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Abstract

The main aspects of the fabrication and the structural and magnetic properties
of epitaxial metal—insulator heterostructures are reviewed. Continuous and
lithographically processed systems are discussed, with special emphasis on
their crystalline nature when interpreting their physical properties. The
work is placed within the scope of the previous and current activities by
different groups on Fe/MgO(001), considered as a model system. The
influence of deposition conditions on the epitaxy and morphology are discussed
initially, correlating afterwards magnetic properties with crystalline structure.
Subsequently, magnetic anisotropies and interactions are treated in both
continuous and patterned film structures. Finally, the use of these fully epitaxial
transition metal-insulator heterostructures for the development of magnetic
tunnel junctions is described.
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1. Introduction

The fabrication and study of single-crystalline magnetic heterostructures is highly relevant,
allowing in many cases a detailed determination of the correlation between structural
and morphological characteristics with the wide variety of magnetic phenomena that
they exhibit. Many physical properties are more easily understood in the framework of
structurally well defined materials as in the case of single crystals. For example, epitaxial
magnetic heterostructures can help us to fully understand the physics involved in exciting
phenomena such as spin-polarized tunnelling [1, 2], spin filtering [3], perpendicular magnetic
anisotropy [4], domain wall resistivity [5], spin injection [6, 7] etc. All these phenomena
can often find a direct comparison with theoretical predictions if single-crystalline structures
are considered, polycrystalline or amorphous systems being more difficult to deal with.
Nevertheless, the discovery and understanding of many physical properties have followed
a parallel route for single-crystal and polycrystalline structures, as in the case of the giant
magneto-resistance (GMR) in systems exhibiting oscillatory magnetic coupling [8—10].

From the technological point of view, most of the new phenomena exhibited in artificial
magnetic heterostructures find applications in fields with a strong impact in many aspects of
life. This is especially the case for magnetic storage and handling of information (including
media [11], read and write heads [12] or magnetic random access memories (MRAMs) [13]),
but also for the development of a wide variety of magnetic sensors used for example in the
automotive industry [14]. As a matter of fact, the use of the electron’s spin character in a wide
variety of electronic devices is becoming so common that it has given rise to the appearance
of new disciplines such as the so-called magneto-electronics or spintronics [15, 16], terms that
are nowadays widely used by a large part of the scientific community.

Despite the uncontested relevance from the basic point of view, the use of high
quality epitaxial magnetic heterostructures in the fabrication of commercial devices is not
straightforward, the reason being that industry prefers inexpensive and easy to fabricate
methods and process systems. These requirements are not always compatible with the
fabrication of epitaxial heterostructures, which are often obtained in expensive molecular beam
epitaxy (MBE) equipment and require the use of single-crystalline substrates. This feature
is slowly changing and epitaxy requirements are no longer an impediment since nowadays
epitaxial heterostructures can also be obtained by deposition techniques more transferable
to industry, such as sputter deposition [17]. In addition, the increasing use of single-crystal
substrates leads to their cost reduction in the market.

Crystalline order is a simplifying factor to understand and determine the physical
properties of a material system. Another important characteristic to be taken into account is
dimensionality. Bulk properties of a three-dimensional (3D) material can be modified by spatial
boundaries, giving rise to confinement effects in two, one and zero dimensions (quantum wells,
wires and dots respectively). Practical examples of the effects of dimensionality reduction are
quantum well effects, first observed in semiconductor heterostructures [18]. These are also
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manifested in magnetic systems such as 2D Co/Cu(001) [19], playing a relevant role in the
oscillatory magnetic coupling found in this and other ferromagnetic/paramagnetic metallic
heterostructures. Another example where the reduction of dimensionality determines the
appearance of new phenomena is the quantum tunnelling of magnetization, where a thermally
forbidden magnetization reversal is observed only in sufficiently small magnetic particles [20].
Besides dimensionality reduction effects, novel properties can be obtained by fabricating
systems with sizes of the order of the characteristic length of a specific physical property.
These are the so-called mesoscopic systems. In the case of magnetic materials, the relevant
lengths can be the exchange—correlation length or the domain wall width when considering
domain structure or magnetic interactions, or the mean free path or spin diffusion length when
considering transport and magneto-transport properties.

Another recent and active research field where the spatial dimensions of the system play
a relevant role is the fabrication and study of ordered arrays of nanomagnets [21]. In this
case, both the reduced dimension of the magnets and their ordered arrangement can give rise
to a wide variety of novel properties with potential applications. Different lithographic plus
etching or lift-off techniques can be used to define the array of nanomagnets, but focused ion
beam techniques have also recently been proposed for the patterning of magnetic thin films,
reaching areal densities as high as ~200 Gbit inch= [22]. The dimension of the magnetic
entities is increasingly being reduced as well in the fabrication of MRAMs, where fundamental
studies on lateral and vertical interactions between magnetic electrodes are also pertinent.

Regarding this last subject, MRAMs are basically magnetic tunnel junctions (MTJs)
fabricated from metal-insulator heterostructures. Since the early work of Julliere [23], spin-
dependent tunnelling between ferromagnetic electrodes across an insulating oxide [24, 25]
or semiconducting [26] barriers have triggered great scientific and commercial interest. An
external magnetic field in these systems modifies the electrical resistance. This changes when
the magnetizations of the magnetic layers at either side of the barrier switch from antiparallel to
parallel alignment. As compared with conventional memories based on semiconductor micro-
fabrication [13], MRAMs present two main advantages. Firstly, there is no need of a battery
to continuously refresh the state of the memory, i.e., keep a charged capacitor, and secondly,
the reading process is non-destructive; i.e., to read a conventional memory the capacitor has
to be discharged. This is not the case for MTJs. In this case the two states (call them O
and 1) are an antiparallel—high resistance—and a parallel—low resistance—alignment of the
electrodes’ magnetization, and can be read as the tunnel junction resistance without modifying
the electrodes’ magnetic state. The magnetic state of the junction is changed by the field
created by a current circulating through two close leads, such that the generated magnetic field
is enough to switch the free layer.

From the fundamental point of view, many recent theories addressing TMR have been
performed considering an epitaxial structure. The Fe/MgO/Fe(001) system has been the most
commonly studied because of its simplicity. Obviously, the experimental research on magnetic
tunnel structures of this composition is highly attractive.

Within this global framework, we review here different aspects of the growth and magnetic
properties of continuous and tiled metal—insulator heterostructures, with special emphasis on
the Fe/MgO system. In section 2 the epitaxy of ultrathin films and multilayered Fe/MgO
heterostructures is described. Section 3 deals with magnetic properties such as anisotropies,
magnetization reversal and magnetic interactions of the structures described in section 2. In
section 4 the same issues are covered for electron beam lithography defined arrays of epitaxial
(001) oriented Fe/MgO and Fe/MgO/Fe tiles. Section 5 treats transport and magneto-transport
properties of these metal-insulator heterostructures. Finally, we highlight the main points in
section 6.
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2. Growth and structure of epitaxial Fe/MgO/Fe

Despite the great number of works describing different aspects of epitaxial metallic magnetic
heterostructures (see for example [27-30]) much less work has been performed in systems
like multilayered heterostructures formed by both transition metals and insulators. Insulating
substrates have been widely used in the fabrication of ultrathin films and superlattices.
However, insulators are seldom used as the constituent counterparts in epitaxial magnetic
superlattices. In this section we review the state of the art of epitaxy and structure of transition
metal—insulator heterostructures. Our main focus is the Fe/MgO system, chosen throughout
as a model system.

2.1. Fe on MgO(001) epitaxy

The first reports about the epitaxial growth of bcc Fe on MgO(001) are credited to Kanaji
et al [31-33]. They studied the behaviour of impurity atoms and adsorbed oxygen on the Fe
surface and identified the Fe(001)[110] || MgO(001)[100] epitaxial relation, due to a good
lattice match of MgO (a = 4.213 A) and Fe (a = 2.866 A) upon a 45° in-plane rotation.
Layer by layer growth with the formation of an epitaxial Fe film at room temperature (RT)
was concluded. Low energy electron diffraction (LEED) /-V curves and the comparison
with simulations allowed the determination that Fe grows pseudomorphically, with iron atoms
placed above the oxygen ions. This is illustrated in figure 1, where the MgO and Fe lattices
are shown, together with a cross section showing the Fe adsorption sites. In addition, LEED
1-V measurements conclude a body-centred tetragonal (bct) structure at early growth stages,
changing later to a bec structure at about 10 A average thickness.

These first results, together with the theoretical predictions by Li and Freeman [34] on the
extremely low Fe—-MgO interaction at the interface and the giant magnetic moment predicted
for a monolayer of Fe adsorbed on MgO(001), constituted a promising starting point for the
fabrication and study of Fe/MgO ultrathin films. In fact, soon after the predictions by Li
and Freeman, Liu et al [35] produced experimental confirmation. They found a simultaneous
multilayer growth in which the Fe grew with a series of terraces of different height, leading
to the absence of ferromagnetic hysteresis at RT for Fe dosages below 4 monolayers, and no
giant in-plane ferromagnetic moments. Unfortunately, the impossibility to obtain a real layer
by layer growth at atomic level precluded the experimental confirmation of the theoretical
predictions.

Obviously, it is very important to confirm theoretical calculations on ideal two-
dimensional (2D) systems. For this, the fabrication of a film which is one atom thick is
needed. This should cover lateral extensions large enough to be comparable with the simulated
structure. Attending to thermodynamic considerations, complete wetting should be achieved
whenever the sum of Fe-MgO interface and Fe surface energies is smaller than the MgO
surface energy. Values of these two last quantities reported in the literature are 2.9 and
1.1 J m~2 respectively [36-38], but to our knowledge the Fe—-MgO interface energy has not
been determined. Ignoring this undetermined interface energy, Fe in principle should not wet
a MgO surface, since it has a much higher surface energy. Nevertheless, standard deposition
conditions correspond to a far from equilibrium situation, where conventional thermodynamic
considerations do not necessarily apply. Surface diffusion then becomes a key factor in
determining material transport and therefore growth modes. This is governed by the so-called
Ehrlich—Schwoebel energetic barrier [39-42] encountered by an adatom upon descending a
step. Thiirmer et al [43] have found this barrier to be responsible for the pyramid-like surface
aspect for the Fe/MgO(001) system in a narrow range of deposition temperatures (400-450 K).
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Figure 1. Sketch of the atomic positions for the Fe/MgO(001) system. Small dark spheres
symbolize Mg atoms, white ones indicate oxygen atoms and grey medium spheres represent Fe
atoms. (a) Side view of the Fe/MgO interface. (b) Planar view where the (001) axis is normal to
the page.

