpendicular Coupling

Owing to the similar oxygen sublattices of the spinel Fe;O4 and the rock-salt
NiO and CoO, the AF order in these epitaxial oxide multilayers can be probed
directly with neutron scattering techniques. Neutron diffraction has thus proven
to be a powerful tool for obtaining a deeper understanding of exchange biasing,
especially in light of its sensitivity to nanoscale magnetic structures in buried
layers. The complex interplay between the F and AF structures in (100) Fe304/CoO
superlattices that exhibit exchange biasing was revealed by a series of neutron
diffraction studies that tracked the temperature and field dependence of a series
of magnetic reflections [21, 95, 96]. Figure 7.18 shows a scan perpendicular
to the growth axis through the (111) reflection (indexed relative to the Fe;O4
lattice) for a (100 A Fe304/30 A CoO).so multilayer [96]. The resultant lineshape
can easily be separated into contributions originating from the individual CoO
and Fe;Oy4 layers. Specifically, the large, narrow component corresponds to the
CoO AF reflection, and the AF order parameter can be extracted directly from
measurements of its intensity as a function of temperature. The narrow peak sits
on top of a broad reflection corresponding to the (111) Fe;O4 reflection that has
both magnetic and structural contributions. The full-width of these reflections
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the (111) reflection (indexed relative to the  Section 7.2.2.3). The inset illustrates the AF
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(100A Fe304/30A CoO),50 multilayer film {111} domains with spins alternating in the
grown on MgO at 78 K. The reflection has directions indicated by the double-tipped

a two component line shape. The Fe;O4 arrows. Figure reproduced with permission

component, indicated by the dashed line, is  from [96] (© 2007 by the American Physical
broadened due to the presence of APBs and  Society).

is inversely proportional to the coherence length of the structural grains and/or
magnetic domains, and the source of the broadening of the Fe;O4 component
was initially identified in related studies of Fe;O4/NiO multilayers [71, 72] to
be structural stacking faults. It is now clear that these Fe;O, stacking faults are
actually identical to the antiphase boundaries that were discussed in Section 7.2.2.3
as an explanation for the anomalous behavior of ultrathin Fe;Oy4 layers grown on
MgO.

Figure 7.19 shows the dependence of the (111) reflection on field preparation for
two multilayers with different CoO layer thicknesses, (100 A Fe304/30 A Co0),so
and (100 A Fe304/100 A CoO),so. The filled data points () correspond to the (111)
reflection after zero field cooling to 78 K. The relative intensity of the narrow CoO
component was increased (A data points) by cooling in a field (H = 14 kOe) parallel
to the in-plane [110] direction (Figure 7.18 inset) from 320 K. Field cooling along
the perpendicular in-plane [110] axis resulted in a decrease of the (111) CoO intensity
(o data points in Figure 7.19) [21, 95]. Further diffraction studies showed that in the
latter case, the intensities of the complementary CoO (111) and (111) reflections
(Figure 7.18 inset) simultaneously increased. The intensity of each of these four
{111} reflections is proportional to the relative population of the four corresponding
magnetic domains, each of which has a different AF spin propagation direction
(Figure 7.18 inset). The data in Figure 7.19 thus demonstrate that the population
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Figure 7.19 Scans of the (111) reflection [170] direction, and field cooling (H =
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tering vector Q) for (a) (100A Fe304/30A  respectively. The data have been normalized
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CoO)xso taken at 78K at H = 0. The sym-  fitted with a Gaussian line profile. Figure re-
bols ®,o and A indicate data taken after produced with permission from [21] (© 1998
zero-field cooling (initial state), field cool- by the American Physical Society).

ing (H = 1120KAm~") from 320K in the

of the four different CoO AF domains strongly depends on the direction of the
cooling field, even though CoO has no net moment. (As the broad background
component due to APBs in the Fe;O, does not change with field, the field-induced
changes in Figure 7.19 are solely due to the CoO spin reorientations.) Information
about the CoO easy-axis directions within each of the four domains was obtained
from neutron diffraction with polarization analysis, and it proved to be the key to
determining the relative orientation of the Fe;0,4 and CoO spins. As schematically
represented in the inset of Figure 7.18, the polarized beam data revealed that CoO
spins in the (111) and (111) domains always lie along the [110] in-plane direction,
while CoO spins in the (111) and (111) domains are always oriented parallel to the
[110] in-plane direction. Combined with the field dependence measurements in
Figure 7.19, the authors concluded that field cooling preferentially drives the CoO
spins into domains in which they are aligned perpendicular to the applied cooling
field and to the Fe;Oy4 spins [21, 95]. In short, the coupling between the CoO and
Fe; O, spins is perpendicular in these exchange-biased superlattices.

Since early models claimed that only collinear coupling between the AF and F
can give rise to exchange biasing, the key question for Fe;0,/CoO superlattices
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is whether the observed perpendicular coupling is responsible for the exchange
biasing or is merely a “spectator.” The former supposition is strongly supported
by the following experimental evidence. First, the CoO spins did not reorient upon
field cooling when the Fe;O4 layers were replaced by nonmagnetic MgO layers in
a (30 A Mg0O/30 A Co0O),;333 multilayer [21, 95]. Second, the onset of perpendicular
coupling in several Fe;O4/CoO superlattices occurred at the same temperature as
the onset of exchange biasing [96] (i.e., at the so-called blocking temperature Tj).
To demonstrate this effect, Figure 7.20 [96] shows the intensity of the (111) CoO
reflection as a function of temperature upon heating for two multilayers, (100 A
Fe;04/17A CoO0) 50 and (100 A Fe;04/30A Co0)y s, that were cooled in zero field
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(filled data points) and in a 5T field applied along the [110] axis (open data points).
After cooling in zero field, the (111) intensity gradually decreases with increasing
temperature for both samples in a manner consistent with a typical order parameter
for an antiferromagnet. In contrast, after field cooling the initial (111) intensity
is significantly reduced because the CoO spins have been driven perpendicular to
the field into either the (111) or (111) domain. Upon heating, the intensity of the
(111) reflection increases with temperature until it reaches a broad maximum at a
temperature that matches the independently determined Tj (i.e., vertical lines in
Figure 7.20) for each sample. Above this maximum, the intensities from all four
of the {111} AF domains were shown to be equal, indicating a randomization of
the AF spins [96]. This definitive result directly links the onset of biasing below
Tp with the freezing of the perpendicular F-AF spin alignment. Both effects thus
have a common origin in the all-oxide Fe30,4/CoO system.

Coincident with and also following the discovery of perpendicular coupling
in Fe304/CoO multilayers, this effect was also reported for several other
exchange-biased systems including (100) Fe;O4/NiO [97, 98] and (110) Fe/FeF,
[99]. In contrast to the behavior of Fe;0,4/CoO and Fe;O4/NiO superlattices, the
F layer in (110) NigoFeyo/FeMn multilayers [100] oriented itself perpendicular to
the AF layer, giving rise to uniaxial, rather than to unidirectional, anisotropy. The
behavior of this particular system is more consistent with early phenomenological
models of the AF-F coupling at the interfaces. Specifically, if the interfacial
plane of the AF has a net uncompensated moment, then the alignment of the F
relative to the AF is expected to be collinear and to exhibit exchange bias in the
absence of pronounced roughness. If the interfacial plane is compensated, then
the relative AF—F alignment is expected to be perpendicular and to show no bias.
Within this context, thought-provoking results were obtained by Krug et al. as part
of their X-ray magnetic circular dichroism (XMCD) and X-ray magnetic linear
dichroism (XMLD) investigation of compensated (110) and (001) interfaces and
the uncompensated (111) interfaces of epitaxial NiO films grown on single-crystal
Fe;04 [98]. Specifically, these authors observed that the (001) interface exhibited
perpendicular coupling in agreement with results for CoO/Fe;O,4 superlattices,
yet collinear coupling was found for both the (111) and (110) NiO interfaces. The
collinear coupling in the nominally compensated (110) structures was explained
to be a consequence of strained growth. Specifically, magnetoelastic effects favor
{111} AF domains out of the sample plane with interface structures that are
uncompensated. In contrast, it was determined in exchange-biasing studies of
Fe;04/CoO [56, 84] that the dependence of Hg, on temperature and on tceo
is similar for (111) and (100) oriented multilayers, apart from a difference of
0.7MJm~2 in the absolute value of the exchange anisotropy constant Ke(g) (see
Table 7.1). This agreement does not make sense because the magnetic surface
structures of these two orientations differ drastically, as shown in Figure 7.1 [84]
and as observed by Krug [98]. However, it is possible that the antiphase domains
(see Section 7.2) or even just the strain resulting from the growth of Fe;O4 on
the rock-salt structure may be responsible for a net compensated (111) interface,
giving rise to perpendicular coupling at least for this Fe;04/CoO system.
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In the related ionic system Fe/FeF,, perpendicular coupling has also been
observed, and the trends are again not intuitive. For a single AF crystal of FeF, onto
which a 20-nm Fe layer was deposited, perpendicular coupling was observed for the
compensated (110) surface, as well as for the uncompensated (100) surface once
the system was cooled [101]. Surprisingly, the biasing is strongest for a twinned
(110) FeF, film in which the F spins are aligned relative to the AF spins at an angle
of 45°, presumably due to frustration [101]. The explanation for the orientation
dependence of the coupling and biasing in this, as well as in the Fe304/CoO,
system should be key to fully understanding the exchange-biasing effect.

To this end, Koon proposed a theoretical model for the exchange-biased state in
which the AF spins align perpendicular to the F spins [102] as a result of frustrated
exchange at the compensated interfaces [102, 103]. However, for Heisenberg
exchange between F-AF spins across the interface, such a spin—flop coupling
is uniaxial and thus cannot lead to unidirectional exchange anisotropy [104]. A
possible mechanism for breaking this symmetry is the Dzyaloshinsky-Moriya
interaction [96] which was considered as a possible origin for exchange biasing in
Fe;04/CoO multilayers with APBs.

Finazzi has also studied interface coupling for F/AF bilayers [105] that are
compensated and uncompensated. Since direct exchange is the focus of his model,
however, this theory may not directly be applicable to Fe;04/CoO and Fe;O4/NiO
multilayers in which the exchange interaction is due to superexchange. Finazzi’s
idea was to examine the crossover between compensated to uncompensated
interfaces, and he arrived at a phase diagram for collinear and perpendicular
coupling with axes of u and He,/mjap. The parameter u is a measure for the
density of uncompensated moments (4 = 0 for a fully compensated interface,
u = 1 for a fully uncompensated interface), and He,/m/Jar is a measure of the
exchange coupling across the interface normalized to the spin—spin interaction in
the antiferromagnet. (If Jar is > Hep, the exchange coupling across the interface
will have limited influence on the AF spin structure.) Following Finazzi’s model
qualitatively, one would expect that uncompensated interfaces with u = 1, such as
the (111) surface in the Fe;04/NiO system, to exhibit collinear coupling as observed
by Krug et al. [98]. However, the compensated (4 = 0) (100) interface should exhibit
perpendicular coupling consistent with the Koon model for exchange biasing [102],
as observed for (100) Fe;O4/NiO [98] and Fe;04/CoO [21]. It is possible that
variations in interface roughness and the density of APBs from one sample set to
the next leads to deviations of u from the ideal values of 0 and 1 for the (100) and
(111) surfaces respectively, and thus accounts for some of the differences apparent
in measured values of He}, (see Table 7.1).

7.3.2.4 Reduction of the Blocking Temperature

In many AF-F systems, the exchange-biasing field has been shown to decrease
with increasing temperature, but the temperature Tp at which He, vanishes also
exhibits a dependence upon the AF layer thickness. As an example, Figure 7.16
shows that the bias field Hep, systematically decreases with temperature for a [111]
oriented Fe30,/CoO multilayer with tc,o = 33 A [56]. For this particular multilayer,
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the temperature Ty at which H,, vanishes is equal to 230 + 10K, which is lower
than Ty of 291K for bulk CoO. Further studies revealed that Ty is similarly
reduced below Ty for all Fe;04/CoO bilayers in which tc,o < 504, irrespective of
crystalline orientation and substrate [56, 84]. In fact, this relationship between Tp
and Ty is ubiquitous as it has been observed for a wide assortment of oxide and
metallic exchange-biased systems with thin AF layers [84, 106—113]. This behavior
was perhaps first reported for thin FeMn layers in NigyFe,o/FeMn bilayers by
Parkin and Speriosu who proposed that the reduction of Ty relative to the ordering
temperature Ty originates from finite-size scaling in these thin AF layers [106].
These authors proposed the following equation to describe this variation of T with
AF layer thickness, taf:

Ty — Tg(tar)

™ o g (7.14)

where the values found for § typically are in the range of 1.2-1.6. Theoretically,
one would expect § values of 1.56 or 1.42 depending on whether the Ising or
Heisenberg model is applied [87].

Many of the exchange-biased systems studied to date are, however, polycrys-
talline in which local variations of the crystal size could introduce an additional
time dependence of Ty [114] that might contribute to its reduction [115]. These com-
plications are avoided by using the same single-crystalline, epitaxial AF/F samples
for both magnetization measurements of Ty [84] and neutron diffraction measure-
ments of Ty [56], the former of which is exemplified by the data in Figure 7.21. To
date the all-oxide Fe304/CoO is the only system for which both these parameters
have been directly measured, as shown in Figure 7.21 [56]. For this system, the
dependence of Ty on CoO thickness closely follows expectations. Specifically, Tp
decreases systematically with CoO layer thickness for tap < 50 A irrespective of
the crystalline orientation [111] or [100] of the substrate. (Both SrTiO; and MgO
substrates were used for the (100)-oriented superlattices.) The key result, however,
is that the ordering temperature Ty of the CoO clearly increases with increasing
CoO layer thickness (¢ data points in Figure 7.21). This observation is consistent
with the induced magnetic order reported for other all-oxide multilayers [66, 72],
and it can again be understood within the framework of a mean-field model [69]
in which the ordering temperature of the two constituents, here Fe;O4 and CoO,
approach each other as a function of relative layer thickness (See discussion in
Section 7.3.1). Further, the scaling of Ty is not intrinsic to the individual thin CoO
layers as evidenced by the observation that Ty is neither reduced nor enhanced in an
uncoupled (30 A CoO/30 A MgO),;33; multilayer measured by neutron diffraction
techniques (Figure 7.14). Further support for the observed enhancement of Ty is
provided by a recent nuclear resonance scattering (NRS) study of a 1.6-nm-thick AF
FeO layer sandwiched between two Fe layers [116]. The Ty measured for the FeO
layer was as high as 800 + 30 K and greatly exceeded Ty of 198 K for bulk FeO. The
blocking temperature, however, was independently determined to be < 50 K from
bulk magnetization measurements. The disparity between Ty and Tp is consistent
with the results reported for Fe;04/CoO.
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The results shown in Figure 7.21 can be understood by separately considering the
physical mechanisms that are responsible for driving the transitions at Ty and T5.
Specifically, Ty is the ordering temperature above which the CoO layer becomes
paramagnetic, and it thus poses an upper limit for the temperature at which biasing
can occur. In contrast, exchange biasing is caused by changes in the anisotropy of
the AF layers, as clearly demonstrated by the fact that higher bias fields are obtained
for higher anisotropy materials such as CoO or NiO [63]. The rate of reduction of
Hep, with increasing temperature, and hence Tp itself, should thus be coupled to the
anisotropy of the AF material. Consequently, a comprehensive theory for exchange
biasing in oxide systems should be able to explain not only the magnitude of Hep,
which has been the focus of many of the more recent theories [80, 81], but also the
temperature dependence of Hy, and the difference between Tp and Ty.

