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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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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 TN ) is relatively high: to cite two relevant
cases, TN = 523 K for bulk NiO and TN = 291 K for bulk CoO. In the latter case, the
proximity of TN to room temperature represents an additional advantage in realizing
exchange-biased systems, where field cooling from above to below TN 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 Tc

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 Torder is a typical
finite-size effect in both FM (Torder = TC = Curie temperature) and AFM (Torder =
TN ) 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
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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 TN 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 Co3O4

nanoparticles [13–15], nanotubes [16], and nanowires [17].
In a simple mean-field approach, which assumes Torder 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 Torder with respect to the bulk value Torder(∞)
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 Torder 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 Torder. For a system with size D much larger than
a characteristic length ξ describing the spatial extent of the spin–spin coupling,
this yields a fractional decrease of Torder that follows a power-law curve [19]:

Torder(∞) − Torder(D)

Torder(∞)
=

(
ξ + a

2D

)λ

(1.1)

where λ is the (constant) shift exponent and a is the lattice spacing. For
D � ξ , Torder is expected to vary linearly with respect to D [19]:

Torder(D) = Torder(∞)
D − a

2ξ
(1.2)

The details of the measured dependence of Torder upon D show large differences
over the experimentally investigated systems, suggesting that environment effects
play a significant role. Moreover, the value of λ is model-dependent: as anticipated
above, one obtains λ = 1 in mean-field theory [18], while λ = 1.4 or 1.6 for a system
described by either the three-dimensional Heisenberg [20] or Ising [21] Hamilto-
nian, respectively. In practice, ξ and λ are considered as adjustable parameters that
have to be fitted to the experimental data: λ has been found to be close to 1.1 for
Co3O4 nanoparticles [15], while λ ≈ 1.5 for CuO thin films [11], ξ 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 Torder dependence on D of the form [22]

Torder(D)

Torder(∞)
= e

−
(

1−α
D/D0−1

)
(1.3)



4 1 Low-Dimensional Antiferromagnetic Oxides : An Overview

In the previous expression, D0 = 2(3 − d)a (with d = 0 for particles, d = 1 for
nanorods, and d = 2 for thin films), while α = σ 2

s (D)/σ 2
v (D), σs and σv 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, TN 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 TN might increase as the
sample size is reduced, as observed in NiO/CoO and Fe3O4/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
TB upon the AFM layer thickness in exchange-biased AFM–FM multilayers. TB

is defined as the temperature above which the system does not display any bias,
and in Fe3O4/CoO multilayers it is observed to decrease by reducing the CoO layer
thickness while TN , as mentioned above, increases [23].

To further highlight the active role even a nonmagnetic substrate might have
in determining the value of TN 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 Å, 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 Å 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 L2 edge. By plotting
the dichroic signal (L2 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 TN = 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 (L2 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 TN that can be interpreted as discussed
earlier in this section. Conversely, the Néel temperature of the 3-ML NiO/Ag film
is TN = 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 TN 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 � [30] is given by
the following expression [31–33]:

J = 2t2

�2

(
1
U

+ 1
�

)
(1.4)
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with t being the anion 2p-cation 3d transfer integral. The value of J can be altered
in three ways by the interaction with the substrate, resulting in a consequent
modification of TN .

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
a nearby located material [34]. Such a screening effect on the band gap, the Hubbard
energy U, and the charge-transfer energy � has indeed been experimentally
confirmed in C60/Ag [35] and MgO/Ag [28, 29, 36]. According to this expectation, the
observed higher TN 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 J as a result of the reduction of U and � 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 J and hence TN . We recall that the application of
hydrostatic pressure is known to enhance TN in TM oxides [37–40]. However, the
theoretical [38] and experimental [39, 40] dependence of J and TN on the lattice pa-
rameter variation is too weak to justify the 10-fold increase of TN 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 TN

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 TN [8].

Finally, interface hybridization might represent a third mechanism according
to which the substrate might be capable of influencing TN . 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 J
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.

1.3
AFM Anisotropy

As mentioned in the previous section, even a nonmagnetic substrate might play
an active role in determining the value of TN 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.

1.3.1
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 L̂ · Ŝ (L̂ = total orbital momentum operator; Ŝ = 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 104 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 t2g 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].