At lower temperatures Fe grows forming rounded mounds, which morphology does not reflect
the fourfold symmetry of the still epitaxial films. In contrast, at temperatures greater than 500 K
the adatoms have enough energy to overcome the Ehrlich—Schwoebel barrier, thus giving rise
to atomically flat terraces over several hundred nanometres.

Grazing incidence x-ray scattering experiments performed in situ by Lairson et al [44]
confirmed the island growth mode of the first stages of the Fe/MgO(001) epitaxy by sputtering.
They found an increase in the Fe lattice parameter for increasing thicknesses in the 1—
10 monolayer regime, relaxing back to bulk values for higher coverages. Agglomeration
of islands into a continuous film at about 20 monolayers is accompanied by changes in the Fe
lattice parameter and high-angle diffraction peak widths, probably due to the accompanying
strain relaxation.

The fact that the temperature ranges for 2D versus 3D Fe growth do not coincide for
different experimental groups can be due, among other reasons, to the different deposition
techniques used. While the impinging atoms in thermal evaporation have energies of the
order of tenths of electron volts, the sputtering technique is characterized by a particle energy
distribution that has a maximum around 5-10 eV, presenting as well a high energy tail with
a low percentage of sputtered particles that can reach up to several hundred electron volts
of energy. These energetic particles have been attributed as the origin of a high density of
nucleation centres. They can modify growth kinetics with respect to thermal evaporation
deposition [45], as they can originate a high density of nucleation centres by their impact
on the sample surface. Another possible source of the difference between both deposition
techniques would be the increase in the effective surface temperature during growth induced
by these energetic particles [46].

Until now only a few examples of the epitaxial growth of Fe on bulk MgO(001) single
crystals have been presented. Nevertheless, the epitaxial growth capability of MgO(001) thin
films on GaAs(001) allows the extension of previous studies on the Fe/MgO(001) system to
high quality and technologically relevant substrates. It has been demonstrated that it is possi-
ble to grow high quality epitaxial Fe(001) thin films on MgO buffered GaAs(001) substrates,
showing a strong dependence of the Fe morphology on the deposition temperature [47, 48].
These structures are grown by a combined use of triode sputtering and laser ablation in a UHV
deposition system. Epitaxial MgO buffer layers, 100 A thick, were grown at 450 °C by laser
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Figure 2. RHEED patterns at different stages (a)—(e) during the deposition of an Fe/MgO
heterostructure on GaAs(001); see text for details. Reprinted from [48] ©2001, with permission
from Elsevier.

ablation on clean GaAs surfaces after desorption of an As, protective layer. Thin Fe films were
subsequently deposited by triode sputtering at different growth temperatures on the MgO buffer
layers. Figure 2 presents reflection high energy electron diffraction (RHEED) patterns of the
subsequent steps in the cleaning of GaAs, deposition of MgO buffer layer and deposition of Fe
films on top of the MgO. Diffraction patterns are shown for two different azimuths, which al-
lows simultaneous determination of the epitaxial relation between different films. In figure 2(a)
the RHEED pattern for the clean GaAs(001) after As desorption is shown, with characteristic
narrow and intense streaks as well as Kikuchi lines. The diffraction pattern after deposition
of a 100 A MgO(001) thin film is shown in figure 2(b), with broader but very intense and
well defined streaks. Epitaxial Fe(001) films grown on this MgO layer are obtained by sputter
deposition at RT as presented in figure 2(c). The obtained epitaxial relations are the expected
Fe(001)[110] || MgO(001)[100] || GaAs(001)[100]. Notice the faceted structure of the Fe sur-
face, as revealed by the chevron shape of the diffraction streaks. This faceting disappears after a
mild annealing at 400 °C for 15 min (figure 2(d)). Increasing the Fe deposition temperature up
to 500 °C instead of RT onto the MgO(001) surface gives rise to very flat surfaces as evidenced
by the high quality RHEED patterns shown in figure 2(e). Oka et al [49] have demonstrated
that for annealed Fe thin films epitaxially grown on polished MgO(001) substrates, a c¢(2 x 2)
RHEED reconstruction appeared as indicative of a step-terrace-based thin film surface that was
atomically flat and with no impurities. The ¢(2 x 2) reconstructed surface never occurred at an-
nealing temperatures below 493 K, and the critical thickness at which the observed diffraction
patterns changed from (1 x 1) into ¢(2 x 2) depend on the annealing temperatures; with increas-
ing annealing temperatures, the critical thickness is decreased. We have observed the presence
of this reconstruction in some, but not all, of the films grown at intermediate and elevated
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Figure 3. XRD characterization of a Pt/Fe/MgO/GaAs(001) heterostructure. (a) Symmetric scans
(vertical dotted lines indicate bulk positions for MgO, Pt and Fe(200) reflections). (b) Asymmetric
¢-scans. Reprinted from [48] ©2001, with permission from Elsevier.

temperatures. Since this is a non-systematic finding, it is possible that residual contamination
during or after the sputter deposition of Fe was responsible for this absence of reconstruction.

Further structural characterization of these films can be performed ex situ by Xx-ray
diffraction (XRD). In figure 3 we show a compilation of symmetric and asymmetric XRD
scans for a 25 A Pt/200 A Fe/100 A MgO/GaAs(001) structure. In the high angle 20 /w
scan (figure 3(a)), four peaks are clearly observed, corresponding to the substrate, Fe film, Pt
capping and MgO buffer layers. The Fe(200) appears very close to the GaAs(400) reflection,
whereas MgO and Pt(200) peaks are shifted with respect to the bulk value, indicating the
presence of a growth induced residual strain. Remarkably, the peak of the thin capping layer,
only 25 A thick, is clearly observed, which demonstrates the high crystalline quality of the
whole structure. The crystalline coherence lengths extracted from the Fe(200) peak widths
are around 100 for 200 A thick deposits, while mosaic spreads are typically 1°. In figure 3(b)
¢ scans for asymmetric reflections of substrate and the three layers are shown, as additional
verification of the already mentioned epitaxial relations.

The influence of the deposition temperature on the Fe morphology can be further studied
by atomic force microscopy (AFM). Figure 4 shows images for Pt capped Fe films grown
at different temperatures onto MgO/GaAs(001) substrates together with the corresponding
RHEED patterns for two different azimuths. Deposition of Fe at RT and up to 200 °C yields
very flat surfaces. These are featureless as observed ex situ by AFM characterization, as shown
in figure 4(a). Nevertheless, it cannot totally exclude the presence of morphological elements,
specially holes, of nanometric and subnanometric dimensions that would not be observable by
this technique due to the convolution with the tip shape. Clear morphological features become
evident as the Fe deposition temperature is increased. A uniform distribution of holes is clearly
observed in the surface of the film grown at 300 °C (not shown), reflecting the non-wetting
characteristics of the Fe on MgO under these specific deposition conditions. The effect of
deposition temperature on the film morphology becomes more evident for the sample grown
at 400°C (figure 4(b)). At this temperature the film starts to exhibit a dendritic character, with
rounded areas that fill the substrate surface but that are separated by unfilled regions. All these
rounded regions are nevertheless in physical contact. For Fe deposited at 500 °C, a clear 3D
growth is already observed, with islands of non-defined shapes that do not coalesce and are
separated from each other. This effect is even stronger for deposition at 700 °C (figure 4(c)),
where island growth mode is more pronounced, and the islands exhibit geometrical square and
rectangular shapes due to their crystalline nature and match with the substrate. Let us recall
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Figure 4. AFM images (5 x 5 um? scans) showing the morphology of Pt/Fe/MgO/GaAs(001) thin
films grown at (a) RT, (b) 400 and (c) 700 °C. RHEED patterns for the corresponding Fe layer are
also shown.

(This figure is in colour only in the electronic version)

at this point that in all cases the islands are crystalline and with epitaxial registry with respect
to the MgO(001) underneath, as shown by RHEED measurements. As a matter of fact, both
crystalline quality and surface flatness of the individual islands increases as the deposition
temperature increases. This change in morphology as a function of the deposition temperature
is a clear example of the influence that kinetic parameters have on the final morphology in thin
film deposition, and how, as the system temperature is increased, the Fe atoms have enough
energy to surface-diffuse, overcoming surface and step edge barriers and allowing the system
to find the actual thermodynamic equilibrium situation. On the other hand, this example shows
the necessity of using both reciprocal space as well as real space characterization techniques
to fully identify the structural nature of a system. Note for example that just by analysing the
RHEED pattern of the sample grown at 700 °C, one could easily conclude the presence of high
quality, flat and continuous films, while AFM measurements demonstrate that this flatness
only extends over areas of the order of the RHEED electrons’ coherence length.

The reader is referred to [50-59] for further detailed aspects related to the epitaxy,
morphology and structure of Fe/MgO(001).

2.2. Epitaxial Fe/MgO/Fe trilayers

A large number of studies have been devoted to the growth of Fe on MgO, in contrast with
far fewer reports treating the epitaxy of MgO on Fe(001), despite the fact that the epitaxy of
oxides on metals is a very interesting field, as reflected in recent reviews [60, 61]. This trend
has changed, and now more groups have been able to obtain epitaxial Fe/MgO/Fe multilayered
structures. Previous works dealing with systems very similar to those treated in this review are
the epitaxial growth of MgO on V(001) and Nb(001) [62], Mo(001) [63-66], Cr,Mo;_, [67]
and Ag(001) [68-71]. The interest in growing epitaxial insulator on metallic surfaces has
followed different basic and technological motivations. Among these, specially interesting
are the results reported in [71] on the MgO epitaxy on Ag(001), with outstanding insulating
properties of MgO ultrathin films, such as a 6 eV bandgap formed for three MgO monolayers
grown on Ag(001).
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As already mentioned, published works on the epitaxy of MgO on Fe(001) are scarce.
The first reported study by Park et al [72] was initially motivated by the use of MgO as
a substrate, with capping layers that electrically isolated atom thick Fe films. This was
analysed contrasting theoretical predictions for free-standing ferromagnetic monolayers [34].
Deposition by electron beam on Fe(001) buffer layers at 700 K produced flat and epitaxial MgO
films for a thickness as low as 5 A, with an improvement of crystalline quality as the thickness
increased. The large difference in surface free energies, much lower for MgO than for Fe, was
the main ingredient to explain the 2D growth. As expected from symmetry considerations and
the growth of Fe on MgO, the observed epitaxial relation was MgO(001)[100] || Fe(001)[110].
It is worthwhile to mention subsequent works of Vassent ez al [73, 74], studying by diffraction
techniques the strain relaxation and the surface deformation of thin MgO films deposited on
Fe(001). However, in these studies, the use of MgO as tunnel barrier was not considered. This
was done by Keavney er al [75] with the fabrication of an Fe/MgO/Fe epitaxial trilayer. In
these structures ferromagnetic coupling was found between both Fe layers for MgO thicknesses
below 75 A, due to the presence of pinholes that were observed by SEM.