A promising theory [117] does follow such an approach and concentrates on the
weakening of the spin—spin interactions in the antiferromagnet that originates from
lattice vibrations within the ultrathin layers. This weakening accounts for the reduc-
tion observed in T when the variation of anisotropy with tr is considered and leads
to the following equation for the dependence of Tj on the AF layer thickness tag:

Tg (tar) = Tn(exp(—2Sib(00)/[3R(tar/2a — 1)])) (7.15)

where Syip(00) is the vibrational entropy of melting of the AF material, R is the
ideal gas constant, and a is the lattice parameter [117] and where we have taken
Tp(o0) as Ty. In Figure 7.21, the theoretically predictive curve based on Eq. (7.15)
using the relevant parameters for CoO (Ty = 291K, a = 0.426 nm, and Sy, (00) =
6.789 Jmol~! [118]) has been drawn. Note the excellent agreement between the Tj
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data for Fe304/CoO data [56] and this theory which is based on a straightforward
model without adjustable parameters. Also for several other AF materials,
quantitative agreement of this theory with experimental results has thus far been
obtained [117].

A final detail is that Eq. (7.15) based on the theory by Lang et al. only provides
a valid description of the data if tor > 2a = 8.52A for CoO (as otherwise Tj
would increase again due to the change in sign of the denominator). Although it
is reasonable to assume that two unit cells of CoO would be needed for biasing
to occur, the data in Figures 7.17(a) and 7.21 clearly show that biasing exists also
for tcoo < 10A [84] and a detectable T can be determined. Hence, the theory
should be extended to include the regime for tor between 0 and 2a for a complete
resolution of this problem.

In conclusion, direct experimental observation has shown that the reduction of Tg
with tar does not necessarily originate from a corresponding reduction of Ty of the
antiferromagnet, consistent with the results discussed in Section 7.3.1. Thus T and
Ty are not directly related to each other and must be considered separately in any ex-
perimental investigation and theoretical interpretation. Moreover, a promising the-
ory is now available that relates the reduction in Tp to a weakening of the spin—spin
interaction in the sublattice of the antiferromagnet. This theory recognizes that the
role of finite-size scaling may be less significant than previously believed.

7.3.3
Coupling across Intermediary Layers

Thus far we have discussed coupling between AF—AF layers and between F—AF
layers comprised of oxide materials in which the magnetic interactions originate
from superexchange. Another important type of magnetic interaction involves the
coupling between magnetic layers across an intermediary layer. This interaction
has been probed extensively in metallic systems as it is relevant for optimizing
layer thickness to maximize the giant magnetoresistance (GMR) effect that is the
basis of operation for read heads in magnetic storage devices. While all-oxide
systems are insulating and do not exhibit GMR, investigations of coupling across
intermediary layers enhance the general understanding of superexchange interac-
tions, and these novel geometries hold great promise for spintronic and microwave
device applications. We start the discussion by first considering the coupling be-
tween ferromagnetic oxide layers separated by a nonmagnetic (i.e., paramagnetic)
intermediary layer.

7.3.3.1 Coupling across a Nonmagnetic Layer

The most detailed study to date on interlayer coupling in an all-oxide system
focused on two Fe;O4 layers separated by MgO [30]. Using a wedge-shaped sample
geometry (shown in Figure 7.22 top [30]), the authors probed the magnetization
of these layers with MOKE over a wide range of MgO interlayer thicknesses, all
in a single sample. The Co,Fe;_,O, layer at the bottom was coupled to the lower
Fe;04 layer in order to enhance its coercivity and thus to distinguish it from the
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top Fe;Oy layer. (The penetration length of light is such that the entire structure
was measured.) The MgO layer was offset at the beginning and end of the wedge,
allowing for characterization of the uncoupled top and bottom Fe;O4 layers. The
interlayer exchange coupling strength Ji.c was determined by measuring minor
hysteresis loops and extracting the shift of the loop with respect to H = 0. Assuming
that the Fe;O4 layers are in a single domain state, one can deduce Jiec from [30]

Jiec = Hghift MoM?tA (716)

in which 11 is the vacuum permeability, M is the saturation magnetization of the
top (free) Fe; Oy layer, and t* is the thickness of this layer.

The interlayer exchange coupling was investigated at room temperature using two
samples: 33-nm Cog17Fe;5304/32.5-nm Fe;04/ 0-8.3-nm wedge MgO/21.5-nm
Fe;04 (Figure 7.23a) and 30-nm Cog,Fe;304/30-nm Fe;O4/ 2—-45-nm wedge
MgO/20-nm Fe3;O4 (Figure 7.23a inset). Typical MOKE data [30] are shown in
the lower part of Figure 7.22. The behavior expected for the individual Fe;O4
layers is observed at the extremes, while hysteresis loops measured in the regions
with the intermediary layer have steps. At an MgO layer thickness of 0.5 nm,
a single, square hysteresis loop is observed indicative of strong ferromagnetic
coupling. Figure 7.23(a) shows the MgO interlayer thickness (tmgo) dependence
of the interlayer exchange coupling constant, Jiec, derived from these data. From
this plot, one can immediately identify two distinct regimes for the interlayer
coupling: tmgo < 1.2nm and tyeo > 1.2nm. STM studies of a 40-nm Fe3O4
layer grown on MgO(100) by the same research group revealed that the Fe;O4
consisted of terraces separated by steps with vertical height variations of one to four
oxygen planes, that is, 0.2-0.8 nm [43]. Consequently, for MgO layers < 1.2nm
deposited on a Fe;Oy4 layer, incomplete coverage resulted in pinhole coupling [30]
between the Fe;Oy layers on either side of the MgO layer. For tygo > 1.2nm, the
authors determined that the interlayer coupling in Figure 7.23(a) can be explained
by so-called orange-peel coupling (i.e., magnetostatic coupling due to correlated
interface roughness) between the two Fe;Oy layers [30]. The inset to Figure 7.23(a)
shows the tygo dependence of Jiec in the regime of thick MgO interlayers. At these
length scales, the interlayer coupling strength is of the order of ~ 10 uJjm~2. The
curves shown in both the inset and Figure 7.23(a) represent fits to the expression
derived by Néel for this coupling [119]:

Jiec = %nphzquée_”ﬁt (7.17)
where 27 /p is the periodicity of the interface roughness, o, in both the x and y
directions which has height variations h (with o = hsin(px)sin(py)), and where t is
the spacer layer thickness. As shown in Figure 7.23(a) inset, a good fit is obtained
with the parameters 27 /p = (39 £ 2) x 10 nm and 2h = 3.1 £ 0.1 nm [30], which are
consistent with the values of the average terrace length and step height variation,
25nm and 0.3 nm respectively, deduced from STM studies (see Figure 7.11) [43].
These authors also studied the temperature dependence of Jic in a uniform
sample of 27.5-nm CogFe; $04/30-nm Fe;04/5-nm MgO/20-nm Fe;O4 grown on
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(001) MgAl, 0Oy, and they determined that it was oc M% as predicted by Eq. (7.17).
The theoretically relevant interlayer coupling at T = 0K, ]i(gl, was found to be
22 uJm™2 in the “orange-peel” coupling regime [30]. This result is consistent with
the value of Jie. for Fe;04/MgO/Fe heteroexpitaxial structures grown by PLD which
was determined to be 30 uJm ™2 for tygo = 2nm [122]. The agreement between the
two values is reasonable given that the roughness of the top Fe;O, layer for PLD
growth may be slightly larger than the roughness for MBE growth.

In more recent studies of MBE-grown Fe;O4/MgO/Fe;0y trilayers with tygo <
1.2nm, Shvets and coworkers [120] found that the Fe;O, interlayer coupling for a
trilayer with an MgO thickness of 0.8 nm is AF with Jiec = —46 uJ/m?. In reference
to the discrepancy between their results and those of [30], the authors asserted that
their use of a better quality, unpolished substrate with lower roughness enabled
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their discovery of AF interlayer exchange coupling [120] in lieu of pinhole coupling
[30]. Antiferromagnetic interlayer coupling of similar magnitude has also been
reported for fully epitaxial Fe/MgO/Fe trilayers with tygo between 0.5 and 0.7 nm
[123]. Wu et al. performed calculations which indicated that the presence of AF
coupling in Fe;04/MgO/Fe;O4 seems related to the relative oxygen state of the
Fe;04 electrodes [120] rather than to vacancies in the MgO tunneling barrier [123].

In a manner analogous to the initial Fe;0,/MgO/Fe;O4 trilayer study,
interlayer exchange coupling has been investigated at room temperature in
Fe;04/Mn3;04/Fe;04 using wedged-shaped samples [121]. Since the Tc¢ of
Mn;Oy is low (42 K) [124], the Mn3;0, interlayer was initially expected to exhibit
paramagnetic behavior. The data shown in Figure 7.23(b) [121] indicate instead
that strong ferromagnetic interlayer coupling, in contrast to that observed in MgO,
persists up to Mn;Oy thicknesses of 50 A. One might speculate that the Mn3;Oy4
ordering temperature is enhanced due to local polarization by the Fe;O, at the
interfaces in light of prior results on proximity magnetism in oxide multilayers
(see Section 7.3.1 [66, 71]). However, there was no experimental evidence of an
increase in the Mn3;O, T¢ toward 300K. In view of the 3% lattice mismatch
between Mn;O4 and Fe;Oy, it is more likely that the coupling originates from
pinholes that span a distance of up to 5 nm. Indeed, RHEED studies indicate that
the roughness stemming from the growth of Mn3; 04 on Fe3Oy is much larger than
that resulting from the deposition of MgO on Fe;O4 [121].

When considered together, these experimental results suggest that weak inter-
layer exchange coupling can clearly be obtained across MgO. In particular the
use of smooth, flat substrates can minimize interlayer interactions originating
from extrinsic effects (such as pinholes) at thicknesses below 1 nm. As this length
scale is quite relevant for the operation of tunnel junctions with magnetic oxide
components (discussed in Section 7.4), further study of this AF coupling in the low
tmgo < 1.5 nm regime is essential for understanding its origin and for optimizing
the interface quality in order to control it.

7.3.3.2 Coupling across an Antiferromagnetic Layer

The intrinsic coupling between two Fe;O, layers across an AF layer (i.e., NiO) was
investigated at 300 K using two wedge-shaped samples [125]: 20-nm Fe;04/0-2-nm
NiO/20nm Fe;O4 and 25-nm Fe;0,4/0—9-nm NiO/25-nm Fe;O,. (Note that these
samples were not field cooled, and the focus of this investigation thus differs from
that of the exchange-biasing Fe;O4/NiO studies described in Section 7.3.2) For NiO
layer thickness (tnio) less than 0.7 nm, the measured saturation magnetization was
large indicating the presence of “pinhole” coupling, if any at all, arising from ferro-
magnetic bridges similar to those observed in MgO interlayers (see Section 7.3.3.1).
The magnetic behavior of the wedges in the regime tyio > 0.7 nm, however, was
quite different. As an example, in the MOKE data (Figure 7.24) measured for the
20-nm Fe;04/1.4-nm NiO/20-nm Fe;Oy trilayer in an applied field H parallel to
the in-plane [110] axis, the parallel remanent magnetization was reduced to 0.5 Mg
and equaled the perpendicular component of the magnetization. For H parallel to
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Figure 7.24 Hysteresis loop of a 20-nm (c) H applied along [110] and (d) H applied
Fe304/1.4-nm NiO/20 nm Fe3Oy4 trilayer along [100]. The inset in these panels shows
measured by MOKE for coupling studies the configuration of the magnetic moments,

across an AF NiO interlayer. (a) Corresponds represented by arrows, at different positions
to H parallel to [110] and (b) corresponds along the hysteresis loop. Figure reproduced
to H parallel to [100]. In panels (c) and (d)  with permission from [125] (© 1999 by the

the corresponding calculated hysteresis loops American Physical Society).

for two magnetic layers with an in-plane cu-

bic anisotropy and mutual 90° coupling for

[100], the zero-field magnetization was 0.7 M, and virtually no perpendicular mag-
netization component was observed. Qualitatively this behavior can be understood
if the magnetizations of both Fe;O, layers are oriented perpendicular to each other
along the mutually orthogonal [110] and [110] axes. A more quantitative agreement
with the field-dependent magnetization was achieved using the following model
for the angular dependence per unit area [125]:

E = —puoMgstiHcos(¢p1 — 0) — oMsty Heos (¢, — 0)
+ Kltlcoszd)lsinqul + Kltzcoszq&zsinzd)z
+ Jacos? (¢1 — ¢2) (7.18)

in which the bulk saturation magnetization of Fe30, Ms equals 496 kAm™1, the
cubic magnetocrystalline anisotropy K; equals —9kjm~3 [30], ; is the thickness of
the it layer, and ¢y, ¢,, and 0 are the angles of the magnetic moments M;, M;, and
the applied field respectively. The last term in Eq. (7.18) is the phenomenological
biquadratic exchange coupling with coupling constant J,. Good agreement with
the hysteresis loops was found for J, = 0.35 4+ 0.08 MJm~? (Figure 7.24c). For H
applied along [110], which is parallel to M; and perpendicular to M,, the response
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of the system is intriguing as the rigid 90° moment unit first rotates to a spin—flop
configuration symmetric about the field H and then collapses.

Note that the magnitude of the interlayer coupling constant is a factor of 1000
larger than the magnitude of interlayer coupling due to uncorrelated roughness
(see Section 7.3.3.1 [30]), and the latter can thus be ignored. The likely microscopic
origin of this biquadratic coupling is the lateral variation of the AF interlayer
thickness as it locally gives rise to competition between F and AF interlayer
interactions [126]. Strictly speaking this model requires an uncompensated AF—F
interface, but the NiO(100) surface is compensated. As described throughout this
chapter, the Fe304 and NiO (or CoO) interface is complex due to differences in the
magnetic sublattices [84] as well as structural APBs in the Fe;O,. After taking into
account features that are unique to this system, it is possible that the Slonczewski
model may still be applicable.

In this system, the biquadratic coupling vanishes for tyjo > 5.4 nm. This result
can be understood from Eq. (7.18) since perpendicular alignment of M; and M,
is only maintained when J,, which favors perpendicular alignment, is greater than
t;K;/2 = 0.09 MJm~2. In the Slonczewski model, the coupling parameter C, which
is related to J, in Eq. (7.16), is inversely proportional to tar [126]. Since J, =
0.35MJm™2 at ty;o = 5.5 nm [125], one can thus expect the perpendicular coupling
to cease at or above a NiO thickness of 5.5 nm, as is indeed the case [125].

73.4
Perpendicular Anisotropy

While more a consequence of growth conditions than of interlayer exchange
interactions, perpendicular anisotropy was observed in related Fe;04-CoO systems,
such as (100) Fe304/CoO bilayers on MgO and (100) Cog¢7Fe;.9304/CoO on MgO,
and should thus be mentioned here. Using wedge-shaped samples, Bloemen et al.
have shown that for Fe;O4 grown on a CoO underlayer, a preferred perpendicular
orientation occurs when the CoO layer thickness exceeds 200 A and the Fe;O,
thickness is comparable (i.e., less than 280 A) (see Figure 7.25) [20]. Evidently, the
preferred perpendicular orientation of Fe;O,4 with respect to the film plane does
not originate from an interface anisotropy contribution, K;, as we have seen in
Section 7.2.2.2 that this is absent in Fe;O4. The observed thickness dependence
of the perpendicular anisotropy is instead due to the changing growth mode of
Co0. For tcoo < 200A, the CoO film growth on the MgO substrate is strained.
For larger thickness, it becomes energetically favorable for the CoO layer to relax,
form misfit dislocations at the MgO—CoO interface, and adopt its bulk lattice
parameter. Subsequently, Fe;O4 layers of modest thickness grow coherently on
the strained CoO base layer, which is about 1.5% larger than the Fe;O, lattice
(see Section 7.3.2.2). Because of the enhanced magnetostrictive contribution, the
strained growth leads to a perpendicular preferred direction. With increasing Fe; O,
thickness, the strain relaxes and the magnetostrictive contribution diminishes,
leading to a preferred in-plane magnetization direction [20]. It is notable that
this effect can be enhanced by adding Co to the magnetite. Because of the large
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single-ion anisotropy of Co?*, the magnetostrictive constants for Co-substituted
magnetite are larger by 2 orders of magnitude, leading to a preferred magnetization
direction perpendicular to the plane that is stable over a much larger thickness
regime [20]. Not much work has been done on this topic, apart from the work
by Horng et al. who examined the magnetic anisotropies, including perpendicular
anisotropy, of Fe;O4 and CoFe, 04 films grown on MgO(001) [127].