1.3.2
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].
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In MnO, this happens because the d-shell electronic configuration of the Mn2+

ion is 3d5, corresponding to an orbital singlet ground state even in the isolated
ion. The case of NiO is different: the Ni2+ 3d fundamental state is characterized
by completely filled t2g orbitals and partially occupied eg orbitals. Now, L̂ · Ŝ does
not have matrix elements coupling different eg 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 fcc 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

(001)

(010)

(100)

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
τ and of the tetragonal strain ε = (c/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 ε < 0 (compression)
and S-domains with main spin component parallel (S||) to the strain axis
for ε > 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 τ−1 [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
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Figure 1.3 Diagram describing the regions
in the parameter space for which the AFM
anisotropy axis is either collinear or orthogo-
nal to the FM magnetization, obtained for an
AFM–FM bilayer with the characteristics of
NiO/Fe(001). Hex represents the magnitude
of the effective exchange field of magneti-
cally active defects at the AFM–FM interface,
while u is the fraction of interface atomic

sites occupied by such defects: u = 0 for
an ideal compensated interface; u = 1 for a
totally uncompensated interface. JAFM and m
are the values of the superexchange coupling
constant and of the local magnetic moments
in the AFM material, respectively. Reprinted
figure with permission from [51].  2004, by
the American Physical Society.

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 Hex 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 Hex 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 TN , 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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Figure 1.4 Photoemission electron
microscopy images excited by linear X-rays
and showing the magnetic contrast obtained
at the Fe L2,3 (top) and Ni L2 (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
axis. The reported crystallographic directions

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 Å,
respectively. The NiO thickness variation in
each image is about 3 Å. 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.

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 Å, but
rapidly becomes perpendicular parallel to the Fe magnetization for a NiO coverage
higher than 25 Å, 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 (Fe3O4) 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 Fe3O4 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/Fe3O4(001) interface where collinear coupling would be expected
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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/Fe3O4(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(S1 × S2), with S1 and S2 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

2 , 1
2 , 1

2 ) 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 ( 1

2 , 1
2 , 1

2 ) 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



1.4 Interlayer Coupling in AFM–FM Bilayers and Multilayers 13

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[θ2 + (θ − π )2], where θ 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 at θ = π/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 cos2θ , and a term proportional to sin2(2θ ). 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 θ = 0 and θ = π 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 sin2(2θ ) term in the expression of the coupling energy is explained by the
inequivalence between ±π 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 Fe3O4/
NiO/Fe3O4(001) trilayers [73], which appear to be well described by Slonczewski’s
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model since, as discussed above, the NiO/Fe3O4(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

√
JK

[74], J 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 Fe3O4 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 Fe3O4/NiO/Fe3O4, 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 tc, which is expected
to be of the same order of magnitude as the width of domain walls (δW ) 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 tc for
Fe3O4/NiO/Fe3O4 (tc ≈ 5 nm) and Fe/NiO/Fe (tc ≈ 4 nm) trilayers. However, the
values measured for tc are considerably smaller than the experimental value of δW 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 tc might be considerably smaller than that of δW 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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1 µm
(a)

(b)

(c)

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 tover = 1.3 nm. (c)
Same sample area (b) with tover 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 × 4 µm2. 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 (δ ≈ 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 δW of a domain in a bulk material. In fact, a domain cannot be significantly
smaller than δW , 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, δW is
given by the relation [74, 84]

δW ≈ ab

√
J

K
(1.5)

where J 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 µeV and
J ≈ 100 meV per atom [86–89], corresponding to a δW value of the order of several
hundred nanometers, as observed also in Figure 1.6a. This bulk value for δW has to
be compared with the value δW < 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 δW 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 δW . 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 L2. 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 eDW contained
in a domain wall encircling a circular FM domain of diameter equal to L and the
AFM–FM interface exchange energy ef ,af . The domain is stable if eDW ∝ L equals
ef ,af ∝ L2 [85]. If ef ,af > eDW the domain expands and if ef ,af < eDW the domain
shrinks. The scaling laws for eDW and ef ,af 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 eDW 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 × 105 erg cm−3, while K = 3.3 × 102 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 Ni80Fe20/Cu/Ni80Fe20 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.

References
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