Nowadays, several groups have focused their work on the magneto-transport properties
of tunnel junction structures, and have reported the fabrication of high quality epitaxial
Fe/MgO/Fe multilayered heterostructures, either on semiconductor substrates [48, 76-79],
polished Fe(001) single crystals or whiskers [80, 81] on MgO(001) bulk surfaces [82—84]. In all
cases, the use of high quality flat substrates and an accurate control of the deposition conditions
are compulsory requirements to obtain epitaxial heterostructures with sharp interfaces and very
little or no conformal roughness. This is illustrated for the case of growth on GaAs(001)
single crystals at different temperatures. In figure 5 we show a transmission electron
microscopy (TEM) image of a multilayered Fe/MgO epitaxial heterostructure grown on GaAs
of high structural quality. RHEED patterns taken at the different stages of the deposition of
the layers demonstrate how the epitaxial character is maintained along the different stacks.
To obtain this kind of structure, the deposition temperature of the MgO was maintained at
400°C, whereas Fe was grown at RT (to avoid excessive surface diffusion and the consequent
3D growth) and then annealed at 400 °C to flatten out the faceted Fe surface. As shown before,
the deposition of Fe on MgO at 400 °C produces epitaxial high crystalline quality Fe. But
Fe grows in islands, seriously affecting the structure of the Fe/MgO multilayer morphology if
completely grown at this temperature. This is shown in the TEM image in figure 6 together
with the RHEED patterns at different layer growth stages.

2.3. The nature of the Fe—MgO interface

A very important factor determining the physical properties of ultrathin layers and multilayered
heterostructures is the structure of the interface, either with the substrate, other layers or
vacuum. Symmetry breaking, intermixing or hybridization effects can modify and even give
rise to new physical properties, a clear example of which is the magnetic anisotropy in metallic
multilayers [85]. Another field where the interface structure plays a relevant role is in the
determination of the transport and magneto-transport properties of tunnel junctions. Both
properties are directly related to the density of states of top and bottom electrodes at the
interface with the oxide tunnel barrier [86].

As mentioned before, ten years ago MgO appeared as a good candidate for a substrate
and capping layer for a system able to confirm theoretical predictions for the properties of a
free standing Fe atomic layer. This was mainly due to a modest charge transfer theoretically
calculated for Fe and Ag on MgO(001) at the interface [34, 87]. It is well accepted that Fe
and Ag atoms sit above the O sites on a clean MgO(001) surface. It has also been widely
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Figure 5. TEM image of an Fe/MgO multilayered structure grown on GaAs(001). MgO layers
were grown at 400 °C; Fe layers were grown at RT and annealed at 400 °C for 15 min. The Fe
thickness is kept equal to 80 A for all the layers, whereas the MgO layer thicknesses are (bottom
to top) 80, 50, 30 and 20 A. RHEED images acquired during the different steps of the growth are
shown.
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Figure 6. TEM image for a Fe/MgO multilayered structure grown on GaAs(001). Both MgO and
Fe layers were grown at 400 °C. Thicknesses for the subsequent Fe and MgO deposits (bottom to
top) are 100, 100, 250 and 100 A and 75, 65, 45 and 25 A respectively. RHEED images acquired
during the different steps of the growth are also shown.

accepted that the metal-O bond is more significant than the metal-Mg bond. Nevertheless,
Tanaka et al [88] have obtained by first-principles calculations that the metal-Mg covalent
bond predominantly determines the interfacial bond strength. These results suggest, the charge
transfer across the metal-MgO interface being very small, that even when the metal atoms are
located on top of O atoms, those cannot be oxidized, since the formal charge of these O atoms
on the surface is already —2.

It is clearly desirable to test these theoretical calculations with experiments. This is
possible for the case of the Fe/MgO system, in view of recent results by Meyerheim et al
[89, 90], where they present the geometrical and compositional structure at the interface of
MgO deposited on Fe(001) substrates. Using surface XRD, they conclude the existence of a
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substoichiometric FeO interface layer between the substrate and the MgO film. This can affect
the tunnel transport across the interfaces in a Fe/MgO/Fe heterostructure. An open question
is the nature of the symmetric Fe on MgO(001) interface, which is nominally equivalent,
but that in real systems might exhibit different properties. For example in Fe/MgO/Fe and
FeCo/MgO/Fe tunnel junctions exhibiting tunnel magneto-resistance [76, 82] the MgO/Fe
interface is formed during MgO deposition at elevated temperatures with the very likely
presence of atomic O which favours the oxidation of the Fe(001) surface. On the other hand,
the Fe/MgO and FeCo/MgO interfaces are formed during the top electrode deposition at RT
on a well formed, stable MgO(001) surface, and therefore both interfaces might be different.

Since deposition conditions, fabrication techniques and even the sequence of deposition
(either Fe on MgO or MgO on Fe) can determine the specific nature of the Fe/MgO interface, an
in-depth structural and chemical characterization must be carried out for each specific system
in order to ascertain the exact nature of the interface.

3. Magnetic properties of continuous Fe/MgO/Fe heterostructures

The magnetic properties of the structurally characterized Fe/MgO and Fe/MgO/Fe sytems are
described in what follows following a similar scheme. This is another instance of fundamental
phenomena where first-principles theories that quantitatively explain the experimental situation
are required.

Magnetic anisotropy of ultrathin films is being exploited for the development of new
magnetic devices and sensors. It is mainly determined by the underlying anisotropies in
the film’s atomic structure, including magneto-crystalline anisotropy distorted by chemical
ordering and alloying, magneto-elastic anisotropies through the presence of strain due to
epitaxy and to formation of defects, and extrinsic characteristics such as the system size
and morphology. On the other hand, magneto-static energy and dipolar interactions play a
fundamental role in the reversal mechanism of patterned structures and nano-elements. The
following sections include detailed discussions of these phenomena.

3.1. Fe on MgO(001): magnetic properties and magnetization reversal in continuous single
layers

In bulk form, bec Fe has a magnetic moment of 2.2 1« g and exhibits a cubic magnetic anisotropy
with an anisotropy constant K| of 4.8 x 103 ergs cm ™3, the (100) directions being the easy
magnetization axes. One of the motivations of growing metal ultrathin films is to obtain phases
that exhibit properties different from those of bulk. This was the case with the theoretical
predictions by Li and Freeman [34] on the giant magnetic moments obtained for a monolayer
of Fe on MgO(001). Their calculations yielded values of 3.07 ., very close to the 3.10 up
obtained for a free standing Fe layer [91]. This was attributed to the lack of electronic interaction
between Fe and MgO (<0.05 e/atom of charge transfer at the interface) and therefore the very
unlikely chemical interaction. The increase in the magnetic moment was even predicted for
the case of two monolayers of Fe on MgO(001), which would present 2.96 15 at the surface
and 2.85 up at the interface. These are similar values to those predicted for one atomic layer
of Fe on Au(001) (2.97 ) and for the surface of Fe in bee Fe(001) (2.98 ) [92-94]. A first
set of experiments pursuing the corroboration of these predictions were performed by Liu et al
[35] using surface magneto-optic Kerr effect (SMOKE) and Huang er al [95] using SMOKE
and neutron diffraction techniques. Liu observed the absence of ferromagnetic hysteresis for
thicknesses below 4 monolayers, probably due to the simultaneous multilayer growth mode
that provided a superparamagnetic character to the Fe patches. No giant magnetic moment
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was found in Huang’s experiments with bulk values for the magnetic moment of all the Fe
films studied, regardless of the thickness of the film. Again the film morphology, far from
an ideally planar structure considered in theoretical calculations, played a very important role
in determining the physical properties of the experimentally studied structures. It is worth
mentioning that, to date, there has not been any clear experimental corroboration of a giant
magnetic moment in the Fe/MgO(001) system.

Another physical property that has been a topic of intensive study is the determination
of magnetic anisotropies in these Fe(001) ultrathin films. Due to their epitaxial character,
the expected in-plane cubic anisotropy has experimentally been found in the Fe/MgO(001)
system, with an in-plane anisotropy and the easy axis along the (100) in plane directions.
Early works of Goryunov et al [96, 97] determined the magnetic anisotropy for Fe films
of different thicknesses sputtered on MgO(001) substrates. Assuming the weak electronic
interaction at the Fe—MgO interface, their goal was to explore the relevance of the mismatch
induced strain on the magnetic anisotropy of the system. They found an important surface
anisotropy contribution up to thicknesses around 1000 A, due to strain relaxation extended to
distances as far as 45 A from the film—substrate interface. This misfit relaxation was related
to the in-plane angular dispersions of the cubic and uniaxial magnetic anisotropy axes studied
by Fermin et al using ferromagnetic resonance [98] in thin Fe films sputtered onto MgO(001)
substrates.

It has been demonstrated that the deposition geometry can be another source of
additional magnetic anisotropies, specially in the oblique-incidence deposition geometry
of Fe/MgO(001) [99-101]. In the first two cases, this anisotropy was due to an oriented
morphology as determined by x-ray photoelectron diffraction and STM respectively. This
would produce a shape like magnetic anisotropy of dipolar nature. In the second case, Durand
et al performed an XRD characterization of their films, assigning the origin of the uniaxial
anisotropy to an in-plane tetragonal Fe lattice distortion in the whole volume of the films. This
gave rise to a magneto-elastic character for the uniaxial anisotropy.