Current metallic spintronic devices, such as hard disk drives, already utilize
magnetic multilayer geometries that promote perpendicular anisotropy coincident
with exchange coupling to AF base layers or through NM interlayers. Magnetic
oxides nanostructures are poised to replace these devices in many applications
because their magnetic properties are even richer and more robust. The AF order
in ultrathin CoO layers, for example, persists to thicknesses down to at least
30A, and the length scale of the magnetic interaction in AF—AF multilayers is
definitely larger than naively expected for superexchange. AF—F oxide multilayers
exhibit exchange biasing that is stronger than that observed in most metallic
systems, and the ordering and blocking temperatures of these structures can be
tuned simply by varying the relative composition of the bilayer. Because of the
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complex nature of the lattice structures in these oxides, frustration drives 90°
coupling to produce exchange biasing or to promote strong coupling across AF
interlayers. This interaction can be stronger than that achieved in the more common
collinear coupling geometry. The intriguing array of magnetic interactions in these
multilayers leads to an equally unique set of properties, as discussed in the next
section. The challenge remains as to how to best exploit them in future devices,
such as magnetic tunnel junctions.

7.4
Properties of Coupled Systems

7.4.1
Magnetoresistance Effects

Much of the work discussed in the previous section is geared toward the ultimate
goal of making tunnel junctions in which Fe;O, is used as an electrode material.
In this section, we discuss the properties of tunnel junctions (i.e., multilayers) in
which Fe;O4 has been incorporated. The MR of individual Fe;O, thin films has
been discussed in articles by Ziese [128], and a general overview of the use of oxide
layers in tunnel junctions to enable oxide spintronics has appeared recently [129].
Hence, this section focuses on Fe;Oy4-based systems specifically, building on what
has been discussed in Sections 7.2 and 7.3 of this chapter.

Tunnel MR is defined as the variation in resistance between the parallel (Rpp)
and antiparallel (Rp) states of the magnetic electrodes divided by the resistance of
the antiparallel state. Because of magnetostatic energy, the state is antiparallel in
zero-field and parallel in high fields, which means

Rop =~ Rep o, _ R(H) — R(0
Rep R(0)

TMR =

% (7.19)

Hence, the TMR is positive if Ry, > R,p and negative when Ry, > Rpp. The TMR
can be related to the spin polarization P; and P, of both electrodes by the Juliere
formula [130]. Thus,

2P P
TMR= — % 9% (7.20)
1— PP
In this equation, the spin polarization P; at the i electrode is given by the
normalized difference between the densities of the majority spin, Ni; and the

minority spin, N;; at the Fermi level Ep
_ Niy(Er) — Niy (Ep)

Niy(Er) + Ni (Er)

The spin polarization of a material is positive when the majority spin at Ef is
parallel to the bulk magnetization direction and negative when the minority spin

at Ep is parallel. Given the theoretical expectation that Fe;O, is a half-metallic
ferromagnet [131] with only minority spin polarization at the Fermi level [7],

i

(7.21)
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Egs. (7.20) and (7.21) predict an infinite TMR if two Fe;O, electrodes are used in
a tunnel junction. We note, however, that experiments have shown that the spin
polarization determined from tunneling experiments is not an intrinsic property of
the electrode material but instead depends on the barrier [132]. The high Tc of Fe;04
of 858 K [5] provides a key advantage over other half-metallic oxides including the
manganites (with a parent compound of LaMnOj3) in which T¢ < 300 K precluding
room-temperature applications. In addition, the corrosion resistance of ferrites
make a Fe;O4-based tunnel junction ideal for chemically demanding applications
such as in-gap read heads for in-contact magnetic recording [133].

7.4.1.1  Tunnel Junctions using Fe;04—MgO

The initial reports on TMR in tunnel junctions comprised of Fe;0,—MgO were
quite disappointing. A low-field MR effect corresponding to the switching field of
the electrodes was found for both a PLD-grown Fe;04/50 A MgO/Fe;0, junction
[134] and an MBE-grown CoO/Fe30,/60 A MgO/Fe;0, junction [121], but the
observed magnitude of the MR was < 0.5%, which was much less than expected
based on the considerations given above. For the PLD growth of these tunnel
junctions, the importance of producing the MgO tunnel barrier at high-growth
temperatures (473 K) has been acknowledged [135].

Recently, much higher MR effects of ~—10% have been reported by several
research groups [136—-138]. Specifically, TMR values of —8.5% at 300K and —22%
at 80 K were measured for a 120 A Fe/80A Fe30,/20 A MgO/100A Co junction
grown epitaxially on MgO(001) by sputtering [138]. The structural features of the
multilayer stack that accounted for this improvement relative to previous results
include the following:

1) Low mean roughness of ~0.3 nm.

2) A thin 20 A MgO tunnel barrier since the tunnel current decreases exponen-
tially with barrier thickness. As discussed in Section 7.3.3.1 and shown in
Figure 7.23(a), this thickness is adequate to decouple the magnetic response of
both electrodes.

3) A thin Fe;04 layer (<10 nm) to suppress the Verwey transition and to stabilize
the insulating state at low T, permitting measurements over a large T-range.

4) A reduction of the APB density by employing an Fe underlayer to improve
Fe;04 growth quality [139].

The importance of the last structural improvement is highlighted by the results
obtained on Fe3;0,/60 A MgO/CoFe/IrMn/Ta junctions grown on Al,03(0001)
by Kado et al. [136, 137]. These authors found a clear relationship between the
observed TMR ratio and the resistance-area product RA (see Figure 7.26 [137]).
Tunnel junctions with fewer imperfections should show a higher RA, and hence
the negative MR ratio for these junctions should be considered to be intrinsic since
it is coincident with a high RA value. These studies revealed that electron transport
through defects in the tunneling barrier or at the interface with the tunnel barrier
may result in a reversal of the sign of the TMR [136]. This discovery helped to
resolve the debate in the literature about why certain studies found positive rather
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than negative TMR as was expected based on the negative spin polarization of
Fe;04. The performance of the tunnel junction (Figure 7.26) was further improved
to yield a TMR of —26% at room temperature by adding an amorphous 10 A Al, 03
layer that reduced the interfacial roughness from 5.5 nm for the Fe;04/60 A MgO
tunnel barrier to 3.7 nm for the Fe;0,4/50 A MgO/10 A Al,O3 stack. Finally, Kado
determined that the TMR can be enhanced even more by depositing the MgO
barrier at a higher temperature.

7.4.1.2  Tunnel Junctions using Fe;O04—AlO,

A number of groups [140-143] have built upon the work done on traditional tunnel
junctions by using an AlO,, barrier. An MR of 13% at room temperature, increasing
to 43% at 4.2 K, was first reported for a sputtered glass/Co/Al,O3/Fes;_,04/Al
structure with a 20A Al,03 tunnel barrier and a very thin 1.5-2-nm Fe;_,O4
layer [140]. Other groups have not significantly improved upon this initial result,
reporting TMR values varying between —11% [142] and +3% [143] at room
temperature. Overall the MR effect found in this system does not exceed the —26%
effect achieved in the Fe;04—MgO system (see Section 7.4.1.1).

7.41.3 Tunnel Junctions using Fe3O4—oxide—LSMO

Fe;04—oxide—Lag 7Sro3sMO;3 (LSMO) tunnel junctions have been fabricated by
PLD with paramagnetic barriers (CoCr;04, FeGa;04) [144—146] and nonmagnetic
tunnel barriers (Mg,TiO4, SrTiOs3) [146, 147], and the reports vary significantly.
For Fe;04/SrTiO3/LSMO, Chen and Ziese observed no correlation between the
switching of the electrodes and the junction MR [147]. On the basis of their analysis
of the voltage dependence of the junction conductance measured at temperatures
ranging from 110 to 160 K [147], they concluded that indirect tunneling occurs via
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defect states. This problem originates from differences in deposition parameters
used for Fe;04 on the one hand and SrTiO; and LSMO on the other. The low
oxygen partial pressure, pO,, needed for the deposition of the Fe;O, electrode,
may lead to the introduction of defects via deoxygenation into the SrTiO; barrier.
Subsequent deoxygenation of the LSMO electrode may also explain the low T¢ of
the LSMO and the vanishing of the MR above 135 K [147].

However, Suzuki and coworkers did observe a strong correlation between the
MR and the switching of the magnetic electrodes in tunnel junctions comprised
of Fe304/CoCr;04(CCO)/LSMO grown on SrTiO;(110) substrates. Their initial
results yielded the negative MR (—25% at 60 K [144, 145]) that was expected based
on the negative spin polarization of Fe;O4 and the positive spin polarization of
LSMO. The voltage, V, dependence of the conductance of ~V*?3 [144] showed
that the dominant contribution was from inelastic hopping through the barrier
since it was too thick (60 A) to support direct tunneling. Surprisingly, the hopping
mechanism through the CCO still preserved the spin information [144]. Subsequent
studies by the same group on Fe;0,4/FeGa;04/LSMO and Fe;04/Mg;TiO4/LSMO
found essentially the same result with MR values of —11% at 70K and —26% at
60K, respectively. Again, for most voltage biases the tunneling across the barrier
was indirect. Only at low bias (<50 mV) was the conductance proportional to V2
[146] which corresponded to direct or resonant tunneling [148].

7.4.1.4 Tunnel Junctions using a CoFe;O4 Spin Filter

An alternative approach, which has been pursued recently, is to use CoFe;O4
layer as a spin filter layer [149, 150]. The first system considered was CoFe,O4/
MgAl,O4/Fe;04 grown by PLD on MgAl,O4 (001). The MgAl, O, layer serves
to magnetically decouple the Fe;O4 and the CoFe,04 layers. The idea was to
exploit the difference in energy levels in the conduction band of a magnetic
insulator (CoFe,;04), leading to a difference in the tunnel barrier heights for
the spin-up and spin-down electrons. Consequently, the tunneling probability
for one of the spin directions should be higher than for the other, giving a
MR effect in the tunneling current. For this device structure, the current—
voltage curves were found to depend on the relative orientation of M of the
CoFe,04 and the Fe;Oy4 layers. The electrical properties of these devices were
characterized by conductive atomic force microscopy (CAFM), from which it
was deduced that the net spin polarization exceeded 70% for most of the
junctions studied [149]. Moussy and coworkers optimized a related device struc-
ture comprised of Pt(111)/CoFe;04/y-Al;03(111)/Co(0001) epitaxially grown by
oxygen-plasma-assisted MBE [150-152]. In this device, they observed a spin po-
larization of —3% at 290K and —18% at 2 K. This latter value could be optimized
further to —26% by using a superconducting Al spin analyzer to create the structure
Pt(111)/CoFe;04/y-Al;05(111)/Al [153]. This result demonstrates that stronger ox-
idation conditions during growth have a positive effect on the CoFe,O4 barrier
possibly because the oxygen vacancies in the CoFe,Oy4 layer create point defects in
the band gap that lower the effective barrier height for the tunneling electrons [153].
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In summary, the main problem with Fe;O4—oxide—LSMO tunnel junctions is
that the room-temperature MR effect is negligible due to the low T¢ of LSMO.
Another disadvantage of this system is that it has to be grown with LSMO as
the bottom electrode because of the high-deposition temperature of 700-800°C
that is required [146, 147]. Consequently, APBs (see Section 7.2.2.3) may form
at the Fe;O4—oxide barrier interface when Fe;Oy4 is grown as the top layer,
and this inherent disorder may further reduce the MR. The advantage of both
Fe;04,—-MgO and Fe;04—AlO, is that they can both be grown by sputtering [138,
140]. Specifically, higher room-temperature TMR values of up to —26% have been
reported for Fe;O0,—MgO-based tunnel junctions [137]. It is clear that the best MR
results for Fe;04/MgO/3d transition metal junctions are obtained when the Fe;O4
electrode is at the bottom [136—138]. Investigations by Eerenstein and Hibma [45]
demonstrated that this growth geometry avoids problems such as disorder and
spin mixing associated with the APBs because they are annealed out for te;0, >
5nm (see Section 7.2.2.3). Shvets and coworkers improved the interlayer coupling
further by using substrates with very low roughness [120]. Future studies of the
influence of roughness in Fe;04/MgO/3d transition metal junctions and related
systems thus might lead to additional improvements in parameters such as the
switching field, making them more suitable for various device applications.

7.4.2
Magnetooptical Effects

Though CoFe, 0, has a large Kerr effect [36], early attempts to use it as an optical
recording medium failed because of high noise. Given the similarities between
Fe;04 and CoFe;0, as well as the local nature of the intervalence charge transfer
transitions responsible for the optical and magnetooptical (MO) properties [154] in
Fe;04, the choice to investigate the magnetooptical Kerr effects of Fe304—CoO bi-
and multilayers [155] was obvious. Consistent with expectations, studies revealed
that the AF CoO layer in (100) oriented bilayers does not contribute to the observed
Kerr effect. In (111)-oriented bilayers, however, the Kerr rotation in a broad band
around 1.7 eV increased but only for tco0 < 12.3 nm. For even thinner CoO layers
between 3.1 and 4.4 nm, this band increased, as well as another band near 2.7 eV
[155]. The contribution of the Fe;O4 layers to the spectra did not differ significantly
from the conventional bulk spectra, apart from some slight oxidation at the top of
the Fe;Oy4 layers that was discovered when the bilayers were examined [155]. These
results seem to be consistent with ultraviolet photoelectron spectroscopy (UPS)
measurements of CoO(100) grown on Fe3;04(100) in which the electronic structure
of only the first monolayer on both sides of the CoO—Fe; O, interface was found to
be disturbed [156].

In view of the relevance of Fe;O4 in magnetoelectric heterostructures, Cheng
et al. investigated the magnetooptical properties of epitaxial Fe;O4 grown on MgO,
SrTiOs, and BaTiOj; [157]. The authors found a reduction of the intensity of the
magnetooptical transition compared to that of bulk Fe;Oy4, and they determined
that the saturation value of the MOKE rotation angle was directly proportional
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to the lattice misfit. The latter observation was attributed to an increase in APBs
with misfit strain [157]. Perhaps the most intriguing nanostructure with the best
potential for magnetooptical applications involved embedding Fe;O4 in 3D opal
photonic crystals. Both the polar Kerr effect and the Faraday effect showed a strong
enhancement near the photonic band gap at ~ 1.8 eV [158].

7.5
Conclusions and Outlook

The last 20 years have produced significant advances in our understanding of
AF-F oxide multilayers. Using either MBE or PLD, these systems can now be
routinely made on a variety of substrates including MgO, SrTiO;, MgAl, 0y, and
«-Al,03. The controlled growth consistently results in high-quality crystalline su-
perstructures with few complicating structural defects, and the study of AF-F
interactions for various interface configurations, both compensated and uncom-
pensated, is thus straightforward. From these investigations we have learned the
following:

1) Theanomalous properties of ultrathin Fe;O, can be explained by the occurrence
of APBS, which are a fundamental consequence of growing a lower symmetry
oxide film on a higher symmetry oxide substrate. Fortunately, for potential
applications of these layers, the density of antiphase boundaries is not a fixed
property of the material and can be manipulated by tightly controlling growth
and annealing conditions.

2) Although a comprehensive theory for exchange biasing in oxide multilayers is
still not available, a promising model based on the weakening of the spin—spin
interaction explains the anomalous dependence of the blocking temperature
Tp on the AF layer thickness, which contrasts with the dependence of the
Néel temperature Ty on AF thickness. This model and other models, how-
ever, should be expanded further to include the influence of growth-induced
effects, as experiments demonstrate that they can have a strong influence
on the properties of the AF oxides and hence on the observed biasing. For
example, experiments clearly show that strain can alter the AF anisotropy and
subsequently, the AF thickness dependence of the biasing field.