The relevance of the Fe—substrate interface in the modification of the magnetic anisotropy
of the whole film has been contrasted in several works. An additional in-plane uniaxial
anisotropy has also been observed in Fe(001) thin films as thick as 350 monolayers grown
on GaAs, InAs or even ZnSe(001) semiconductor substrates [102—106]. This anisotropy was
assigned as of pure interfacial origin, being often attributed to the intrinsic anisotropy of the
dangling bonds at the GaAs(001) surface. Nevertheless, the substrate surface preparation
has been revealed to be crucial to obtain this anisotropy [107]. Another source of magnetic
anisotropy localized at the film—substrate interface is, for example, the surface step anisotropy,
being even intentionally induced by deposition on vicinal substrates (see for example [108—
111]). It can even be intentionally controlled varying the step density [112].

The presence of steps in the substrate is the argument to explain the observed magnetic
anisotropy found in Fe(001) thin films deposited at normal incidence on MgO(001) by
sputtering, since no structural anisotropy was experimentally measured in the Fe film
itself [113—115]. Infigure 7 we show Kerr loops for a200 A Fe(001) thin film with the magnetic
field applied along the main in-plane crystallographic directions. As expected, the [100] and
[110] correspond to the easy and hard magnetization axes respectively (figures 7(a) and (b)).
However, in figure 7(c) the hysteresis loop for the field applied along the [010] direction clearly
shows plateaus at low fields which demonstrate different magnetization reversal processes than
for the crystallographically equivalent [100] axis. The differences are attributed to an additional
uniaxial magnetic anisotropy present in the film.

This is further evidenced by a systematic study of the longitudinal and transverse magneto-
optical response of this film for different orientations of the crystalline axes with respect to



Topical Review R1135

~ 1.0 ——— -

2 H // [100] T'-’

g 05} 1

S | He=130c

= 0.0 [

g 0.5 | .

SLop  mm——— ]
400 -200 0 200 400

H(Oe)

gl'o' H//1110] k ]

205 I 1

; |

300 ‘

m [

H-0.5¢ '1- .

S _—/

= -1.0t |

400 -200 0 200 400

H(Oc¢)

10 :

z mu0] o -

g 057 | 1

2 o,

200 ~r

205 | .

o . |

= _1.0F e——

60 -40 -20 O 20 40 60
H(Oe)

Figure 7. Kerr hysteresis loops for a 200 A Fe(001) thin film. The magnetic field is applied along
the [100], [110] and [010] directions.

the applied magnetic field. In figure 8 we show a series of these measurements for different
relative angles, 0° corresponding to the [100] direction parallel to the applied magnetic field.
In this case, the longitudinal signal (component parallel to the applied magnetic field) presents
a typical square hysteresis loop with 100% remanence and low coercive fields, around 10—
15 Oe. As sketched, the 90° orientation corresponds to the [010] crystalline direction parallel
to the magnetic field. In the same case the longitudinal Kerr loop exhibits two plateaus
of zero signal in the low magnetic field regimes. These plateaus are simultaneous with
absolute maxima in the transverse component of the Kerr signal, which indicates that at these
magnetic fields the magnetization is rotating 90° with respect to the [010] direction, therefore
pointing along the [100] direction. Consequently one can conclude that an additional uniaxial
anisotropy exists superimposed on the crystalline biaxial anisotropy. Domain observations by
Kerr microscopy corroborate these conclusions [114]. Other relative orientations are shown in
figure 8, illustrating the complex magnetization reversal behaviour for this system. Since these
structures were deposited at normal incidence and no asymmetry in the strain was observed
in the film plane by XRD characterization, it was concluded that the source of the additional
anisotropy was of interfacial origin, and probably due to the presence of steps in the MgO
substrate.
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Figure 8. Transverse (M) and normalized to saturation longitudinal (M) /M;) Kerr loops for
a 200 A Fe(001) thin film with the magnetic field applied along different in-plane directions.
Reprinted from [114] ©2000, with permission from Elsevier.

A very powerful technique for the magnetic characterization of magnetic heterostructures
is the transverse biased initial susceptibility (TBIS) by MOKE, which has been demonstrated to
be very useful for the determination of in-plane uniaxial, biaxial and mixed anisotropies [116].
An example of the application of this technique for the study of the magnetic anisotropies in
Fe films with mixed in-plane uniaxial and biaxial anisotropies is shown in figure 9. Observe
susceptibility and inverse susceptibility curves for a 200 A Fe(001) film [113, 115] whose Kerr
loops were shown in figure 7. In figures 9(a)—(c) the susceptibility curves are shown for the
magnetic field applied along the [100], [010] and [110] in-plane Fe directions respectively.
The susceptibility response for the [100] case is typical for a magnetic field applied along
a magnetic easy axis [117]. For the H || Fe[010] direction (figure 9(b)), the dip observed
in the susceptibility can be explained by the nucleation of domains magnetized along the
[100] direction, and a magnetization reversal therefore driven by 90° walls. This is more
clearly shown in the inset, allowing an accurate determination of the range of fields where the
domains magnetized parallel to the [100] direction nucleate and propagate. In figure 9(c) the
susceptibility exhibits again the typical shape when the magnetic field is applied along a hard
axis. From these measurements, the inverse of the susceptibility can be directly calculated, as
shown in figures 9(d)—(f). These allow an accurate determination of the effective anisotropy
fields of the film along specific directions by performing lineal extrapolations of the high field
range and determining the crossing point with the field axis.

We have previously shown that the deposition temperature strongly affects the morphology
of Fe thin films grown on MgO buffered GaAs(001), obtaining continuous and flat films
for RT depositions, island growth mode at 700 °C and dendritic structures at intermediate
temperatures. This morphology evidently has strong consequences in the effective anisotropy
and magnetization reversal processes which can be determined by a combined Kerr loops and
TBIS characterization [118]. In figure 10 we show Kerr hysteresis loops for three of these
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Figure 9. TBIS for a 200 A Fe(001) thin film with the magnetic field applied along (a) [100], (b)
[010] and (c) [110] directions. Panels (d)—(f) show the respective inverse susceptibility. The inset
to panel (b) shows the low field region in more detail, taken from [115, 116].

samples, namely those deposited at RT, 400 and 700 °C, representative of flat, dendritic and
island growth modes. The magnetic field is applied along easy [100] and hard [110] axes.
The usual hysteresis loops are obtained for the RT sample (figure 10(a)), characteristic of a
well defined magneto-crystalline anisotropy as discussed above. Nevertheless, this anisotropy
becomes less evident as the deposition temperature increases, giving rise to a transition from
a continuous and flat growth to a dendritic-like structure. Figure 10(b) shows the obtained
hysteresis loops for the sample grown at 400 °C. Loops for the applied field along [100] and
[110] axis are now more similar to each other, presenting a relatively high remanence-to-
saturation ratio (0.9 and 0.8 respectively). The higher coercive fields obtained for this sample
with respect to that grown at RT are clearly related to the morphological features present in
the 400 °C sample. A simple model considering domain wall pinning at the narrow necks of
the dendritic structures can reasonably reproduce the experimentally obtained values [118].
Notably, even though the film morphology is relatively symmetric and with round dendrite
shapes, the magneto-crystalline anisotropy intrinsic to the structure is still evident when plotting
for example the coercive field as a function of the angle between the applied field and the Fe
crystalline directions, as shown in the panel at the top of figure 4(b).

At 700 °C deposition temperature, corresponding to square and rectangular island growth
mode, the hysteresis loops for the applied field along [100] and [110] directions are basically
equivalent, with no noticeable effect of the magneto-crystalline anisotropy still present in each
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Figure 10. Kerr loops for three Fe(001) thin films grown at (a) RT, (b) 400 °C and (c) 700 °C. The
panel at the top of figure 10(b) corresponds to the coercive field plotted as a function of the angle
between the applied field and the Fe crystalline directions.

individual island. In figure 10(c) the hysteresis loops for this sample are now characterized by
their low remanence and coercivity. This behaviour suggests the presence of strong negative
demagnetizing local fields.

Thus, at the saturated state the magnetic behaviour of all the samples is governed by K of
single-crystalline Fe, independently of the growth temperature. Differently from this, and due
to their local morphology, the magnetization properties of the sample evolve as the deposition
temperature increases from a nucleation—propagation domain wall mechanism, taking place
in smooth continuous films, to pinning, occurring in self-patterned films with a homogenous
distribution of defects. Finally the reversal turns fully isotropic for tiled films composed of
rectangular elements.

3.2. Fe/MgO/Fe: magnetic coupling in continuous trilayers

In the examples described so far we have analysed the magnetization reversal of single Fe
layers. Since transport and magneto-transport properties will be treated in another section,
here we restrict the discussion to studies specially related to the magnetic coupling/interaction
between both ferromagnetic layers. There are basically three possible origins for this coupling:

(1) indirect exchange coupling,

(2) dipolar coupling, either due to ‘orange peel’ effects or to stray fields originating from
domain walls of either of the layers, and

(3) direct ferromagnetic coupling through pinholes.

Several models have been proposed for the possible existence of exchange coupling
between two ferromagnetic layers separated by an insulator [119-121]. First experimental
results were probably due to Pomerantz et al [122], who studied the Fe/C/Fe system by
ferromagnetic resonance and that indeed motivated Slonczewski’s subsequent theoretical work.
Several years later, Keavney et al [75] faced the study of the conductance and magnetic coupling
in epitaxial Fe/MgO/Fe(001) trilayers. For this study several Fe/MgO/Fe trilayers were grown
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Figure 11. Variation of the coupling strength J between two Fe layers in an Fe/MgO/Fe structure
with the interlayer MgO thickness, taken from [83].

with varying MgO thickness between 12 and 75 A. The bottom Fe layer was pinned to a thick
Fe layer via antiferromagnetic coupling through 9 A of Cr. They observed by the MOKE effect
a clear switching from AFM to FM orientation for both Fe layers in contact with the MgO
spacer, the switching field being strongly dependent on the MgO thickness. Unfortunately,
via transport measurements, no MgO spacers with thicknesses below 40 A were found to be
insulating, due to the presence of pinholes. The observed thickness dependence of the switching
field was then assigned to a thickness dependence of pinhole size or pinhole density. In fact, the
effect of pinholes has been revealed to be very important, obviously in the transport behaviour
of tunnel junctions, but also in the magnetization reversal of multilayered heterostructures. This
last effect on the hysteresis loops has been modelled for antiferromagnetically coupled (AFC)
multilayers [123], giving rise to ferromagnetic, antiferromagnetic or a mixture of both states
depending on pinhole size and separation.

Interlayer magnetic coupling through MgO spacers has also been studied by van der
Heijden et al [124] who fabricated Fe;04/MgO/Fe;04 trilayers, again finding ferromagnetic
coupling due to pinholes for MgO thicknesses below 13 A and due to ‘orange peel’
coupling [125] effects above this thickness. Obviously, a tight control on the spacer quality,
with absence of pinholes, is a big challenge, and it was not until very recently that Popova
et al showed their capability to obtain continuous insulating MgO spacers as thin as 8 A in
Fe/MgO/Fe epitaxial heterostructures [82], and the observation of interlayer antiferromagnetic
coupling mediated by spin-polarized tunnel electrons between the two Fe electrodes through
MgO layers as thin as 5 A [83]. As shown in figure 11, where the coupling energy J
is plotted versus MgO thickness, an antiferromagnetic coupling (J < 0) is measured for
IMgo < 8 A, with a very fast increase of amplitude when the thickness of the spacer is reduced
to 5 A. Below this extremely low interlayer thickness, the occurrence of pinholes results in a
direct ferromagnetic coupling. On the other hand, for larger spacer thickness (above 10 A) a
ferromagnetic coupling is always observed and ascribed to ‘orange peel’ interaction.

In this context we have explored the magnetic interaction between two magnetic elements
separated by an epitaxial MgO insulator in continuous Co/Fe/MgO/Fe and FeCo/MgO/Fe
structures grown by combined sputtering and laser ablation techniques [84]. In similar
experiments to those recently reported by Faure-Vincent ef al [83], SQUID measurements
on three structures with fixed Co/Fe and Fe thicknesses and with MgO thicknesses of 20, 30
and 40 A were performed. In both cases the individual Fe film acted as the soft magnetic
layer with a smaller coercive field and either the FeCo alloy or the Co/Fe bilayer acted as
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the hard magnetic counterpart. Regarding the morphology of the individual electrodes, AFM
measurements were made ex sifu for the different samples. In the case of the bottom Fe layer, a
root mean square (rms) roughness of 3 A was obtained. Additional evidence of atomically flat
Fe/MgO/Fe interfaces can be extracted from HRTEM observations as reported in [48]. The
‘orange-peel’ type of coupling between both electrodes would be ferromagnetic for the case of
roughness at the MgO/Fe bottom electrode interface, as it would produce correlated interface
topography of both magnetic layers being conformal to the MgO growth. Since the layers are
atomically flat this type of coupling in these heterostructures is expected to be negligible.

In figure 12(a) we show the loop for the Co/Fe/20 A MgO/Fe structure with the magnetic
field applied along the Fe[100] direction. An almost square hysteresis loop is observed, with
100% remanence and rounded corners, pointing to the likely presence of inhomogeneities in
the sample, which produce a broadening of the experimental coercive fields. One single jump
is observed in the magnetization reversal process, despite the different coercivities of top and
bottom layers, indicating the magnetic coupling between them for this spacer thickness and
lateral dimension of 5 x 5 mm?2. In figures 12(b) and (c) the hysteresis loops for similar
structures, but with 30 and 40 A MgO spacer thickness, are shown. For the 30 A MgO sample
the magnetization reversal proceeds in three stages, with two clear transitions at 50 and 400 Oe,
and a rotation stage at intermediate fields characteristic of coupled media. This is probably
because pinholes present in the 20 A thick MgO spacer sample shown in figure 12(a) have
almost completely disappeared in the 30 A thick one. The hysteresis loop for the 40 A thick
MgO spacer shows two clear magnetization jumps at 50 and 450 Oe approximately, which
indicates totally independent magnetic switching of top and bottom electrodes, with a large
field window (~300 Oe) where an antiparallel configuration is achieved. Taking into account
the bulk magnetic moments of Fe (2.22 up) and Co (1.72 pp per unit cell), as well as the
nominal thickness of the electrodes, the expected value for the antiparallel alignment agrees
very well with the experimental results if the lower coercive field corresponds to the bottom
electrode and the higher coercive field to the top electrode magnetizations (see figure 12(c)).

Yet another important source of coupling between both ferromagnetic layers is that
resulting from the large fringing fields surrounding magnetic domain walls in either of
the layers, that can strongly influence the performance of future device applications.
This interaction can for example originate magnetization decay in spin-dependent tunnel
junctions [126], strongly modify the coercivity of such structures [ 127] and even induce a strong
ferromagnetic coupling between both electrodes via the so-called domain duplication [128—
130].

4. Structure and magnetic properties of patterned epitaxial Fe/MgO/Fe tilings

As discussed in the previous sections, continuous film TM/MgO epitaxial heterostructures
display a rich variety of magnetic behaviours depending on the growth conditions. Notably,
varying the growth temperature allows one to obtain from atomically smooth flat layers and
interfaces to 3D island growth mode, observing a drastic effect on the magnetic properties.
These facts make epitaxial Fe single layers and Fe/MgO sandwiched structures model systems
to study interactions and transport phenomena in metal—insulator heterostructures, where well
defined structure and interfaces implies well defined electronic states and well defined magnetic
anisotropies at the metal, the insulator and the interfaces. In this section, we review the current
understanding of magnetic interactions in arrays of artificially produced epitaxial TM and
TM/MgO/TM tilings. Both single-layer and multilayer structures are considered. We pay
special attention to the interactions in TM/MgO/TM tilings, which are arrays of ferromagnetic
tunnel junctions, with considerable technological interest.
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Figure 12. Magnetization loops at 20 K for 100 A Co/100 A Fe/MgO (d)/400 A Fe heterostructures
with varying MgO barrier thicknesses (a) d = 20 A, (b) d = 30 A and (c) d = 40 A. Magnetic
field was applied along the [100] Fe direction. The dotted line in (c) accounts for the estimated
magnetization corresponding to the antiparallel magnetic configuration of both electrodes.

These ordered arrays of magnetic entities are interesting both to study the effect on
magnetic properties of reducing size and to study their collective behaviour when there is
interaction between neighbour elements. This interaction, as shown recently, can be used
to propagate signals along magnetic nanostructure lines [131]. On the other hand, there is a
considerable interest in studying magnetic properties of artificially produced arrays of magnets,
since there is a fundamental stability limit reducing size in domains in flat recording media. In
this area, both magnetic media with the magnetization perpendicular [132] to the film plane and
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AFC disc media are extremely interesting [133]. Additionally, there is considerable interest in
studying the properties of 3D stacks of magnetic elements separated by a thin insulating layer,
since they open in principle the possibility of recording magnetic information which would be
read by the resistance of the whole stack [13].

In what follows we review the literature on epitaxial magnetic heterostructure arrays, i.e.,
magnetic heterostructure arrays built with single-crystalline materials. The reader is referred to
recentreviews [ 134, 135] for magnetic nanostructures fabricated with polycrystalline materials.

4.1. Fabrication and characterization of epitaxial tiling arrays

In order to fabricate patterns on a surface a key issue is lithography, a term involving several
closely related techniques such as resist coating, exposure and development. Among the
different lithographic techniques (e-beam, x-ray, interference or holographic, scanning probe,
focused ion beam. . .) e-beam lithography has been the most frequently used to pattern epitaxial
structures. This is because the arrays of epitaxial elements are preferably fabricated by post-
growth lithography, defining a mask on top of the film that acts as a cover in a subsequent
ion beam etching procedure. Although it is possible in principle to use lift-off techniques on
epitaxial substrates (i.e., spinning the substrate, irradiating, developing, growing and lift-off),
there usually remain small quantities of resin on the electron-exposed areas, degrading the
quality of the growth structure and the interfaces. The reader can find details and further
references about lithographic methods in [136].

The epitaxial nanostructure arrays fabricated to date are mostly built with Fe
elements [47, 76, 137-161] but also with Co [143, 162-167], Ni [168] and
different materials [169, 170]. The measurements reported include SQUID [154],
AGM [153, 156, 167, 168], VSM [154, 163], torque [163], MOKE [47, 137, 139-
141, 146-149, 159-161, 165], MO torque [157, 162], diffracted MO [161], STM [155, 166],
AFM [137, 155, 158, 163, 167, 168], SEM [139, 141, 146, 149, 151, 153], MFM [138-
145, 150, 151, 153, 162-165, 167, 169], scanning Kerr microscopy [148, 152] and magneto-
transport [47, 138, 142-145, 147, 150, 155, 162, 164]. In addition, micromagnetic
simulations [139, 140] and other theories [171] have also been reported in this context.
The arrays are built with elements of different shapes such as squares [137, 158-161],
stripes/wires [138, 142-150, 152, 157, 162, 166], dots/circular [151, 153, 154, 156, 163, 166—
168, 171], particles/islands [140, 155] and other more complex (rectangular, triangular,
elliptical, needle. . .) shapes [139, 141, 153, 167, 168].

Needless to say, amongst these characterization techniques, magneto-optic measurements
are an invaluable and inexpensive tools when studying these patterned arrays. The advantages
are considerable.

(I) Some of the structures discussed are unavailable to conventional magnetization
measurements since the magnetic signal is extremely small.

(IT) The effect of patterning can be studied in the same film where different patterns have been
written by focusing the incident light inside the pattern. This rules out accidental effects
due to the use of different samples grown, in principle, under the same conditions.

(ITII) When studying regular arrays of nanomagnets, light is not only reflected, but also diffracted
by the array. Magneto-optics in diffracted beams opens a whole new area of interesting
phenomena where one has experimental access to the magnetization inhomogeneities
within the arrays [172].

(IV) The arrays can be excited easily not only with conventional magnetic fields (fixed direction
varying amplitude) but with rotating magnetic fields (constant amplitude varying angle)
as well, a technique called magneto-optical torque [173, 174]. This set-up eliminates
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Figure 13. Epitaxial Fe(100) tiling. (a) AFM image showing the period T of the structure, the tile
edge size a and the inter-tile separation w. (b) Hysteresis loops of arrays of different edge size; the
top loop is the hysteresis loop of the continuous film, shown for comparison purposes. Magnetic
field applied along the Fe[110] hard axis, taken from [137].

uncertainties due to domain wall movements when determining anisotropies, and, similar
to conventional torque techniques, a single measurement and a small fit produce the
symmetry and strength of the anisotropy axes.

(V) The information obtained when shining light on a magnetic array is statistical in the
sense that it contains contributions from hundreds to hundreds of thousands of elements,
depending on the relative size of the light spot and the magnetic element.