3) From the oxide multilayer studies, it is apparent that spin frustration can give
rise to perpendicular coupling in trilayers at zero field across an AF oxide
interlayer and in AF-F multilayers where the onset of the coupling is linked
to the onset of exchange biasing.

The results on magnetic oxide multilayers have also led to the design and
development of magnetic tunnel junctions comprised of magnetic oxide layer
stacks. It has even been proven possible to incorporate these layers in tunnel
junctions with oxide barrier layers as thin as a couple of tens of Angstroms. These
structures rely upon some of the experimental innovations developed to highlight
interlayer interactions in early studies of oxide multilayers (i.e., exchange coupling
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of Fe;0O4 to magnetically harder layers such as Co,Fe,_,O4 as an alternative to
exchange biasing). The progress in this field has been impressive: within a decade
the reported room-temperature TMR effect for Fe;04—MgO-based tunnel junctions
has risen from less than 0.5% to 26%, an increase of a factor of 50. It would
seem that further improvement would be possible with better understanding of the
effect of interface roughness and variations in the electronic states at (magnetic)
oxide interfaces on spin-polarized transport. Notably, the Fe;04,/MgO/3d-transition
metal is an excellent candidate for further study given that it exhibits TMR at room
temperature in contrast to other systems.

Presently, new research directions on materials such as multiferroics are emerg-
ing, building on the work discussed in this chapter. In particular, the combination
of magnetic oxides with semiconductors is attracting much attention. For instance,
magnetic oxide materials can be combined with semiconductors to form Schottky
diodes [159, 160], and thin nanowires with Fe;O4-based layers exhibit new MR
effects due to domain-wall scattering of polarized electrons [161]. A particularly
interesting trend in realizing and studying semiconductor spintronic device struc-
tures is the combination of semiconductors such as ZnO with Fe3Oy4, which has a
high spin polarization and small conductivity mismatch with (oxide) semiconduc-
tors, in an all-oxide ferromagnetic/semiconductor heteroepitaxial structure (see for
example [162]). We hope that this chapter thus provides a firm basis and a complete
background on magnetic oxide multilayers, as it is essential for understanding
and manipulating the fundamental interactions that drive the physics in these new
oxide multilayer structures.
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Micromagnetic Structure — Imaging Antiferromagnetic
Domains using Soft X-Ray Microscopy

Hendrik Ohldag

8.1
Introduction

The existence of ferromagnetism has been known for thousands of years, which has
led to the development of devices that significantly contributed to the advancement
of our society. We would not be where we are today (literally) but for the compass or
electromagnets and generators. More recently, ferromagnetic materials have been
used extensively in high-tech applications such as magnetic memories and sensors.
Antiferromagnetism, however, came into existence some 60 years ago when it was
discovered by Néel [1], who pioneered the early understanding of these exotic and
elusive magnets [2]. Antiferromagnets are elusive because they do not possess a
macroscopic magnetic moment detectable with conventional macroscopic mag-
netic probes such as superconducting quantum interference devices (SQUIDs),
vibrating sample magnetometry (VSM), magneto-optical Kerr effect (MOKE), or
magnetic force microscopy (MFM). The absence of a macroscopic moment makes
it considerably more challenging to obtain information about the antiferromag-
netic order or the details regarding the micromagnetic antiferromagnetic domain
structure, as it is necessary to directly probe the magnetic order or the electronic
properties of the material on an atomic scale. Early studies on antiferromagnetic
spin order, therefore, used spin-resolved neutron scattering techniques capable
of mapping out the symmetry of the spin system in bulk , for example, NiO
and CoO [3-5]. More recently, synchrotron-based X-ray dichroism spectroscopy,
scattering, and microscopy approaches have been established as valuable tools for
a better understanding of these fascinating materials. It is seen that soft X-ray
dichroism spectromicroscopy is a perfect tool for achieving this goal. It allows for
element-by-element characterization of ferro- and antiferromagnetic properties in
a complex sample. It is also sensitive to the sample’s chemical state, because it
addresses the local electronic properties of each element. It also allows for excellent
surface and interface sensitivity, which is crucial for modern-device applications.
A more detailed description of X-ray dichroism is given in Chapter 3. Here, only
a brief description of the features of this technique, which are relevant to this
chapter, is given.
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From a scientific and engineering point of view, it is the absence of a macro-
scopic magnetic moment that makes an antiferromagnet a perfect candidate for
providing a magnetic reference in magnetic sensors, as its compensated magnetic
structure is not sensitive to external fields. The foundation for modern magnetic
sensors was laid in 1956 by Meiklejohn and Bean [6], who found that a ferro-
magnet in contact with an antiferromagnet exhibits a preferred magnetic direction
or unidirectional anisotropy. The magnetic moment of such a ferromagnet will
always point in a particular predefined direction when the external magnetic field
is removed; hence, it is suitable as a magnetic reference in a magnetic sensor. It
is found that the unidirectional anisotropy originates from the exchange interac-
tion between an antiferromagnet and a ferromagnet across their interface, as this
determines the magnetic reversal behavior of the entire structure. Consequently,
the characterization of the antiferromagnetic order at surfaces and interfaces, the
visualization of its magnetic domain structure, and in particular the determina-
tion of the direction of the antiferromagnetic spin axis within each domain are
crucial to obtain a profound understanding of the origins of magnetic order in an
antiferromagnet and to improve our understanding of complex phenomena such
as antiferromagnetic/ferromagnetic-exchange coupling and anisotropy [7]. Hence
the section first comprises a brief description of the antiferromagnetic domain
structure of NiO, which serves as a model antiferromagnet. However, the methods
and results described in the following are not restricted to NiO alone but can be
applied to other antiferromagnetic and even ferrimagnetic oxides. For example,
recent X-ray microscopy studies of multiferroic BiFeO3; have greatly improved
our understanding of such multifunctional materials. In addition to multifer-
roics, many base compounds for high-temperature superconductors and colossal
magnetoresistance materials are antiferromagnetic oxides, whose crystallographic,
electronic, transport, and magnetic properties are closely linked.

8.1.1
Origin of Antiferromagnetic Domains

The formation of magnetic domains is a typical phenomenon in magnetically
ordered systems in general. However, the origin of the formation of a domain in
an antiferromagnet is different from that in a ferromagnet due to the magnetically
compensated nature of the spin structure. In a ferromagnet, the magnetostatic
energy stored in the stray field created by the net magnetic moment increases the
total energy significantly, so the system decomposes consequently into magnetic
domains to decrease the magnetostatic energy. Ideally, the magnetic flux then
remains closed within the sample and the exchange energy needed to rotate spins
against each other from one domain to another can be afforded. For a more detailed
overview, see the book by Hubert and Schifer [8]. Energy terms related to magnetic
flux closure, however, do not contribute significantly to the magnetic energy of
an antiferromagnet. The first contribution to the magnetic energy, which both
systems have in common, is the magnetocrystalline anisotropy energy. The effect of
the magnetocrystalline anisotropy is that the spins follow the orbital moment and
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align parallel to certain crystal axes, which are given by the electronic structure
and the symmetry of the crystal. Although the interaction between shape and
magnetocrystalline anisotropy determines the easy axes in a ferromagnet, higher
order contributions have to be considered in an antiferromagnet, for example, the
magnetoelastic anisotropy. The combination of magnetoelastic, short-range dipolar,
and magnetocrystalline energies determines the easy axes in an antiferromagnet.
If more than one easy axis is possible or if lattice defects change the elastic energy
of the system, the antiferromagnet will decompose in several magnetic domains.
Gomonay et al. [9] recently presented a theoretical investigation, in which the
correlation between magnetostriction and antiferromagnetic domain formation in
the bulk and at surfaces was studied. The authors found that, similar to magnetic
charges at ferromagnetic surfaces, “elastic charges” at antiferromagnetic surfaces
cause an “elastic stray field”, which determines the domain structure.

To ultimately describe the antiferromagnetic domain pattern at the surface
of NiO, the well-known bulk structure is first reviewed here. In NiO, nickel
and oxygen atoms form a rock-salt-type crystal. Figure 8.1a shows the principal
symmetry. Nickel atoms are represented by small spheres forming an fcc sublattice.
They are connected by oxygen atoms, represented by larger spheres, along the [100]
direction. The oxygen 2p orbital overlaps with a 3d orbital of each of the neighboring
nickel atoms, leading to the so-called superexchange interaction. As per the Pauli
principle, this interaction between the two otherwise independent electrons causes
the antiparallel alignment of their spins. The three different [100] axes define the
intrinsic antiferromagnetic propagation axis. However, the symmetry of the spin
order is not completely defined yet, because the coupling along a particular [110]
direction is still ambiguous.

From Figure 8.1a, it is seen that to obtain a magnetically compensated cell, the
spin arrangement along three of the [110] axes needs to exhibit an antiferromagnetic
order, whereas the other three need to show ferromagnetic order. Together with the
condition of antiferromagnetic order along [100], one finds that only four different
permutations are possible, neglecting spin inversion. The characteristic feature for
each of these permutations is that atoms within a particular (111) plane show ferro-
magnetic order, while adjacent (111) planes are aligned antiparallel. A macroscopic
crystal may now exhibit different spin symmetries in different regions of the crystal.
In this case, the spin lattice is twinned and the different spin symmetry domains
are referred to as T(win)-domains. Table 8.1 lists the four possible T-domains as
defined by their ferromagnetic plane or their antiferromagnetic propagation axes.
Two T-domains adjoining each other will form an antiferromagnetic domain wall
parallel to a certain crystal plane. The wall plane is defined by the magnetic axes that
the two domains have in common and the possibilities are listed in Table 8.1. For
example, T; and T, share the ferromagnetic axis [011] and the antiferromagnetic
axis [011]. These two axes together define a (100) plane, which now separates a
(111)-ordered region from a (111)-ordered region. The (100) plane is defined by
two common magnetic axes. There are two more domain walls possible between
T; and T, defined by only one of the common [110] axis together with one of the
[100] intrinsic antiferromagnetic axis, which all antiferromagnetic domains have in
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Rhombohedral contraction along <111>
(a) Easy planes: {111}

Monoclinic expansion <110> Orthorhombic contraction <100>

Easy axis: <112> Easy axis: <110>
(b) ()
Figure 8.1 (a) A lattice cell in NiO. Ni is observed due to magnetostrictive effects.
atoms are represented by small spheres and (b, c) View of a (111) plane. A monoclinic
O atoms by larger spheres. The spins of expansion favors spins to align along [112]
each atom within a particular (111) plane into the direction of the next nearest neigh-
exhibit ferromagnetic order and are aligned  bor (b). An orthorhombic contraction along
parallel to the plane. At the same time, a [100], on the other hand, favors a [110] easy

rhombohedral lattice contraction along [111]  axis toward the next neighbor (c).

common. In this example, these are the (110) and (110) planes. A complete list of
possible T-domain walls in NiO is given in Table 8.2.

So far, only the spin symmetry of the complete antiferromagnetic crystal has
been addressed. Whether the crystallographic T(win)-domains of the spin lattice also
represent magnetic S(pin)-domains will depend on whether different T-domains
favor a different magnetic spin axis. A detailed discussion of the origin of antifer-
romagnetic domains in NiO and their relation to magnetoelastic deformation as
the origin of antiferromagnetic domain formation has been presented by Yamada
et al. [10-12]. The authors calculated the magnetostatic energy of NiO, allowing a
complete deviation from the perfect cubic lattice in terms of rhombohedral ([111]),
monoclinic ([110]), and orthorhombic ([001]) deformation. The first conclusion in
[10] is that the short-range dipolar interaction between ordered (111)-planes con-
tributes the most to the magnetostatic energy. This forces the spins parallel to the
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Table 8.1 Possible antiferromagnetic symmetries named
T-domains, identified by the (111)-plane that exhibits
ferromagnetic order.

Name FM plane AFM axis FM; axis (T-wall) FM; axis (S-Domain)
[110] [110] [112]
T (111) [101] [101] [121]
[011] [011] [211]
[110] [110] [112]
T, (T11) [101] [101] [121]
[011] [011] [211]
[110] [110] [112]
T; (111) [101] [101] [121]
[011] [011] [211]
[110] [110] [112]
T, (111] [101] [101] [121]
[011] [011] [211]

The ferromagnetic and antiferromagnetic propagation axes are given in the columns. Note that one
of the ferromagnetic propagation axis coincides with the spin axis realized in antiferromagnetic spin
domains, while the other one is realized in walls between the twin domains.

Table 8.2 Possible T-walls between T-domains T; and T;.

T /T2 T /T3 Ti/Ts
[011][011] [101][101] [170][110]
(100)(011) (010)(101) (001)(110)
Ty /T3 Ty /Ty T3 /Ty
[110][170] [101][101] [011)[01T]
(001)(011) (010)(101) (100)[011]

The first row denotes the common magnetic axes. Planes listed in the second row describe
high-symmetry favorable domain walls.

(111) plane and leads to a rhombohedral contraction along [111] of ATl ~107* The
anisotropy energy along [100] is comparably small and the spins can easily rotate
into the (111) plane. The situation is illustrated in Figure 8.1(a). Whether an addi-
tional uniaxial anisotropy exists within the (111)-plane depends on the existence of
additional lattice distortions, which may lift the degeneracy between the equivalent
[112] (the second next neighbor) and [110] (the nearest neighbor) directions. This is
illustrated in Figure 8.1(b) and (c), which shows a view along [111] of the atoms of
two (111) planes, one above the other. The calculation presented by Yamada et al.
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suggested that an orthorhombic contraction along [100] favors [110] as an easy axis,
whereas the monoclinic expansion along [110] favors [112]. Both the situations are
shown in the figure. By comparing their calculations to (bulk) domain patterns
generated under stress and external field, the authors conclude that a monoclinic
expansion of the lattice is actually realized in NiO and that the easy spin axis in a
T-domain is [112]. They conclude that the spins within a particular T-domain are
aligned parallel to the plane and point toward one of the three possible next nearest
neighbors, forming three different S(pin)-domains within each of the four possible
T(win)-domains. These 12 different domains in NiO are listed in the last column
of Table 8.1 and they fully describe the possible antiferromagnetic (S)pin domains
in NiO.

8.1.2
Soft X-Ray Spectroscopy

The experiments described in this chapter were performed using synchrotron
radiation. Synchrotron radiation is an excellent source of tunable and polarized
X-rays in the energy range between 200 and 1000 eV. An introduction to synchrotron
radiation is given in the book by Attwood [13]. Here it is sufficient to note that
the horizontal deflection of the electron beam stored in the synchrotron by strong
beam bending magnets leads to the emittance of polarized X-rays over a broad
energy range. These X-rays are guided toward an experimental endstation using
the so-called beamline. The beamline consists of mirrors to guide and focus the
X-rays as well as a grating optic to select a small energy band. The energy resolution
of a soft X-ray beamline can be in the range of 1000 < % < 10000. Although
the center of the X-ray beam is linearly polarized in the horizontal direction, the
upper and lower parts of the beam consist of left and right circularly polarized
X-rays. One can choose the polarization for the experiment by placing apertures
into the beam at the appropriate positions. This allows for polarization-dependent
(dichroism) soft X-ray absorption spectroscopy (XAS) and soft X-ray microscopy studies
to characterize antiferromagnetic as well as ferromagnetic order.