4.2. Arrays of single-layer elements

Before discussing the effect patterning has on epitaxial Fe/MgO/Fe heterostructures it is
appropriate to understand the effect it has on single-layer continuous films. As mentioned
before, and as expected, a continuous Fe film displays a magneto-crystalline anisotropy with
easy axes along [100] directions [114]. In addition a small uniaxial anisotropy is found, most
probably related to the MgO texture. On patterning an array of micro-squares there are two
relevant distances, and, accordingly, two main effects on the magnetic properties of the array.
One is the lateral size of the tile, a, and the other is the separation between them, w, as shown
in figure 13(a). The magnetization of the array, measured as the transverse MOKE reflectivity
changes, is shown in figure 13(b). The top loop is the unpatterned film and is shown for
comparison purposes. Notice that patterning has a moderate effect on the magnetization of
the array until a tile size threshold of about 3 um. This occurs because, as the tile becomes
smaller, demagnetizing effects become more relevant. As a result there is an increase of the
magnitude of the external field required to switch the tile magnetization. This is observed
in figure 14(a), where the coercive field for an array of Fe epitaxial tiles is displayed as a
function of the tile lateral size. However, the individual tiles remain basically single domain,
until the demagnetizing energy becomes comparable to the anisotropy energy. This happens
when the tiles are about 3 um in lateral size, and compares well with simple estimations for
the size where anisotropy and demagnetizing energy contributions for Fe become comparable.
Figure 14(b) shows an MFM image of a square tile of about 1.5 um lateral size, where the
breakage in domains of the magnetization distribution within the tile is quite evident.

The second aspect concerns the magnetic interaction between neighbour elements in
magnetic nanostructure arrays with the magnetization in the film plane. This is related to
the distance at which the magnetic elements are separated, w in figure 13. The interest is
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Figure 14. (a) Coercive field as function of the edge size for epitaxial Fe(100) tilings. Notice
a threshold at about 3 um size below which the coercive field increases dramatically. The
horizontal dotted line corresponds to the coercive field for the continuous film. (b) MFM image
(1.5 x 1.5 um? scan) of a tile of about 1.5 m edge, where the multidomained nature is clearly
observed.

twofold; on one hand it is important to understand and quantify the interaction to avoid ‘cross-
talking’ when recording information on magnetic arrays. This is valid both for single- and
multilayer structures. On the other hand this same ‘cross-talk’ can also serve as a control
parameter, where one can change an element magnetization (write one bit) through a line of
interacting elements, build logic etc.

As an example we show in figure 15 the effect the lateral separation between elements
has on the magnetization of an array of Fe(001) micro-squares. Measurements were made
for periods of 7 and 9 um, and tile separations of 0.3, 0.9 and 1.5 um. When the tiles do
not interact (figures 15(c) and (f)), a wall nucleation and propagation event is needed per tile.
However, when the tiles do interact (figures 15(a), (b), (d) and (e)), the instant one tile switches
magnetization it triggers the reversal of the whole array, as in an array of domino pieces. This
is demonstrated by the abruptness of the magnetic transition at the coercive field. While in the
interacting set of tiles there is an abrupt transition, there is a dispersion of nucleation fields in
the isolated set of tiles. Notice that this measurement provides quantitative information on the
distribution of nucleation sites as well.

The interaction between neighbouring tiles can be quantified by the deviations of the
internal field that an isolated tile would experience. In other words, for an isolated tile one
can calculate approximately the internal field (or the demagnetizing factor); this is shown by
the continuous line in figure 16. When the tile is closer to another neighbour tile, some of
the magnetic flux departs, decreasing this demagnetizing field, and consequently less field is
required to saturate the tiling. The behaviour tends as expected, for infinitely close tiles, to
the continuous film behaviour. Confirming this picture figure 16 shows the saturation field for
similar arrays separated by 1.5 um (hollow circles) and 0.5 um (solid circles).

4.3. Arrays of multilayered elements

In order to fabricate MRAM it is important to understand and quantify the different phenomena
involved when reducing size and placing in regular arrays micro-fabricated tunnel junctions.
Specifically, it is necessary to know if it is possible to fabricate a stable antiparallel alignment
of the magnetization and how. In spin valve materials used in recording heads this is achieved
through exchange coupling of one electrode (the pinned layer), leaving the other layer free to
switch. It is also necessary to understand and quantify the different anisotropies and changes
in switching fields introduced by the patterning process. In what follows we describe, as an
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Figure 15. Hysteresis loops for epitaxial Fe(100) tilings with the same period but different inter-
tile separations. Notice a sharp reversal at 0.3 pum inter-tile separation, indicative of a cascade
switching of the array, while at 1.5 pum inter-tile separation there is a distribution of switching
fields. Taken from [137].
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Figure 16. Saturation field for epitaxial Fe(100) tilings of different edge sizes. Empty circles
represent a series with 1.5 um inter-tile separations while solid circles correspond to 0.3 pm inter-
tile separation. The solid curve is the demagnetizing field for an ellipsoid with the same aspect
ratio. The horizontal dotted line corresponds to the coercive field for the continuous film. The inset
schematizes the closing magnetic flux situation. Taken from [137].

illustrative example, experiments carried out at the authors’ laboratory on Fe/MgO/Fe micro-
tunnel junction arrays.

Continuous Fe/MgO/Fe(001) trilayer structures are patterned by e-beam lithography and
ion beam etching, and the resulting array of square junctions is measured by focusing a light
spot, about 100 um diameter, within the square 250 um edge array. The measured magneto-
optical Kerr loop corresponds then to the behaviour of several hundreds to thousands of micro-
junctions. As for single Fe layers, patterning has a drastic effect on the magnetic properties
of the array, as shown in figure 17 for a 10 nm Fe/2 nm MgO/10 nm Fe structure. However
the effect is quite different than for the single layer with an equivalent 20 nm thickness. While
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Figure 17. MO hysteresis loops for epitaxial Fe 10 nm/MgO 2 nm/Fe 10 nm tunnel junction arrays
of different edge sizes and inter element separations: (a) loop for the unpatterned film; (b) loop for
an array of junctions of 8.6 x 8.6 wum? lateral size separated by 1.4 um; (c) 4 x 4 um? junctions
separated by 1 um; (d) 2.7 x 2.7 um? junctions separated by 2.4 4m; (e) 1.6 x 1.6 um? junctions
separated by 0.4 um; (f) 1.3 x 1.3 um? junctions separated by 0.7 um. Magnetic field applied
along the Fe easy [100] direction. Taken from [170].

in the continuous structure (figure 17(a)) one single magnetization reversal event is observed,
due to the equivalent coercive fields of both top and bottom magnetic layers, in the trilayer
case a two-stage reversal of the magnetization, with remanence close to zero, is observed after
patterning the continuous structure. The reversal starts at positive fields, a fact that needs a
unidirectional ‘type’ of coupling, i.e., it cannot be explained with conventional bi-directional
anisotropies. All this points to an antiferromagnetic coupling between top and bottom layers
due to the magneto-static energy reduction. Simple magnetic balance calculations support
this statement [170]. On the other hand, and similar to the single-Fe-layer tile observations,
the main factor affecting magnetization reversal in this trilayer case is the lateral dimension
of the micro-squares. The smaller tiles exhibit increasing switching field magnitudes and
dispersions, although maintaining a two-stage reversal with overall zero remanence.
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Figure 18. MO Kerr effect for arrays of epitaxial micro-tunnel junctions of approximately the
same lateral size, about 3.5 um, separated by about 1.5 ;wm and with different barrier thicknesses:
10 nm Fe/x nm MgO/10 nm Fe (x = 7, 5,2 and 1 nm). Magnetic field applied along the Fe easy
[100] direction. Taken from [170].

In addition, the effect of reducing the thickness of the epitaxial MgO insulator is shown in
figure 18 for Fe 10 nm/MgOx nm/Fel0 nm tilings with square elements of about 3.5 pum side.
As observed, this two-stage reversal of the magnetization disappears at I nm MgO thickness,
which is about two unit cells. Notice as well that the saturation field increases in this case. This
loop is very similar to the 200 A single-layer Fe tiling of similar dimensions, which implies
that the MgO barrier has collapsed and direct exchange has become effective between top and
bottom electrodes in most of the tiles of the array. This probably means that the coverage for
this thickness is not homogeneous and that some areas the two electrodes are in contact, the
so-called pinholes. Exchange would become effective through these contact areas.

As mentioned before, the possibility of some coupling mediated through the electrons
tunnelling between top and bottom ferromagnetic layers is investigated in [83], where Faure-
Vincent et al find an antiferromagnetic type of coupling between Fe layers for MgO thickness
lower than 10 A in continuous films. In our case, for arrays of tunnel junctions with 1 nm MgO
spacer, we find a behaviour very dependent on the lateral size of the junctions. Figure 19 shows
selected hysteresis loops for arrays with different lateral sizes of the micro-junctions, with the
field applied along an easy Fe[100] direction. The continuous macroscopic film displays
a square loop (not shown in the figure) with a coercive field of 10 Oe, demonstrating the
simultaneous reversal of top and bottom electrode magnetizations as in a single-Fe-layer film.
For junctions larger than 3 um (figures 19(a)—(d)), the reduced remanence, Mg = M /M|y —o,
of the array is close to one, pointing to top and bottom Fe electrodes that are exchange coupled.
In other words, most of the array still behaves like the continuous film. However, for 3 um
junctions and smaller (figures 19(e) and (f)) the reduced remanence decreases, and loops
demonstrate a reversal by two stages with a remanent state close to zero magnetization along
the applied field direction. This indicates that the two electrodes’ magnetizations orient in
an antiparallel fashion for a large fraction of the array elements. For this barrier thickness,
10 A MgO, the effect of patterning on the magnetic loops is different from what has been
measured for 20, 50, and 70 A MgO, where the two-stage magnetization reversal is measured
for all lateral sizes, and explained by the magneto-static energy reduction obtained by the
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Figure 19. MO hysteresis loops for epitaxial Fe 10 nm/MgO 1 nm/Fe 10 nm tunnel junction
arrays of different edge sizes and inter-element separations: (a) loop for an array of junctions of
8.7 x 8.7 um? lateral size separated by 1.2 um; (b) loop for an array of junctions of 8 x 8 m?
lateral size separated by 2 um; (c) 4 x 4 um? junctions separated by 1 um; (d) 3.5 x 3.5 um?
junctions separated by 1.5 um; (e) 3 x 3 um? junctions separated by 0.6 um; (f) 2 x 2 um?
junctions separated by 1 um. Magnetic field applied along the Fe easy [100] direction.
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Figure 20. Hysteresis loop for an epitaxial Fe 6.5 nm/MgO 5 nm/Fe 6.5 nm/MgO 5 nm/Fe 6.5 nm
tile array. The reflectivities of the sketched magnetization orientations (marked by the arrows; dots
correspond to magnetization perpendicular to the page) have been calculated using the transfer
matrix formalism. Magnetic field applied along the Fe easy [100] direction.
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antiparallel orientation of the electrodes’ magnetizations. All these experimental facts prove
that pinholes in the barrier are the main cause of the observed behaviour. In this scheme, the
system behaves as if there is a threshold number of pinholes (or pinholes of a certain size) above
which the two electrodes are coupled ferromagnetically. Patterning the structure and decreasing
the size of the elements decreases the number of junctions coupled via pinholes, increasing the
area occupied by exchange uncoupled junctions. These data suggest the possibility of local
antiferromagnetic coupling, of magneto-static origin, in junctions below 3 um lateral size with
barrier thicknesses lower than 1 nm.