The energy of soft X-rays is such that the absorption of a soft X-ray photon
can lead to the excitation of 2p core-level electrons into empty 3d final states in
transition metals such as Mn, Fe, Co, Ni, and Cu. The intensity of this transition,
and hence the line shape of the absorption resonance, is strongly influenced by the
chemical environment and magnetic symmetry of each species, since it is given
by the overlap of the 2p and the 3d orbitals. The X-ray absorption cross section
is measured by either detecting the intensity of the transmitted X-rays using the
Lambert—Beer law or by collecting the electron yield emitted from the sample. The
second approach is referred to as total electron yield (TEY) technique. The absorption
of an incident X-ray by a core-level electron and the recombination processes that
cause the electron to be emitted from the sample are depicted in Figure 8.2. The
incoming photon produces a photoelectron and the resulting core hole recombines
by emitting an Auger electron from the valence band. The photoelectron and the
Auger electron may now either be emitted into the vacuum or, due to their limited
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Figure 8.2 Example of the X-ray absorption
process at the L-resonance of a 3d metal.
(a) If the photon energy of the incoming
X-ray is equal to or larger than the binding
energy of the L-electron, the X-ray can be
absorbed and a core-level electron is excited
into an empty final state. (b) The resulting
core hole may be filled by a valence elec-
tron (down arrow), leading to the emission
of an Auger electron from the valence band.
(c) Both the Auger- and the photoelectrons
lose kinetic energy due to inelastic scatter-
ing and produce numerous low-energy sec-
ondary electrons. The energy spectrum of

Material A

Material B

all electrons escaping the sample is shown
in (d), consisting mostly (90%) of electrons
with a kinetic energy less than 5eV produced
by inelastic scattering of the initial Auger-
and photoelectrons. (e) The current between
the sample and the ground potential is pro-
portional to the electron yield generated by
X-ray absorption process. (f) The contribu-
tion of deeper layers to the total electron
yield (TEY) signal decays exponentially with
the distance z to the surface. This makes
the characterization of surfaces and buried
interfaces possible.

mean-free path, lose their energy by inelastic scattering. In the latter case, a larger

number of low-energy secondary electrons per initial photoelectron are generated.
Because of their larger mean-free path, these secondary electrons will eventually be
emitted into the vacuum. If the sample is grounded through a current amplifier,
the electron current that is necessary to compensate for the emitted charge can
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be measured (Figure 8.2e). Typical sample currents obtained using synchrotron
radiation are between 0.1 and 10 nA.

The TEY is proportional to the absorption coefficient p(E). At normal X-ray
incidence, the TEY dN, from a layer of thickness dz at depth z is related to the X-ray
absorption w(E) by

N, ~ () expl—ziBlexp | - |éz (8.1)

The second exponential term denotes the probability for an electron generated
at a distance z from the surface to leave the sample. The electron mean-free
path A is a combination of the mean-free path of the initial photo- and Auger
electrons (very short <1 nm) as well as the secondary low-energy electrons (long
>10nm). Spectroscopic information is obtained only from layers that contribute
to the electron yield. Experimental values for the effective A vary between 2 and
5 nm. The first exponential function describes the decay of the X-ray intensity as it
penetrates the material. Because the decay length of the X-rays is, in general, much
larger than the electron escape length, this term is usually neglected and the X-ray
intensity is assumed to be constant within the probing depth of the TEY method".
Integrating Eq. 8.1 yields the direct proportionality between TEY and p(E).

The depth profile of the TEY method is shown in Figure 8.2. The sketch shows
the exponential decay of the contribution of each atomic layer in a stack of two
materials to the TEY. It is assumed that A is constant over the entire volume.
Deeper layers contribute with a smaller electron yield to the total yield than surface
layers. A rough estimate yields that 82% of the electron yield originates from the
first 2nm. For this reason, the TEY technique is considered a surface-sensitive
approach. If material B is buried deeper than about 10 nm from the surface, it
is usually not detected in a TEY experiment. The electron yield arising from the
buried layer B is suppressed by layer A, but the relative contribution of the top
layer of material B to the total signal arising from material B is independent of
the thickness of top layer, material A. Again, assuming a typical A of 2nm and an
atomic layer thickness of 0.2 nm, the contribution of the top layer of material B to
the electron yield of material B is always between 8 and 10%. This means that if
the chemical properties of the top layer of material B are different from the other
layers in the bulk of material B, this contribution can be identified. For a more
detailed description, see [14].

8.1.3
Photoemission Electron Microscope

X-ray absorption cross section can be obtained using the electron yield method.
Specifically, this detection method can be used in two different ways. First, one
can spatially average over the illuminated sample area and collect spectroscopic

1) This assumption is even appropriate right
at the absorption resonance where the decay
length might be as short as 10nm.
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information (XAS). Second, one can use a photoemission electron microscope
(PEEM) to magnify and image the lateral distribution of the electron yield. The
lateral variation of elements and their chemistry as well as their ferromagnetic
and antiferromagnetic order can be resolved using PEEM. Review papers focusing
on magnetic imaging methods are presented, for example, by Stohr et al. [15-17],
by Hillebrecht [18], and in articles by Kuch et al. and Scholl et al. in “Magnetic
nanostructures” edited by Hopster [19, 20]. A general overview about PEEM has
been given by Bauer [21].

The idea of cathode lens microscopy was developed in the first half of the last
century. Driven by the increased use of synchrotron radiation in the late 1980s and
the success of electron-yield-based absorption spectroscopy, an ultrahigh-vacuum
compatible and synchrotron-based PEEM was proposed by Tonner and Harp [22]
and a few years later by Engel et al. [23]. Figure 8.3 shows a sketch of a two-lens
PEEM. The irradiation of the sample surface with monochromatic X-rays leads to
the emission of electrons, as described in the previous section. If the absorption
coefficient p varies laterally, so will the electron yield. The excited electrons are

screen | ¢
) —0V
Projection
lens —15 kV
(Y
Aperture
— | | —
Objective
lens
Electrons Monochromatic
X-rays
[
Figure 8.3 Irradiation of a surface with sample (cathode) to accelerate the electrons

(monochromatic) X-rays leads to the emis-

sion of secondary electrons. The spatial dis-

tribution of the electron yield is magnified

onto a screen by electrostatic lenses. A typi-

cal voltage of T0kV mm™" is applied to the

toward the microscope column. Energy and
angular selection of the electrons passing
through the microscope column is achieved
by an aperture in the back focal plane of the
objective lens.
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accelerated toward the microscope. An electrostatic objective lens? and a projective
lens will magnify and image the electron yield on a two-dimensional electron
detector, for example, a phosphor screen or a microchannel plate. The visible light
image generated by the channel plate and screen can then be recorded using a CCD
camera. A common feature of all cathode lens microscopes is that the sample itself,
as the cathode, is part of the optical system. The sketched microscope consists of
two triode electrostatic lenses. The outer electrodes are at the same potential as the
microscope housing, whereas the inner electrode is at high negative voltage. The
equipotential lines produced by such an arrangement resemble the shape of thick
concave optical lens. They are shown within the projection lens.

Two different microscopes were used for the experiments described in this
chapter. One was the commercial STAIB-PEEM [24] microscope. The other was
the PEEM2 instrument [25] built at the Advanced Light Source (ALS) in Berkeley,
CA, USA. The typical spatial resolution obtained with the STAIB-PEEM using
synchrotron radiation was 120-150 nm and about 50—70 nm was obtained using
PEEM2. Using the PEEM2 setup, XAS spectra from small areas (less than 1 um?)
on the sample (XAS Spectromicroscopy) can easily be obtained by synchronizing
beamline and microscope control software. While the X-ray energy is increased
step by step through an absorption resonance, a PEEM image is acquired at each
energy. The result is the so-called image stack. After the actual images have been
acquired at the synchrotron, the XAS spectra can be extracted using suitable image
processing software.

8.1.4
Soft X-Ray Dichroism

Magnetic information is extracted from soft X-ray spectra by varying the angle be-
tween the polarization vector and the magnetic axis (or the direction) of the studied
sample. The ability to acquire high-quality spectra from single ferromagnetic or
antiferromagnetic domains makes PEEM a powerful tool for imaging the magnetic
domain structure of these systems [26—28]. An overview of recent experiments can
be found in [17].

In the case of a ferromagnetic sample, the line shape of the spectrum will depend
on the relative orientation between the helicity vector of the incoming circularly
polarized X-rays and the direction of the magnetic moment (X-ray magnetic circular
dichroism, XMCD). This is shown in the sketch in the upper left of Figure 8.4. The
magnetization vector of each domain includes a different angle with the helicity of
the X-rays and, therefore, each of the X-ray absorption spectra obtained from each
domain (upper right panel) exhibits a different Fe L3 /L, ratio and images acquired
at the two resonances show four different gray levels with opposite contrast at

2) Sometimes a magnetic objective lens, with an objective lens may perturb the magnetic
smaller aberrations, is used in a PEEM. configuration of the sample.
However, the magnetic stray field of such
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Figure 8.4 (a) L-edge XAS and XMCD spec- two peaks labeled L, and Lj,. Magnetic
tra of Fe as well as PEEM images obtained =~ domain images using XMCD and XMLD are
at the absorption resonances. (b) L-edge obtained by dividing two images with the
XAS and XMLD spectra of NiO as well as same background (such as topography) but
PEEM images at the relevant energies. Note opposite magnetic contribution.

that the NiO L, absorption peak is split into
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the two resonances?. The final XMCD image on the right is derived by dividing
the single images and it represents a map of the XMCD intensity, that is, the
Fe L;/L; ratio and, thus, the direction of the magnetic moment. The further
advantage of the calculation of the image ratio is that electron yield variations
caused by inhomogeneous illumination or topographic features will not contribute
to the final image. The basic symmetry of a domain pattern can already be
deduced from the XMCD image itself, especially if the experimental setup allows
one to rotate the sample so that several images in different geometries can be
acquired. However, a precise determination of the direction of the magnetization
in each domain from the XMCD intensity involves an appropriate background
subtraction and normalization that cannot be easily achieved in a PEEM image.
For this purpose, the spectra calculated from image stacks acquired in each of
the ferromagnetic domains are used. The absolute XMCD intensity within each
domain can be extracted this way and the angle of the magnetic moment can
be determined by comparing the experimentally derived values with appropriate
references [29].

A similar correlation between the shape of the absorption spectra and the angle
between the polarization vector and antiferromagnetic axis is observed when linear
polarization is used to obtain antiferromagnetic contrast (X-ray magnetic linear
dichroism, XMLD); see, for example, [27, 30-35]. The same procedures for image
acquisition and data analysis as described for XMCD are applied in the case of
XMLD. The procedures to acquire an XMLD image and the XMLD spectra resulting
from image stacks are shown in Figure 8.4b. For all antiferromagnetic domain
images of NiO shown in this chapter, two images are acquired at within the Ni L,
resonance, which is split into two peaks labeled L,, and Ly,. The XMLD spectrum
acquired at these two energies exhibits an opposite XMLD effect and can, therefore,
be used for XMLD imaging. In addition, because the isotropic absorption intensity
of the two peaks is very similar, the same exposure time can be chosen for the two
images. This leads to a very efficient suppression of the nonmagnetic background
and allows for the acquisition of generally beautiful images. The final XMLD image
shown at the bottom right represents the ratio of the two images with opposite
contrast. Again as for the case of XMCD, useful information about the principal
symmetry of the domain pattern and the distribution of antiferromagnetic axes can
be extracted from XMLD images obtained in different geometries or with different
orientations of the linear polarization vector. Nevertheless, an exact determination
of the antiferromagnetic axis can only be achieved by acquiring absorption spectra
in each antiferromagnetc domain, analyzing the microspectroscopic data and
extracting the concrete XMLD spectrum. At this point, it needs to be noted that
it is crucial to know the shape of the XMLD spectrum at the Ni L; resonance.
It had always been assumed that the absorption intensity at the NiO L,, peak is
maximum when the electric field vector is perpendicular to the spin axis of the
antiferromagnet. However, Arenholz and coworkers have recently shown that this

3) The incoming circularly polarized X-ray serves as a spin-polarized probe of the
preferentially  excites core-level elec- spin-split-unoccupied electronic structure
trons with one particular spin, which of the ferromagnet.
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assumption is not correct, in general, and that the correct interpretation of the
NiO XMLD spectra depends on the particular experimental geometry. The authors
found that the shape of the XMLD at the L; resonance holds the key to the correct
interpretation of the L, XMLD [36, 37]. In light of this, some of the initial findings
based on the original interpretation of the XMLD effect [27, 28] had to be revisited
and corrected [38].

8.2
Antiferromagnetic Domain Imaging using PEEM

In this section, an example of how XMLD can be used to image the antiferro-
magnetic domain structure at NiO(001) surfaces is given. It will be evident that
the domain structure at the surface can be fully described by the bulk domain
structure introduced in Section 8.1.1. However, we also see that the observed
surface domain pattern does depend on the preparation conditions of the surface.
The antiferromagnetic surfaces, discussed in this section, are NiO(001) that were
cleaved ex situ before introducing them to the ultrahigh-vacuum apparatus. Before
the surfaces were imaged using the PEEM microscope, they were annealed for
several hours at 600 K above Ty (525 K) in an oxygen atmosphere of 107 torr to
remove surface contaminations. All these samples showed large antiferromagnetic
domains with domain walls congruent with the T-domains and walls listed in
Table 8.2. One T-domain usually consists of only one particular S-domain. How-
ever, if the surfaces are annealed at lower temperatures (Section 8.2.2) below Ty,
a rich S-domain substructure will be observed. If the surfaces are annealed above
Ty, the lattice can relax and release the stress that has been introduced during
the cleavage process. This, in turn, leads to annihilation of the smaller magnetic
S-domains and growth of the larger T-domains. The temperature dependence of
the domain pattern is addressed again in Section 8.4.

8.2.1
Imaging Antiferromagnetic Domains and Domain Walls

For the experiments presented in this section, variable X-ray polarization was
essential. In particular, the ability to change the angle between the polarization
vector of the incident X-rays and the direction of the magnetic axis was the key.
The geometry that applies to all experiments is shown in Figure 8.5a. The angle of
incidence (0) is 30°. The incoming X-rays are either linearly or circularly polarized.
In the case of linear polarization, the only component of the polarization that
is present is the horizontal one, E, parallel to the sample surface. For circular
polarization, an additional component is present, which is referred to as E, here.
E, and the surfaces normal include a fixed angle that is identical to the angle of
incidence. Note that the vertical polarization component also shows a projection
onto the surface plane and that needs to be taken into account for a detailed analysis
of the XMLD contrast. The sample can be rotated around its surface normal such
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Figure 8.5 (a) X-rays are incident onto a antiferromagnetic domain images acquired
NiO(001) surface at an angle 6. The inci- using linear polarization 7 (b) and mixed o
dent polarization can be split in two main polarization (c) at the Ni L, resonance. The
polarization components: Ej and E;. In ad-  crystal axes and the dimensions of the im-
dition, the sample can be rotated around age are indicated in the insets. Only (100)
its normal by an angle ¢, which is de- domain walls are observed in (b), whereas
termined by the angle between Ej and a (c) also shows (110) walls. The direction of
particular in-plane sample direction. Note the antiferromagnetic axis parallel to [121] is
that the angle of incidence 6 also appears indicated by arrows in (c).

between E and the surface normal.Two

that the E; component includes any angle ¢ with a particular crystallographic
in-plane axis, for example, [100].

Figure 8.5b and 8.5¢ shows an example of two antiferromagnetic domain images
obtained with the ALS PEEM2 using linear 7 and circular (or mixed) o polarization.
Both the images were acquired at the same spot on the sample. The sample was
a NiO(001) single crystal that had been annealed in an oxygen atmosphere of
10° torr for several hours after cleaving and before imaging. Figure 8.5b shows
the distribution of the antiferromagnetic axes imaged with linear polarization ().
Because the electric field vector Ej lies completely in the surface, only the in-plane
projection of the antiferromagnetic axis contributes to the observed contrast. The
pattern itself is governed by stripe-shaped antiferromagnetic domains parallel to
[100] directions and separated by (100) walls. We can, therefore, assume that
we observe a pure T-domain pattern as described in the previous section. In
addition, to address the out-of-plane contribution of the antiferromagnetic domain
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pattern, we then “switched on” the out-of-plane component of the polarization by
using o-polarized X-rays. The resulting PEEM images now show four different
antiferromagnetic domains. Each in-plane domain is split into two domains with
different projections of their antiferromagnetic axis on the vertical polarization
vector E| . In other words, each of the antiferromagnetic in-plane domains separated
by domain walls along (100) is split into two different antiferromagnetic out-of-plane
domains. These two out-of-plane domains are separated by (110) walls. The direction
of the magnetic axis in each antiferromagnetic domain has been determined from
the line shape of the X-ray absorption spectra acquired in each AF domain and
is indicated in the image by arrows. We find that only S-domains are observed
with a large projection of the antiferromagnetic spin axis onto the sample surface
plane. The spin direction in the four T-domains is given by the four possible [121]
directions.

As mentioned in the introduction, the samples had been annealed above Ty at
600 K in vacuum after cleaving. Annealing causes the atomic arrangement at the
surface to relax. As a result, no sub-S-domain structure is observed and only a
T-domain structure with highly symmetric domain walls that altogether form the
herring bone pattern as shown in Figure 8.5 is observed. Nevertheless, it is also
evident that the surface is not completely relaxed. In particular, in Figure 8.5a,
we see that the (100)-walls are not completely straight and parallel to the [100]
direction; instead they are slightly curved. This may be simply attributed to the
way the sample is mounted in the microscope, or even more likely, due to the
(still) relatively low annealing temperature of 600 K, which is not high enough to
sufficiently heal defects in the bulk of the samples, causing a deformation of the
domain wall planes.

To further probe whether the assignment of the antiferromagnetic axis is
correct, we focus on the domain walls between the observed T-domains. Domain
walls in antiferromagnets are often described on the same basis as the domain
walls in ferromagnetic materials. The analogy arises from the fact that on a
macroscopic scale, both structures can be characterized by a single vector, that is,
the magnetization for ferromagnets or the difference between the two sublattice
magnetization for the antiferromagnet. For antiferromagnets, however, a wider
configuration of domain walls is possible than for ferromagnets. This is because for
antiferromagnetic crystals magnetic ordering is not only related to the appearance
of a new magnetic vector but also to a change in the crystal translational symmetry
as pointed out previously. As the properties of domain walls provide a key for
understanding the magnetic microstructure [8], experimental determinations of
their properties are extremely important.

Figure 8.6 shows three different images of the domain structure acquired with
different orientations of the incoming X-rays. These images were obtained from
the same sample as before but from a different area on the surface. Figure 8.6a
was obtained in the same geometry (using o-polarized X-rays) as the one in
Figure 8.5, but the image has been rotated such that the [100] direction is vertical.
The other two images were obtained using both polarizations (o and =) after
rotation of the sample by 25°. Figure 8.6a also shows four different contrast
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Figure 8.6 (a) The image has been acquired direction parallel to the [100] axis but with
with o-polarized X-ray, incident at 25° with  different polarizations to reveal out-of-plane
respect to the in-plane [100] direction on a  as well as in-plane antiferromagnetic do-
NiO(001) surface. As shown in Figure 8.5, mains. The horizontal dimension of the im-
all four different T-domains are visible. (b, c) age is 8um. All images were obtained at the
The two images were taken with the incident Ni L, resonance.

levels, forming the typical herring bone pattern. However, we also observe an
interesting deviation from this pattern. One subset of alternating T-domains
forming the herring bone vanishes in a singularity (see highlighted area in
Figure 8.6). Surprisingly, the domain walls that separate the original T-domains
from the adjacent domains on the left and on the right continue beyond the
singularity upward in the image representing an antiferromagnetic analog to a
ferromagnetic 360° wall, which even extends beyond a few alternations of the
remaining herring bone.

After rotation of the sample, the contrast between domains vanishes completely
when the image is obtained with pure linear polarization parallel to [010]. This
behavior indicates that the projection of the antiferromagnetic axis onto the
[010] direction is the same for all four domains and corroborates our previous
findings that all T-domains are formed by S-domains belonging to one subclass.
All T-domains are made up of [121]-type S-domains as indicated by the arrows. It
also becomes evident that the observed (110) domain walls separate domains with
identical in-plane axes but different out-of-plane orientations of the spin axis, for
example, [121] and [121]. The only difference that remains in the domain image
(Figure 8.6b and 8.6¢) is the domain wall contrast. T-domains in Figure 8.6 exhibit
a spin axis with the same projection on the [010] axis or the [001] axis. However, the
spin axis in each domain is either rotated clockwise or counterclockwise to the same
extent with respect to the wall plane so that the domains themselves do not create
any XMLD contrast. Only the domain wall itself, where the antiferromagnetic
spin axis rotates from one domain to the other, can be observed using XMLD
contrast.

Finally, the structure of the domain wall is discussed. Antiferromagnetic domain
walls are often much wider than typical ferromagnetic domain walls, which are
only a few nanometers wide. For example, in a 180° ferromagnetic domain wall, the
direction of the spins within the wall will be reversed. The length scale on which this
can happen is essentially the length of a spin wave in a ferromagnet. Wider domain
walls can also appear; however, they are most often observed in nonequilibrium
situations. The walls in antiferromagnetic NiO are more of the order of 120 nm,
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in the case of the 360° wall even close to 200 nm, so they can be easily resolved in
experiments [39]. Antiferromagnetic domain walls are wider because the formation
of a domain wall requires that the different lattice contractions on each side of the
domain wall be compensated for in the wall plane. This involves physically moving
atoms against their equilibrium positions, which can only be accomplished over
several hundreds of lattice sites. A more detailed description of the theory behind
antiferromagnetic domain walls on NiO and their correlation with magnetoelastic
fields can be found in [9, 39]%.

822
Magnetism and Crystallography

The final step in analyzing the antiferromagnetic domain structure of NiO is
to correlate the observed magnetic domains with the underlying crystallographic
domains. So far, we have only assumed that the observed domain pattern in
Figure 8.5 is a one-to-one match with the T-domain structure, but we do not
have a concrete experimental proof for such an assumption. For this reason, it is
important to revisit Figure 8.1. As can be seen, each Ni atom possesses a magnetic
moment that is antiparallel exchange coupled with its second nearest neighbors
along [100]. The oxygen atom, however, does not possess a magnetic moment. It is
surrounded by the same number of “spin-up” Ni atoms as “spin-down” Ni atoms.
For this reason, the oxygen X-ray absorption spectrum should not show a magnetic
linear dichroism. However, we also saw that the crystal undergoes a rhombohedral
distortion, which leads to a deviation away from the simple cubic coordination of
the oxygen atom. It is well known that such a noncubic atomic arrangement will, in
turn, lead to the observation of an X-ray linear dichroism (XLD) effect, since, simply
put, the optical properties (e.g., absorption coefficient) are now dependent on the
crystal direction. This type of linear dichroism is widely used for the orientational
characterization of polymers for example [16, 17], and has previously been found
to be applicable also to T-domains in NiO [40].

This additional type of dichroism can now be used to separately address the
antiferromagnetic and crystallographic domains in NiO(001). Figure 8.7a shows
an antiferromagnetic domain image, acquired from a sample that was annealed
at 450 K after cleaving. A very rich domain structure is observed, and it is still
possible to identify some domain walls that seem to run straight along defined
crystal axis. However, most of the domain walls exhibit a strong curvature and are
not correlated with crystallographic axis as it would be expected for pure S-domain
walls. To ascertain the T- and S-domain walls, we show XLD images obtained at
the oxygen K resonance [38]. Figure 8.7b and 8.7c was acquired using 7 polarized
X-rays and o-polarized light, respectively. The difference between the two images
is the same as in the case of the Ni XMLD images in Figure 8.5; one image reveals

4) The paper by Weber and coworkers is based correct, the relative orientation is still true
on the original XMLD interpretation [39]. so that the findings and conclusions are still
Although the absolute direction of the spins valid.
as assumed in this work might not be
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Figure 8.7 A complex domain structure m-polarized X-rays show T-domains with
consisting of twin and spin domains is ob-  different projection of the contraction axis
served using Ni L-edge XMLD (a) on a onto the surface plane (indicated in (c) by
cleaved NiO(001) surface. Oxygen X-ray arrows), while images obtained with o po-
linear dichroism (XLD), which is only sen- larization reveal the arrangement of all four
sitive to the T-domain structure, is then used different T-domains. The horizontal extent of
to image the underlying T-domain pattern. the images is 12 um.

(b, c) O K-edge XLD images obtained with

only T-domains with a different in-plane component of the contraction axis,
whereas the other one shows the different out-of-plane components. Consequently,
Figure 8.7c shows four different gray scales corresponding to four different
T-domains separated by (100) and (110) walls. We may assign a particular T-domain
to each observed crystallographic domain by employing our knowledge about the
T-domain structure in the bulk presented in Table 8.2. The T-domains and their
corresponding in-plane projection of the contraction axis are shown in Figure 8.7c.

Later in the chapter, this approach is used to address the origin of the spin
orientation that is observed at the surface of NiO upon deposition of a ferromagnetic
layer. It is a very powerful technique, in particular, in a microscope, since it allows to
correlate magnetic and crystallographic order and, even more important, it enables
us to observe how changes in the crystallographic order will lead to changes in the
magnetic domain structure. This is, in particular, relevant for studies of systems
where the correlation between different degrees of freedom is of interest, like
mulitferroic materials for instance.

8.3
Antiferromagnetic Domains in Exchange-Coupled Systems

We now focus our attention on the evolution of the antiferromagnetic domain pat-
tern after deposition of a ferromagnetic layer. Antiferromagnetic—ferromagnetic-
exchange anisotropy plays an important role in modern-device applications, since
the exchange coupling between the ferromagnet and any excess moment in the
antiferromagnet — caused by symmetry breaking at the interface or through defects
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— can lead to an effect called exchange bias. As long as these excess moments are
strongly coupled to the antiferromagnetic matrix such that they are not affected by
(conventional) external fields, they can, in turn, introduce a well-defined magneti-
zation direction into the ferromagnet through exchange coupling. Such a bilayer
will always exhibit its preferred magnetic direction (unidirectional anisotropy)
when the external magnetic field is removed and, hence, serve as a magnetic
reference in a magnetic storage or sensor device. The orientation of the unidirec-
tional anisotropy can be defined during growth or by annealing the system above
the Néel temperature (Ty) in a magnetic field. Independent of the existence of a
unidirectional anisotropy, the exchange phenomena between the two layers will
affect the observed uniaxial anisotropy of the ferromagnetic layer. In both cases, itis
necessary to obtain a fundamental understanding of the micromagnetic structure.
The domain structure is determined by the anisotropy energies. In addition to the
interface itself and crystallographic defects, the domain walls and crystallographic
boundaries themselves are origins of the uncompensated moments that contribute
to the exchange coupling between antiferromagnets and ferromagnets.

8.3.1
Antiferromagnetic— Ferrmagnetic-Exchange Coupling

The general characteristic of the domain pattern in exchange-coupled Fe/NiO and
Co/NiO is described in this section. Figure 8.8 shows images of the ferromagnetic
as well as the antiferromagnetic domain patterns after deposition of 10-12 ML of
Fe or Co on NiO(001). The ability to tune the X-ray energy either to the NiO Ly, /Ly,
or Co/Fe L3/L, absorption resonance and to vary the polarization of the X-rays
allows one to study the magnetic structure of the top ferromagnetic layer as well as
the buried NiO surface. Although the NiO signal is suppressed by a factor of 4-5
due to the limited escape length of the secondary electrons, the domain pattern of
the buried antiferromagnet can still be easily identified. The lateral scale is rather
large in order to illustrate that the observations are not restricted to a small local
area on the sample.

Both XMLD images in Figure 8.8 exhibit two gray levels, representing two
different antiferromagnetic domains. These domains are separated by (100) or
(010) walls. The XMCD images, on the other hand, show four different gray scales
corresponding to four different ferromagnetic domains. These four ferromagnetic
domains split up into two different subgroups with each subgroup following one
particular antiferromagnetic domain, such that antiferromagnetic (100) walls in the
XMLD images are coincident with ferromagnetic (100) walls in the XMCD images.
Considering only these walls, the ferromagnetic domains form an exact replica of
the antiferromagnetic domains.

The contrast arising from the different magnetic domains is now analyzed
qualitatively. For this purpose, legends are shown in Figure 8.8, which correlate the
observed dichroism intensity with the magnetic orientation. Image areas showing
strong bright and dark XMCD intensity represent domains where the projection of
the spins onto the helicity of the light is large, meaning that the magnetic moments
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<M>
direction

Figure 8.8 XMCD images (a) and XMLD
(b) images of 10 ML of Co/NiO and 12 ML
of Fe/NiO(c, d) obtained using the respec-

tive L absorption resonance. X-rays are inci-

dent along the vertical image direction. The
legends on the side correlate the observed

<M?>
orientation

XMLD

gray levels to the direction of the magnetic
moment in each ferromagnetic domain and
the orientation of the magnetic axis in each
antiferromagnetic moment. Perpendicular
alignment between ferromagnetic moment
and antiferromagnetic axis is observed.

are pointing up or down in the image plane. The more grayish domains exhibit
smaller projections onto the polarization vector, indicating that their moments
are aligned close to the left and right in the image plane. In the XMLD images,
antiferromagnetic domains with a more vertical orientation of the magnetic axis
are shown in dark gray scales compared to horizontal domains shown in brighter
shades. A qualitative conclusion can already be made about the orientation of the
exchange coupling between ferromagnetic Fe or Co and the antiferromagnetic
NiO(001) surface. The perpendicular alignment between ferromagnetic directions
and antiferromagnetic axes is observed in this case. Results obtained from (thick)
Fe/NiO and Co/NiO are qualitatively identical. For this reason, results obtained
only from the Co/NiO(001) sample are discussed in the following.

Figure 8.9 shows how the direction of the magnetic moments in the ferromagnetic
Co domains and in the antiferromagnetic NiO domains is determined. Here, the
sample was rotated around the surface normal so that the in-plane component of
the electric field vector was parallel to [012], [010], or [011]. The observed XMCD
contrast is maximal for one subset of ferromagnetic domains and vanishes for the
other subset, when the X-rays were incident along the [110] direction, showing
directly that the magnetization in the ferromagnetic domains is aligned along [110].
The same is true for the contrast arising from the antiferromagnetic domains. The
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Figure 8.9 XMLD and XMCD images of Co domains is parallel to [110] as indicated
2.5nm on Co/NiO(001) obtained in sev- by the arrows in the figure. The magnetic
eral different geometries at the Co and Ni axes in NiO domains are oriented perpendic-
L absorption resonance. From the azimuthal ular to the ferromagnetic moments. The field
dependence of the observed contrast, it can  of view is 30 um.

be concluded that magnetic moment in the

contrast in the [110] orientation is larger than for the [012] geometry, indicating that
the magnetic axis is now closer to [110] than to [121] as before. This is then further
corroborated by local X-ray absorption spectra obtained in each domain, which
exhibit a value of the XMLD contrast that is very close to what can be expected
to be the maximum for NiO. Hence, it appears that the antiferromagnetic spin
axis has been rotated from the [121] to the [110] direction upon deposition of the
ferromagnetic layer as demonstrated in detail in Figure 8.10. Figure 8.10a shows an
antiferromagnetic domain pattern in NiO before Co deposition and Figure 8.10b
and 8.10c shows the antiferromagnetic and ferromagnetic domains after deposition
of Co. It can be clearly seen that the complex T-domain pattern that is observed
before Co deposition with four different T-domains forming a zigzag-like structure
is greatly simplified upon deposition of the ferromagnet. Only two domains are
still visible, the (110) walls vanish, and only the (100) walls remain.
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Figure 8.10 (a) Ni L-edge XMLD image of AF NiO(001),
which again shows a zigzag-like domain pattern with some
mixture of S-domains. We show XMLD images of NiO (b)
and XMCD images of Co (c) after deposition of 2.5 nm of
Co, obtained at the respective L absorption resonances. The
field of view is 30 um.

Table 8.3 Thermodynamic properties of selected 3d-metals and their oxides.