Finally, the Kerr loop corresponding to an epitaxial heterostructure array built with three
layers of Fe 6.5 nm thick, separated by 5 nm MgO (3 um lateral size tiles separated 0.8 ;tm)
with the magnetic field applied along the Fe[100] easy axis is shown in figure 20. Due to
the multilayered nature of this structure, the analysis of its magneto-optical response is not
obvious, mainly due to absorption and interference effects. The application of a transfer matrix
formalism [175, 176] is necessary to determine the response of the overall structure depending
on the relative orientation of the different Fe layers. For example, taking as a reference
the 100% Kerr signal corresponding to the saturated state, i.e., the magnetization of the three
layers are parallel, 180° reversal of the topmost layer yields a total Kerr signal of only 16% with
respect to saturation. This is mainly because deeper Fe layers contribute less due to absorption
effects on the top layers. In the same way, a reversal of the intermediate Fe layer keeping
the other two parallel yields 30% of the total Kerr signal, and reversal of the bottom layer,
54%. With this formalism in hand it is possible therefore to identify the different magnetic
configurations from the measured Kerr signal in the hysteresis loop. In figure 20 the different
magnetic configurations of the three Fe layers are identified in the different regions of the loop
according to the measured Kerr effect. As mentioned, saturation corresponds to 100% signal.
Reducing the magnetic field leads to a metastable state at around 30 Oe where top and bottom
Fe layers remain parallel, while the magnetization of the intermediate one has rotated 90°. This
is reasonable since it corresponds to another magnetically easy direction of this layer. Further
reducing the magnetic field down to zero leads to a stable structure for which the Kerr signal
corresponds to an antiferromagnetic state, where the magnetization of the intermediate Fe
layer is oriented antiparallel with respect to the top and bottom ones. In this antiferromagnetic
state the magneto-static energy is minimized, conferring high stability to this configuration.
This situation is demonstrated by the fact that applying a small magnetic field in the negative
direction causes the reversal of the whole structure, maintaining the antiferromagnetic state.
Further application of negative magnetic field finally forces the parallel alignment of the three
layers’ magnetizations, breaking this antiferromagnetic orientation.

As has been shown, this kind of new magnetic structure, with a wide combination
of possible stable and metastable magnetic states, opens interesting possibilities, both
fundamentally and for applications. They for example might have the potential to store
magnetic information in 3D being read through the tunnel resistance of the whole stack or
using magneto-optical methods.

These last two examples, magnetic couplings through insulating layers one or two unit
cells thick, and magnetic interactions in epitaxial heterostructures, are from our point of view
illustrations of research challenges where epitaxial systems are definitely desirable to fully
understand the relevant physical mechanisms.

5. Transport and magneto-transport in epitaxial TM/MgO/TM heterostructures

This last section treats another relevant aspect of metal—insulator heterostructures: the transport
properties. Recent breakthroughs in MTJs have triggered great scientific and commercial
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interest, even though tunnelling is a phenomenon as old as quantum mechanics. It was in
1927 that Hund demonstrated [177] that a current can pass from one electrode through a thin
insulating barrier into a second electrode, this electrode/barrier/electrode trilayered structure
being referred to as a tunnel junction. The measured current is explained considering an
electron that encounters a potential barrier: though most of the amplitude of the associated
wavefunction will be reflected at the potential step, a portion decays exponentially into the
barrier. For sufficiently thin barriers, there is a finite probability of finding the electron on the
other side of the potential step.

Trying to understand tunnelling phenomena, the current, or its derivative, is measured as
a function of applied bias voltage. At thermal equilibrium, electrons flow from one electrode
to the other, equilibrating chemical potentials at each side of the barrier. A bias V' across the
junction raises by eV the Fermi level of one electrode with respect to the other, and there is a
net flow of electrons tunnelling through the insulating layer. Although a complete conceptual
background for electron tunnelling is beyond the scope of this review, we briefly point out
that the number of electrons tunnelling from one electrode into another is given by the product
of the density of states at a given energy in one electrode and the density of available states
in the other electrode, weighted by the square of a matrix element describing the tunnelling
probability. The net current is then the difference in the number of electrons tunnelling from
one electrode to the other.

5.1. Early works and theories

Quantum tunnelling has remained a hot topic from its beginning, with a myriad applications
to this day. Most of the early work on tunnelling was theoretical because of the lack of reliable
experiments. Fowler and Nordheim [178] explained in 1928 the main features of electron
emission from cold metals by high external electric fields on the basis of tunnelling through
a triangular potential barrier. But it was not until 1957 that Esaki [179] found conclusive
experimental evidence for tunnelling. In 1960 Fisher and Giaver [180] performed the first
thoughtful attempt to fabricate a metal/insulator/metal tunnel junction by the use of vacuum
evaporation techniques, in a fashion that has not changed much since then [24]. They obtained
current—voltage (/—V') characteristics that agreed with theory, i.e., the conductance d/ /dV has
aparabolic dependence, at low bias resistance is constant, and it has an exponential dependence
on oxide thickness.

The next advance was the Meservey—Tedrow [1] spin-polarized tunnelling (SPT)
experiments, measuring the spin polarization of the tunnelling current from a ferromagnetic
electrode into a superconducting one. In most cases the insulating barrier was amorphous
Al,O3 and, as shown in figure 28 of their paper [1], these experiments led to positive
spin polarization for all materials measured with this technique (table 1). This finding
contradicted the expectations based on the density of states for majority and minority spin
populations at the Fermi surface for the ferromagnetic electrodes. The band structures for
most ferromagnetic metals predicted negative spin polarizations, and positive values were
found in all the experiments.

It was Simmons [181] who first solved the problem of the /-V relationship for a tunnel
junction with a potential barrier of arbitrary shape. The equation derived for the tunnel effect
has the advantage that it can be applied to any shape of potential barrier providing the mean
barrier height and thickness are known, or alternatively, if the /—V characteristics of a tunnel
junction are known, then barrier parameters can be obtained from a simple fit. Introducing
the dielectric constant of the insulating film allows us to point out tunnel characteristics
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Table 1. Polarization values for different ferromagnetic metals, taken from [1].

Metal  Spin polarization (%)

Fe 40 +2
Co 3543
Ni 2343
Gd 1443
Ho 7541
Dy 741

Tb 6.5+ 1
Er 5541
Tm 2741

as an intrinsic function of the thermal properties of the insulator, as well as those of the
electrodes.

In the 1970s tunnelling between metals was not a field that could be regarded as fully
understood [182]. The tunnelling current was supposed to be independent of the densities
of states of the electrodes due to a normalization factor in the transition probability. This
was experimentally supported by data for junctions with small Sn particles embedded in an
alumina barrier [183]. Then, Julliere, using ferromagnetic electrodes, quantitatively estimated
the TMR ratio in terms of the classical theory of tunnelling. This assumes that the magnetic
electrodes are two completely independent systems and that the insulating barrier is a quantum
perturbation. In other words, in the system FM/I/FM the difference between the conductances
AG for parallel G414 and antiparallel G 4 configurations of magnetization of the two FM
electrodes is given by

AG/Gp = AR/Ryy =2P1 /(1 — P P>) (N

where P; and P, are the spin polarizations of the two ferromagnetic electrodes.
Moreover, the polarization P is given in terms of the density of states N*(E ) at the Fermi
energy Er of the ferromagnet by

P = N"(Er) — NY(Er)/N"(EF) + N*(EF), 2)

where both up- and down-spin electrons are supposed to proceed through two independent
channels in order to guarantee spin conservation during the tunnelling process.

Despite the remarkably predictive success of Julliere’s formula, it can foretell neither
the dependences of the tunnelling magneto-resistance effect on the thickness and height of
the insulating barrier, nor complex situations such as double-junction systems, the effect of
impurities in the barrier or even the role of inserted non-magnetic interlayers between one of
the ferromagnetic electrodes and the barrier.

In a continuous description, Slonczewski [119] treated the electrodes and the barrier as a
single quantum system. When the barrier is relatively permeable the evanescent wavefunctions
of electrons from both electrodes overlap in the barrier region and for that reason need to
be matched across the whole structure. He described both ferromagnetic electrodes by two
parabolic bands (one for each spin direction) shifted with respect to one another due to the
exchange splitting. The polarization for each spin current is then identified as

P = k" —kV/kY + k) — KTk i + kY, 3)
where k* is the Fermi wavevector, (*) extended to each spin channel (| 1). Because parabolic

bands satisfy k* o« N*(Ef) the polarization P given by equation (3) simply reduces to
equation (2) for a large barrier height. In addition, one artifact of the parabolic band model
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Figure 21. Magneto-resistance of a Ni/NiO/Co junction versus magnetic field, together with the
corresponding B—H hysteresis loop. From [186] ©1982 IEEE.

is that P changes its sign as long as the barrier becomes lower. These results contradict the
idea that a quantity like polarization is characteristic of the electrode band structure alone and
would have the same value in any tunnelling experiment [184, 185].