Electronegativity E'[v]
Fe 1.6 —0.47
Co 1.7 -0.27
Ni 1.8 —-0.23

The table lists the electronegativity for Fe, Co, and Ni as well as their reduction
potential M™ + ¢~

8.3.2
Magnetic Domains at Interfaces of Antiferromagnets with Ferromagnets

To fully understand what happens upon deposition of a ferromagnetic metal onto
an antiferromagnetic oxide surface, we briefly look at the chemistry of such an
interface. One may already intuitively expect that an interface between a metal and
an oxide is not sharp, because chemical forces that are not negligible at T > 0
might drive oxygen atoms to diffuse from the oxide into the metal layer. Table 8.3
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Figure 8.11 Absorption spectra obtained from

(1nm)Co/(1 nm)NiO in Co/NiO (red). These are compared

to the reference metal (blue) and oxide (green) spectra. The
black spectra show a fit to the (red) Co/NiO spectra assum-
ing that 1 ML of Co is oxidized and 1ML of NiO is reduced
at the interface (reproduced with permission from Ref. 28).

lists the electronegativity and reduction potential of the three investigated species
to illustrate this assumption. The electronegativity is a measure for the ability of a
particular species to attract electrons. Fe and Co exhibit a lower electronegativity
than Ni, which means that in the presence of O, Fe and Co will be predominantly
oxidized compared to Ni. This is also reflected in the reduction potential, which is
the lowest for Ni. These elemental data show the general tendency of Co or Fe to
reduce NiO if they are in close contact.

The chemical reaction at the interface can be visualized by employing the
elemental and chemical sensitivity of XAS. For this reason, Co L; and Ni L,
XAS spectra were obtained from a (1nm)Co/(1nm)NiO sample as shown in
Figure 8.11. The reference spectra for the metal represented in blue and for
the bare oxide surface in green are also shown. The spectra obtained from the
Co/NiO sample is shown in red. The XAS intensity for the Ni L, edge appears
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to be decreased compared to the oxide sample, indicating the increasing metallic
character of Ni atoms in the film. On the other hand, the spectrum obtained at the
Co L; resonance exhibits a multiplet character and increased peak intensity. Both
observations are an indicator of the more oxidic character of the original metallic
Co film.

The lineshapes observed for the unknown samples suggest that their XAS spectra
can be represented as a superposition of the pure metal and the oxide spectra.
To corroborate this assumption, the last spectrum in the graph (black) shows a
linear combination of metal and oxide spectra to best fit the unknown spectra.
An excellent agreement is achieved demonstrating that indeed at the interface a
certain amount of Co is oxidized to CoO and NiO is reduced at the same time
to Ni. The thickness of the interfacial layer consisting of CoNiO,, can be derived
from the weighting factors used for the fit. Considering an electron escape length
of 2.5 nm, one estimates that about a monolayer of metallic Ni is formed on top of
the NiO and a monolayer of CoO at the bottom of Co. Therefore, the thickness of
the interfacial CoNiO, layer is estimated to be about 2 ML [14, 28].

For Fe/NiO, a stronger initial interfacial redox reaction has been reported [14] due
to the larger difference in the reduction potential. However, the identification of
the particular oxide which is realized at the interface is more difficult, because iron
forms different stable oxides such as Fe;0j3, Fe;O4, or FeO at room temperature.
For this reason, it is not surprising that the coupling that is observed between NiO
and Fe depends on the amount of Fe that is available for the reaction.

Figure 8.12 shows XMCD images of ferromagnetic Co and Ni as well as an
XMLD image of antiferromagnetic NiO. Images were acquired in two different
orientations of the sample. The legends on the left- and right-hand side of the
figure show the direction of the incident X-rays, the polarization vectors, and the
correlation of image gray levels with the orientation of the magnetic moment
within each domain. The Co XMCD images reveal three different contrast levels
representing parallel, antiparallel, and perpendicular alignment of the spin moment
with respect to the helicity of the light. In addition, XMLD contrast arising from
antiferromagnetic domains in NiO can be seen and the perpendicular alignment
between antiferromagnetic NiO and ferromagnetic Co is again observed. By
employing the Ni XMCD effect, the interfacial spin polarization finally becomes
visible. Again three different contrast levels are observed as in the Co XMCD
images. The spatial distribution of the ferromagnetic Ni domains is a complete
replica of the Co ferromagnetic domain pattern, demonstrating that the Ni XMCD
contrast is the result of metallic Ni moments ferromagnetically exchange coupled
to the Co domains. However, the relative contrast levels are different in the Co and
the Ni XMCD images. This is due to the fact that the very small XMCD signal
(0.3%) is still superimposed on the XMLD effect, which does not exactly cancel
out’.

5) In principle, the XMLD asymmetry is iden- Howvever, since the line shape is slightly
tical at the L3 and L, NiO resonances. different, it does not cancel out completely.
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Figure 8.12 XMCD images of the ferromag- obtained at the L absorption resonances in

netic Co layer (a) and the uncompensated two different geometries to show the parallel
interfacial Ni moments (b) as well as XMLD alignment of uncompensated interfacial spins
images of the antiferromagnetic domains and ferromagnetic Co spins.

of the NiO(001) surface (c) Images were

For this reason, a second set of images were acquired in another geometry in
which no XMLD contrast was expected. These are shown on the right-hand side of
Figure 8.12. The angle between antiferromagnetic axes and electric field vector is
the same for both antiferromagnetic domains and they cannot be distinguished. In
this geometry, the Ni XMCD contrast is not superimposed on the residual XMLD
contrast and the observed domain pattern for the interfacial Ni moments forms an
exact replica of the domain pattern observed for the Co film, and parallel coupling
between interfacial Ni and Co along [110] is also observed. The thickness of the
CoNiO,-like layer is estimated from the size of the XMCD contrast. The XMCD
contrast between two domains calculated from the image intensity is 0.5% as shown
in Figure 8.12. Taking into account the particular geometry of the experiment, the
corrected XMCD asymmetry between opposite domains can be calculated to be
1% in the as-prepared state. The maximum XMCD value expected for metallic Ni
is 16% [41]. Assuming that the electron escape length in NiO is 2.5 nm, the first
monolayer contributes to the total signal to the extent of 8%. Hence, an XMCD
signal of 1.3% can be expected from a full monolayer of Ni on top of NiO. This
leads to the conclusion that about 0.75 ML of Ni or 1.5 ML of CoNiO, is produced
as a result of the interfacial chemical reaction. Assuming layer-by-layer reduction
of the NiO, the following general expression is derived to calculate the thickness of
the metallic nickel layer from the corrected XMCD difference Ixycp, which is the
XMCD ratio observed in the image as defined in Figure 8.4.

Ixmcp
=-25 In{1- 8.2
x nm n( 16% ) (8.2)
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A thickness of 0.75 ML for the as-prepared sample is in accordance with results
obtained on thin film samples by Regan et al. [14]. The observed thickness of
the CoNiO,-like interfacial layer is similar for single crystalline or polycrystalline
samples. This shows that the thickness of the interfacial layer can be extracted from
the size of the XMCD contrast arising from the metallic Ni atoms located at the
interface as well as from a linear combination of (nonmagnetic) metal and oxide
reference spectra.

The question remains whether the interfacial CoO is antiferromagnetic or forms
a magnetically homogenous ferro(i)magnetic layer together with the Ni atoms. In
other words, the question is whether the final sample structure is Co/CoNiO,/NiO
or Co/CoO/Ni/NiO. Although Ty of bulk CoO is below room temperature
(290 K), a thin film of CoO will show magnetic order since it is exchange
coupled to the other magnetic layers with a much higher ordering temperature [42].
To demonstrate this, we show XMLD images from 2 ML of CoO directly deposited
on NiO as shown in Figure 8.13. The CoO layer was deposited on a clean NiO
surface in a 10~® mbar oxygen atmosphere using a Co electron beam evaporator at
a deposition rate of about 0.5 ML per minute. Comparing the XMLD images of CoO
and NiO, the consequences of the exchange coupling between the two layers and
the antiferromagnetic order of the thin CoO film at room temperature can be clearly
seen. The CoO domain pattern is identical to the NiO domain pattern. The XMLD
asymmetry between adjacent CoO domains is about 2%. A similar effect was never
observed in the CoNiO, interfaces, although, in principle, dichroism effects of less
than 0.5% can be observed. This leads to the conclusion that the interfacial CoO is
not antiferromagnetically ordered but rather forms a single magnetic layer together
with the interfacial Ni metal spins that does not exhibit an XMLD effect as CoO.

s

CoO XMLD

Figure 8.13 XMLD images of antiferromagnetic domains
in a 2-ML CoO/NiO bilayer. The field of view in these im-
ages acquired with the STAIB-PEEM is 150 um. An identical
T-domain pattern with domain walls along (100) planes can
be identified in both images. The images were obtained at
the Ni (a) and Co L (b) absorption resonances.
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833
Origin of Spin Reorientation

We have seen that a ferromagnetic layer of Co or Fe exhibits a perpendicular
alignment with the underlying antiferromagnetic axis at the (100) plane. This is
because the NiO(001) surface is magnetically compensated, which means that the
direction of the spins on adjacent lattice sites at the surface is opposite, so that
the ideal surface does not exhibit a magnetic moment. We refer to the (100)
surface as a magnetically compensated surface, in contrast to (111) terminated
surface which exhibits a macroscopic magnetic moment, since the (111) planes in
NiO are ferromagnetically ordered. The observed perpendicular alignment between
the two layers can be understood if we consider that a single Co atom on a NiO
surface is surrounded by as many Ni atoms in a “spin-up” as in a “spin-down”
state. Assuming that all the next nearest Ni atoms are at roughly the same distance
to the Co atom, the size, and in particular the sign, of the exchange energy between
the Co site and all the surrounding Ni sites will be identical. For the purpose of
this argument, we may assume that it is ferromagnetic. However, since half of the
Ni spins point in the opposite direction, the Co site cannot align itself with one
half of the spins without paying the energy to align opposite to the other half. For
this reason, it will find its minimum energy position by perpendicular alignment.
This frustrated alignment is often referred to as spin-flop coupling and is a direct
consequence of the abrupt change in the sign of the magnetic exchange energy
across the compensated antiferromagnetic/ferromagnetic interface.

The origin of the reorientation of the antiferromagnet is more delicate to
investigate. Initial reports on the coupling between Co and NiO based on the
original interpretation of the XMLD effect concluded that the coupling is parallel
and that it is mediated by the uncompensated Ni spins. The magnetization of the Co
layer needs to be aligned parallel to the surface plane, because the ferromagnetic
film has a strong shape anisotropy to minimize any stray field emerging from
the sample. Since the antiferromagnetic axis of the compensated surface was
believed to be coupled parallel to the ferromagnetic layer through uncompensated
Ni moments, the antiferromagnetic axis should also be aligned parallel to the
surface plane. However, now we know that the coupling between the two layers is
not mediated by exchange coupling but rather by spin-flop coupling corresponding
to the magnetically frustrated interface. This leaves us with the question as to why
the axis of the antiferromagnet rotates into the plane of the interface. Again, the
ability to address crystallographic and magnetic domains separately proves to be
an invaluable tool to solve this question.

Figure 8.14 shows Ni XMLD, Co XMCD, and O XLD images of a bare NiO(001)
surface and of a Co/NiO bilayer. The first row shows a similar spin and twin
domain arrangement as before, except for the fact that only three twin but four
spin domains are observed in this particular geometry, because the X-rays are
incident along the [110] direction. Upon deposition of a thin Co film (2.5 nm) and
formation of a thin-interface-mixed oxide layer, only 2 S-domains remain at the
NiO surface due to the reorientation of the antiferromagnetic axis. For example,
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Figure 8.14 The left row shows dichroism  domain are indicated in the Ni L-edge XMLD
images obtained for the bare surface while  and Co L-edge XMCD images. Upon Co

the right row shows images obtained from deposition, (100) domain walls vanish in the
the same spot after deposition of a thin fer-  antiferromagnetic and in the O K-edge XLD
romagnetic Co film. The orientation of the images (reproduced with permission from
antiferromagnetic spin axis and the direc- [38]).

tion of the ferromagnetic moments in each

|

we find that the domain wall between the “red” and the “blue” antiferromagnetic
domains vanishes, whereas the domain wall between the red and the green domain
remains. If the uncompensated Ni moments caused by the chemical reduction at
the interface are not the reason for the reorientation, then maybe the oxidized Co
sites play a role. For this purpose, we take a close look at the contrast between the
corresponding T-domain walls observed with O XLD. The overall contrast in this
image is now strongly reduced due to the Co layer on top that reduces the electron
yield arising from the NiO layer.

A detailed analysis of the contrast across the domain walls reveals a qualitatively
similar development of the O XLD contrast compared to the Ni XMLD contrast.
Although the contrast across the red/blue domain wall does not completely vanish,
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it is still much strongly reduced (by about a factor of 3) than the contrast across
the red/green domain wall after deposition of the ferromagnetic Co layer. This
observation indicates that the crystallographic T-domains undergo a structural
reorientation in a similar manner as the antiferromagnetic domains undergo a
spin reorientation. Such a behavior can be readily explained with an interfacial
lattice distortion of NiO toward a CoO-like structure. The (001) surface of CoO
would exhibit only two T-domains as observed here due to the tetragonal distortion
of the CoO lattice in contrast to the rhombohedral distortion of the NiO lattice [43].
This means that the observed rotation of the axis from [121] to [110] is caused by
the change in magnetic anisotropy from a situation that is typical for NiO toward a
CoO-like symmetry with an easy magnetic axis of [110] [38].

8.4
Temperature Dependence of the Antiferromagnetic Domain Structure

In this section, the question addressed is how the observed domain pattern on
NiO(001) and Co/NiO(001) evolves if the temperature is increased above Ty. The
behavior close to Ty is of special interest, because it is a common observation
that the exchange bias field disappears at the so-called blocking temperature Tp
significantly below Ty [44]. It will be demonstrated that the ability to distinguish
between antiferromagnetic and ferromagnetic order gives interesting new insights
into the origin of Ty and how it can be related to the antiferromagnetic domain
structure. For this experiment, 30—-40 XMLD or XMCD images were acquired while
the sample was slowly annealed from room temperature to 600 K. XMCD images
are the results of images acquired with circular polarization at the Co L; and L,
absorbtion edges. XMLD images were obtained using linear polarized X-rays at the
NiO L,, and L,; resonance.

The dependence of the dichroism signal on the magnetic properties is reviewed
first. In the case of NiO, this can be done in a straightforward manner, because the
temperature dependence of the XMLD in NiO depends only on the magnetic state
of the sample (see also Chapter 2). We present a series of XMLD images obtained
in a fixed experimental geometry, which allows us to neglect contributions from
anisotropic XMLD [37] to the total XMLD signal. The XMLD intensity depends
on the thermodynamic expectation values of the magnetic moment <M> for the
ferromagnet or its square <M?> in the case of an antiferromagnet. The second
term denotes the dependence on the angle between the relevant polarization vector
and the magnetic direction or axis.

IXMCD ~< M >(O’ . M) (83)
Ixmip ~< M?* > (ug - M)? (8.4)
Ixmcp and Ixyvip refer to the XMCD and XMLD intensities observed in the images

as defined in Figure 8.4 and ug describes a unit vector collinear to the electric field
vector of the incoming X-ray beam. If a dichroism image is acquired, the intensity
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of every image point is given by these expressions, and changes in the dichroism
intensity may be attributed to two different effects:

1) the thermodynamic average of the magnetization <M> or its square <M?>
changes and
2) the direction of <M> or its square <M?> changes.

A decrease in the thermodynamic average will be observed if the temperature
is increased. For the temperature range considered here (300-600 K), the average
of the magnetic moment <Mc,> of the ferromagnet will decrease linearly by a
very small amount, because the Curie temperature is much higher (1398 K). The
temperature dependence of <M?> is more complicated and is denoted in the
following, derived from a molecular field approximation [45]:

<M?>=g? 1 JJ + 1)) — gu < M> coth(gupH/2kT) (8.5)

In this equation, g denotes the gyromagnetic ratio, J the quantum number of
the total spin (1 for a 3d® system)®, up the Bohr magneton, k the Boltzmann
constant, H the molecular field and <M> the expectation value of the moment of
the antiferromagnet. It can be shown that above T > 0.6Ty, the thermodynamic
expectation value <M?> decreases linear with temperature. This behavior is
shown, for example, by the straight line as shown in Figure 8.15. If the experiment
does not show a linear decrease in the XMLD signal, consequently the second origin
for a change in the XMLD intensity has to be considered and a reorientation of the
magnetic moment or the magnetic axis needs to be assumed. In the following, a
distinct deviation from the linear dependence is observed in NiO and Co/NiO. The
deviation reaches its maximum in a temperature region that is typically attributed to
the vanishing exchange anisotropy (0.85-0.95 of Ty), which occurs at the blocking
temperature (Tp) of the system [44, 46].

Temperature-dependent XMLD images were obtained from a cleaved NiO(001)
surface. For each XMLD image, the average XMLD intensity, Ixmip, of the
image has been calculated. The result is divided by the value obtained above,
Ty, for normalization purposes. In addition, the standard deviation has been
calculated from the image data. These two values are now plotted versus the
relative sample temperature, T/Ty (Figure 8.15). For comparison, a straight line
representing the expected linear decrease for Ixyp is also shown. The temperature
dependence of the XMLD intensity deviates significantly from the expected linear
decrease. The maximum deviation occurs between 85 and 95% of Ty. Following the
considerations in the previous section, this indicates that the direction of the anti-
ferromagnetic axis averaged over the image area changes during the annealing
process. The assumption is corroborated by the behavior of the standard deviation,
which exhibits a maximum at this temperature range, because the XMLD intensities

6) Note that, in general, g refers to the Landé quenched in 3d metals, we can use these
factor and J is the total angular momentum. simplified terms instead.
However, since the orbital momentum is
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0.00
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Figure 8.15 The plot shows the dependence maximum deviation from the linear decrease
of the average XMLD intensity obtained from coincides with a maximum in the standard
all pixels in the acquired images and the deviation around Tg. Images for some char-
standard deviation of their intensity distribu-  acteristic temperature values are shown. The
tion. The straight line indicates the expected black lines in these images serve to visually
linear decrease in <M?> (see the text). The enhance domain wall features.

in the image are distributed in a larger range around the average value than at
room temperature.

This is demonstrated by four selected images from this temperature series. Except
for the fact that the overall contrast is reduced, there are only small differences in
the domain patterns observed at 300 and 420 K (0.8 x Ty). A small increase in the
temperature, that is, to 460 K (0.87 x Ty) leads to drastic changes in the domain
arrangement. Most of the (110) walls, which could still be observed at 420 K,
disappeared and a new (100) wall appeared. At 540 K, above Ty no XMLD contrast
is observed. Annealing the NiO(001) surface does not only lead to a decrease in
<M?> but also leads to a reorganization and reorientation of the antiferromagnetic
domain pattern. As a possible reason for the reorganization, consider the fact
that the magnetic anisotropy in NiO(001) is closely linked to the crystallographic
structure and deformations thereof (Section 8.1.1). As the temperature increases,
the deformation of the lattice is directly affected, which leads to changes in the
magnetic domain pattern. The observed reorganization processes are especially

331



332 | 8 Micromagnetic Structure — Imaging Antiferromagnetic Domains using Soft X-Ray Microscopy

480 K

—

Figure 8.16 Images of the antiferromag- is re-established at room temperature after
netic and the ferromagnetic domain struc- cooling without significant changes. How-
ture while cooling the sample through Ty = ever, a different domain pattern is observed

525 K. Four different ferromagnetic and two  right below Ty. The field of view and the
different antiferromagnetic domains can be ~ sample orientation are similar to Figure 8.15.
identified below Ty. The antiferromagnetic The images were obtained at the L absorp-
domain pattern disappears above 525 K and tion resonances of Co and Ni.

pronounced around 0.9 x Ty, a temperature that is usually attributed to the
blocking temperature of NiO(001) [44].

The same experiment can now be performed after deposition of 10 ML of Co onto
a cleaved and annealed NiO(001) surface (see Figure 8.16). The XMCD as well as
XMLD images were obtained during annealing and cooling. At room temperature,
the same domain patterns as before are observed. Above Ty, the antiferromagnetic
contrast vanishes and only two ferromagnetic domains remain. Judging from the
XMCD contrast, Co domains with spin directions either left or right in the image
plane have vanished in favor of domains with either spins up or down. Second,
most of the ferromagnetic domain walls have changed their orientation from (110)
at room temperature to a plane that is parallel to the vertical direction in the image.
A possible reason for this preferential alignment of magnetic moments within
the domains and the domain walls may be the small magnetic field originating
from the filament used to anneal the sample. Note that the ferromagnetic domain
pattern observed above Ty is partly preserved throughout the cooling process in
areas with vertical orientation of the antiferromagnetic axis (Figure 8.16).

The experiments were performed using a NiO single crystal that had gone
through several annealing cycles earlier so that the overall characteristics of the
domain pattern had already been set. We can, therefore, expect that the initial
domain pattern should be reinstated at room temperature, as observed in this
case. During the cooling process, however, the antiferromagnetic domain pattern
observed at room temperature is not directly reinstated below Ty and additional
domains appear around 80% of Ty. At these temperatures, the antiferromagnetic
domain pattern can be affected by the ferromagnetic layer on top, while at room
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temperature the domain pattern of the antiferromagnetic surface has been rigidly
established and is anchored deeply in the bulk of the antiferromagnetic single
crystal. Similar to the findings on the bare surface, this indicates that reorganization
of the antiferromagnetic domain pattern takes place at around 85% of Ty. For this
reason, we can correlate the blocking temperature of the NiO(001) surface directly
with the temperature at which the competition between antiferromagnetic domain
formation driven by exchange with the antiferromagnetic bulk domain structure,
on one side, and ferromagnetic domains, on the other side, is maximal. In the case
of an exchange-coupled antiferromagnetic/ferromagnetic bilayer, this will be the
temperature at which any fixed uncompensated moments, which were originally
imprinted into the antiferromagnet, will be annihilated. At this temperature, one
will also observe a maximum in the macroscopic uniaxial anisotropy observed
through the coercivity of the ferromagnetic layer in the coupled system. At the
blocking temperature, not only the magnetization of the ferromagnetic layer has
to be reversed, but also a significant amount of domains in the antiferromagnetic
layer is affected by the reversal. The reversal of the antiferromagnetic layer will, in
general, lead to the formation of an antiferromagnetic exchange spring as predicted
by Mauri and Siegmann [47] and observed using synchrotron techniques by Scholl
et al. [48] and using neutron-based techniques by Roy et al. [49]

8.5
Antiferromagnetic Domains and Exchange Bias

In this section, we discuss two different exchange bias systems in which our
understanding of the antiferromagnetic microstructure will help us to understand
the temperature dependence of the antiferromagnetic/ferromagnetic-exchange
anisotropy and the correlation between antiferromagnetic domain size and the
exchange bias effect on a microscopic scale.

8.5.1
A Quick Look at a Fluoride

The striking observation made during the temperature-dependent experiments is
that the antiferromagnetic domain structure in a single crystal is not static upon
annealing. The domain pattern does not simply vanish upon annealing due to the
reduction of <M?> , but undergoes topological changes. This behavior is common
for ferromagnetic systems but had not yet been observed for antiferromagnets.
The fact that exchange bias disappears significantly below Ty, especially for
NiO(001), can now be understood, as mentioned. Although the samples grown on
single-crystal surfaces do not exhibit exchange bias, these results present strong
evidence and represent the very first experimental observation for the fact that the
antiferromagnetic domain structure on NiO(001) rearranges significantly below
the ordering temperature.
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Figure 8.17 (b) This figure shows the co- the XMLD effect as well as the size of the
ercive and the exchange bias field of a XMCD effect of frozen or pinned uncom-
Co/FeF,(110) sample that exhibits a macro-  pensated moments as well as the so-called
scopic unidirectional anisotropy. The ex- “free” uncompensated moments (reproduced
change bias vanishes at Ty = 78 K. (a) with permission from [50]).

This shows the temperature dependence of

To explore this behavior in more detail and to show its relevance for the
exchange bias effect, we briefly discuss a study of an exchange biased Co/FeF,
sample [50]. Note that for FeF,, T and Ty are very close to each other. This
is shown in Figure 8.17b, where the temperature dependence of the exchange
bias field is plotted, and we find that Hgpg vanishes at Ty = Tp = 78 K. We
also observe that the XMCD signal, which originates from the so-called frozen or
“pinned” uncompensated moments, vanishes at 78 K, together with the XMLD
signal of the antiferromagnetic FeF,. These pinned moments do not follow an
external field and preserve their orientation even if the ferromagnetic layer on
top is completely reversed. The pinned moments at the interface between Co
and FeF; are directly linked to the antiferromagnetic spin structure in FeF; and
“use” the antiferromagnetic spins as anchor, since the antiferromagnet itself is
not sensitive to external fields. Once the antiferromagnetic order vanishes above
Ty, the pinned spins are not observed anymore. In addition, we also observe an
XMCD signal arising from uncompensated “free” moments, which are located
in the interface near region. These moments are relatively strongly coupled to
the ferromagnetic Co layer and follow the magnetization of the Co layer. The
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temperature dependence shows that even at room temperature they give rise to
an XMCD signal. The temperature dependence of this XMCD signal decreases
only gradually following the temperature dependence of the magnetic moment
of the Co layer. This observation provides a possible explanation regarding why,
again, we do not observe a linear decrease in the XMLD signal but a rather steep
sudden decrease around Ty, as shown in Figure 8.17a. The magnetic order in the
topmost layers of the antiferromagnet is stabilized by exchange coupling to the
ferromagnetic layer on top and hence can persist at higher temperatures compared
to the bare surface. However, once the thermal excitation of the spin arrangement
in the bulk of the thick FeFe, layer increases significantly, the antiferromagnetic
order in the interface region breaks up rapidly [51].

85.2
Magnetic Reversal Mechanism on the Microscopic Scale

The final section discusses the importance of the micromagnetic structure of the
antiferromagnet for our understanding of the exchange bias effect. In the previous
section, we have seen that the temperature dependence of the domain pattern
in coupled antiferromagnetic/ferromagnetic bilayers can be understood from a
micromagnetic point of view. We now discuss the reversal behavior of different
ferromagnetic regions on an exchange-coupled Co/LaFeOs sample. Nolting et al.
[26] and Scholl et al. [52] have shown earlier that in Co/LaFeOs, like in NiO, the
ferromagnetic domain structure is an exact replica of the underlying antiferro-
magnetic domain structure. Figure 8.18a shows XMCD images of ferromagnetic
domains on such a Co/LaFeO; sample. The images were acquired in remanence
after applying a magnetic field along the vertical direction in the images. We note
that the sample has not been treated any further by field cooling to introduce a
horizontal shift of the hysteresis loop”.

After application of 220 Oe, in either the positive or the negative direction, all
ferromagnetic domains, which exhibit an easy axis along the vertical direction,
are aligned with the external field. They either exhibit a black or a white XMCD
contrast. The gray areas represent ferromagnetic domains, which are aligned along
the horizontal direction and are therefore not affected by the vertical magnetic
field. If, however, a smaller field of only 100Oe is applied, we see that only
roughly half of the domains reverse their orientation. Local hysteresis loops are
obtained by monitoring the XMCD intensity in each domain, which depends on
the magnitude of the applied field. The resulting so-called switching loops are
shown Figure 8.18b and 8.18c. The loop obtained by averaging over the entire
area of interest is symmetric with respect to zero applied field, meaning that the
sample does not show exchange bias on a macroscopic scale. Single loops, however,
obtained from a single ferromagnetic domain are not symmetric as indicated by

7) For more details on how to prepare samples
that exhibit a macroscopic exchange bias
effect, see Chapter 5.
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Figure 8.18 (a) XMCD images of the fer- each domain. The spatial variation of the
romagnetic Co layer in a Co/LaFeO3 bi- exchange bias field is shown in (c). Two
layer film after application of an (vertical) of the three hysteresis loops shown in this
in-plane magnetic field of —220 Oe, graph were obtained at locations (A) and (B)
+100Oe, and +220 Oe. The images were in the images marked with a circle and the
obtained in remanence using PEEM at the third loop is the result of averaging over the

Co L resonance. The arrows in (b) indicate  entire image. (Courtesy of A. Scholl.)
the direction of the magnetic moment in

the two examples in the graph. Both loops show an exchange bias effect, where
one is shifted to the left and the other is shifted to the right. This means that
an antiferromagnetic/ferromagnetic exchange-coupled sample will show exchange
bias on a microscopic level in the as-prepared state. However, the magnitude and
the sign of the exchange bias fields show a wide distribution, so that no macroscopic
effect is observed. Macroscopically, only an increase in coercivity compared to a
single ferromagnetic layer can be detected.

Scholl and coworkers, who reported this study in [52], went one step further and
analyzed the correlation between the domain size and the absolute magnitude of
the exchange bias field. It had been proposed earlier by Malozemoff [53] as well as
by Takano et al. [54] that the exchange bias field should increase with a decrease in
domain or grain size, since uncompensated moments than can be frozen are mostly
located at domain and grain boundaries. In this case, the observed ferromagnetic
domains are nicely correlated with the antiferromagnetic domains underneath. And
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indeed the authors found that the larger the underlying antiferromagnetic domain,
the smaller the absolute magnitude of the loop shift of the ferromagnetic domain.

8.6
Summary and Outlook

The sections in this chapter addressed the antiferromagnetic domain structure
of bare antiferromagnetic surfaces, antiferromagnetic surfaces that are coupled to
thin ferromagnetic layers, their temperature-dependent behavior, and the role of
the antiferromagnetic domain structure in exchange bias. The chapter addresses
the fact that a detailed, quantitative description of the micromagnetic structure
of antiferromagnetic surfaces and interfaces is crucial for the understanding of
antiferromagnetic ordering and magnetic phenomena of complex coupled systems.
We demonstrated that it is possible to characterize the antiferromagnetic domain
patterns at surfaces in detail and that because of the correlation between the
magnetoelastic energy and antiferromagnetic domains, the surface domain pattern
depends on the surface preparation. For this purpose, it is crucial that the correla-
tion between magnetic and crystallographic domains can be made visible by means
of nonmagnetic linear dichroism at the oxygen resonance compared to magnetic
linear dichroism at the Ni resonance. The use of soft X-ray dichroism spectromi-
croscopy was even more powerful for the coupled antiferromagnetic/ferromagnetic
bilayer samples. Here, the element sensitivity and the fact that ferromagnetic and
antiferromagnetic order can be distinguished using linear or circular polarized
X-rays allowed for a complete chemical and crystallographic characterization of
the interface. We could see that an interfacial chemical reaction leads to the for-
mation of an additional layer at the Co/NiO interface that has a more CoO-like
crystallographic structure and, hence, favors a reorientation of the antiferromag-
netic spin axis toward a situation that resembles the anisotropy of CoO. Finally,
we investigated the magnetic behavior of antiferromagnetic/ferromagnetic bilayer
upon annealing above Ty. We saw that the vanishing exchange coupling between
ferromagnetic and antiferromagnetic domains varies domain by domain, providing
another instrumental clue toward the understanding of the exchange bias effect.
Although we mainly presented results obtained for NiO(001) surfaces, the findings
reported here are applicable to other antiferromagnetic oxides as well — and even
to antiferromagnetic fluorides. Considering the increasing role that antiferromag-
netic oxides play in modern devices and materials that are of significant interest
to the scientific community today, like high T¢ superconductors, multiferroic ,
and colossal magnetoresistance materials, it seems obvious that an understanding
of the antiferromagnetic microstructure can also provide crucial insight into the
electronic, mechanical, and transport properties of such materials. This chapter
has provided a glimpse into the possibilities that are available toward a deeper
understanding of antiferromagnetic oxides using soft X-ray dichroism spectromi-
croscopy. Today, synchrotron radiation is available worldwide, and so the tools
described here are available to a much larger community of researchers than it was
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some 10 years ago when most of the projects described here were initiated. For this

reason, it is well conceivable that synchrotron-based spectroscopy and microscopy

will significantly affect the field of research on antiferromagnetic oxides in the
future.
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