In Julliere’s model, the transmission probability is assumed to be constant and independent
of the k* on each side of the barrier. However, following Slonczewski’s calculation, the
tunnelling conductance depends not only on spin-dependent densities of states of both
ferromagnets, but also on the spin dependence of the transmission probability. Nevertheless
this model does not consider more realistic problems such as barrier non-uniformity, electron—
electron correlations, crystal potential, spin waves and inelastic tunnelling.

The first report on magneto-resistance ascribed to tunnelling (TMR) was due to Julliere
in 1975 [23] for an Fe/Ge/Co junction with an oxidized amorphous Ge barrier. Promising
TMR values were shown to be as high as 14% at 4.2 K, as depicted in figure 2 of his
paper [23]. Despite the fact of not being yet reproduced, these results opened an exciting
research topic. As aresult, as shown in figure 21, Maekawa and Géfvert [186] unambiguously
correlated the hysteresis behaviour of the magnetic electrodes in Ni/NiO/Co junctions with the
observed magneto-resistance (2% at 4.2 K), establishing for the first time that the magneto-
resistance effects were due to the relative magnetization alignment of the electrodes. These
results were independently reproduced by Suezawa and Gondo [187], and later by Kabani
et al [188]. On the other hand, Nowak and Rauluszkiewicz [189] measured the hysteresis
of the tunnelling resistance of GdO,-based tunnel junctions with Gd and Fe electrodes, and
attributed the magneto-resistance not to the transition from parallel to antiparallel alignment
of the magnetic electrodes, but to a spin-filter effect in the GdO, barrier. Nevertheless, these
effects were small compared to those anticipated from Julliere [23], and problems such as
‘Néel orange-peel coupling’ [190, 191], spin scattering within the barrier and pinholes were
claimed to limit the number of appropriate materials to form a ‘good’ barrier. In fact, it was
necessary to wait until 1995 when reproducible magneto-resistance ratios of over 15% at RT
were reported in Fe/Al,O3/Fe [192] and CoFe/Al,O3/Co [193] junctions.
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Since then, the most commonly used material for barrier fabrication because of its
wetting properties has been Al, which is usually oxidized in situ to form amorphous
Al,O3. Unfortunately for these junctions the oxidation parameters directly affect the device
performance through spin-flip scattering: under-oxidation leaves some metallic Al and over-
oxidation results in an additional oxide layer on the base electrode.

On the other hand, and despite amorphous alumina being the most widely used barrier,
even a crystalline Al,O3 barrier was reported [194]. Among other examples of barriers
used in MTJs are polycrystalline magnetic oxides like NiO [195, 196], CoO [197-199]
and CrO; [195], amorphous nitrides like BN [200], AIN and AION [201], polycrystalline
HfO, [197], Gd,03 [202] and Ga, O3 [203], amorphous Ta,Os [184, 197, 204] and Si0, [194],
epitaxial SrTiO3 [205, 206], NdGaOs [207] and CaTiO3; [208] and epitaxial semiconducting
barriers like AlAs [209, 210], ZnSe [26] and polycrystalline ZnS [211].

5.2. Epitaxial ferromagnetic tunnel junctions: theoretical approaches

Since all previously mentioned conductance features seem to depend both on tunnel junction
materials and growth methods, it is interesting to examine simpler systems by replacing the real
insulating barrier with a vacuum spacer or to model experiments on epitaxial tunnel junctions
with a crystalline insulating barrier. The advantage of these simpler systems is that ab initio
calculations are now possible.

In this way, calculations of the electronic structure and the spin-dependent transport of
single-crystal MTJs based on fcc Co(001) either with a vacuum gap [212, 213], Al,03 [214]
or SrTiO3(001) [215] barriers have been reported. The calculated spin polarization for Co
electrons tunnelling through a vacuum gap is positive and in excellent agreement with the
experimentally observed value of P &~ 35% [1]. Similarly, the positive sign of spin polarization
and TMR on tunnelling from cobalt across alumina was ascribed to different decay rates for
the majority- and minority-spin electrons inside the Al,O3 barrier. In contrast, an exchange
coupling was found between the interface Co and Ti atoms mediated by oxygen, which results
in an induced magnetic moment on the interfacial Ti atoms and may explain the negative spin
polarization of tunnelling across the SrTiO;3 barrier.

By self-consistent local spin density calculation within the Layer—Korringa—Kohn—
Rostoker (LKKR) technique and atomic sphere approximation, MacLaren et al [216] first
studied the generic Fe/barrier/Fe(001) system with a simple step barrier of varying height and
width. They found that the conductance shows features not well described by any free electron
picture and that, for a given barrier height, the conductance (or magneto-resistance) ratio is
almost independent of barrier thickness and much larger than any experimental values ever
reported.

Using the Landauer—Biittiker formalism that expresses the conductance as a sum of the
transmission probabilities over different Bloch states, tunnelling conductance between Fe(001)
electrodes separated by semiconducting ZnSe was described [217]. In particular, a large spin
asymmetry in the tunnel conductance that increases with the barrier thickness was found along
the (001) direction but not in other high-symmetry crystal orientations. This spin asymmetry
was related to decaying metal-induced gap states (MIGS), i.e. near a crystal ferromagnet
surface or interface one can match a wavefunction of complex k with one outside the crystal.
Thus surface or interface evanescent states extended into the barrier also represent solutions
of the bulk Schrédinger equation. To investigate the importance of MIGS for the tunnelling of
metal electrons through epitaxial barriers, Fe/I/Fe(001)-based tunnel junctions, where I refers
to semiconductor barriers Si, Ge, GaAS and ZnSe, were computed [218]. It was found that
in all four cases the decay parameter is minimized at the I" point (k; = 0), consequently
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the state k = 0 will penetrate into the insulator farther than any other. In addition to the
above semiconductors, they also considered that MgO would present the same behaviour for
the reason that the band structure of MgO has the same topology as that of GaAs and ZnSe,
tunnelling being determined predominantly by the A; states.

Recently, Fe/MgO/Fe(001) tunnel junctions were separately studied both by Butler
et al [219] and Mathon and Umerski [220]. The method of Butler er al, based on
matching wavefunctions across the barrier, shows that despite a negative spin polarization
on the interfacial Fe layer, the spin polarization of tunnelling electrons should be positive.
Furthermore, they illustrate that the symmetry of the Bloch states at the Fermi energy and their
relationship to the symmetry of the slowly decaying evanescent states in the barrier layer are
decisive to understand tunnelling conductance. Due to the different decay rates within the
barrier for Bloch states of different symmetry, there will be more than one of these evanescent
states in the barrier layer at Er. Consequently Butler e al claim thatitis possible that tunnelling
will be affected by interference between these states, leading to an oscillatory dependence on
barrier thickness as shown in figure 22.

This way, conductance in the parallel alignment of Fe(001) electrodes is dominated by
the majority-spin channel with a broad peak centred at kj = 0. As depicted in figure 22, as
the barrier layer becomes thicker the highest transmission occurs closer to the origin of the 2D
Brillouin zone due to the slow decay in the MgO of Fe states from the majority A band. Since
the slowest decay rate is for states with A; symmetry, not existing in the minority channel, the
magneto-resistance will then increase with the thickness of the barrier.

In a different way, Mathon et al describe the band structure of the electrodes and the
barrier by tight-binding bands fitted to ab initio band structures of bcc Fe and bulk MgO,
neglecting lattice distorsions. The on-site potentials in the Fe interface planes were adjusted
self-consistently and the tunnelling conductance was evaluated in the low-bias regime using the
Kubo formula in terms of the one-electron Green function at the Fermi surface. They found that
TMR initially oscillates with MgO thickness, but from figure 23(a) it is clear that after seven
atomic planes of MgO, it stabilizes and increases slowly, reaching values as high as 1200%
for 20 atomic barrier planes. Figure 23(b) illustrates that the calculated spin polarization of
the tunnelling current is always positive, because the majority-spin conductance is higher than
the minority-spin conductance. When the magnetization of both electrodes is parallel, the
majority-spin conductance is dominated by the I' point, with also four subsidiary maxima
in the 2D Brillouin zone along k, = k,. However, for the minority-spin channel or when
both electrodes have antiparallel magnetization alignment, the conductance is determined by
a ringed area with a minimum at the I" point. This fact leads to large peaks (‘hot spots’) in
the conductance for small MgO thicknesses, dissimilar in origin to those reported in [221].
As the MgO barrier becomes thicker, the contributions from the parts away from the I" point
are weakened and this is the reason why the TMR ratio becomes higher with barrier thickness
reaching the asymptotic regime depicted in figure 23(a).

Asdescribed, in the case of Fe/MgO/Fe(001) similar conclusions are obtained individually.
Both papers [219, 220] emphasize the role of interface quality but also the importance of
symmetry of the junction as pointed out by Uiberacker and Levy [222]. Accordingly, tunnelling
rates are higher if there are similar or identical states on both sides of the barrier, because the
tunnelling electrons need not only to get through the barrier but there must be a state of the
correct symmetry on the other side to accept them. As an example, Zhang and Butler [223]
have demonstrated that the presence of an FeO layer in the Fe/FeO/MgO/Fe(001) system can
reduce the TMR ratio from 4600 to 74% with respect to the symmetrical case due to a decrease
in the majority channel conductance. In the same fashion, Wortmann et al [224] have recently
developed conductance calculations for the totally symmetrical Fe/FeO/MgO/FeO/Fe case.
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and eight layers of MgO for Fe/MgO/Fe(001) tunnel junctions. (b) Conductance for antiparallel
alignment of the moments in the Fe electrodes for different MgO thicknesses, from [219].

This symmetry influence may be part of the explanation of the commonly observed decrease
in TMR with bias for the reason that as the bias increases, the states on opposite sides of the
barrier differ more. A comparable effect might be the presence of interfacial roughness and the
formation of midgap states, which results in spin relaxation at the barrier surfaces and Fermi
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level pinning [225], with deviations from linearity on applied bias. Besides, the detailed nature
of the symmetric Fe/MgO interface, nominally equivalent, might exhibit different properties
in actual devices. For example in Fe/MgO/Fe and FeCo/MgO/Fe tunnel junctions exhibiting
tunnel magneto-resistance [76, 82] the MgO/Fe interface is formed during MgO deposition
at elevated temperatures on annealed Fe. On the other hand the Fe/MgO and FeCo/MgO
interfaces are formed during Fe and FeCo deposition at RT on a well formed, stable MgO(001)
surface, and therefore both interfaces structures might differ. According to [49], a c(2 x 2)
RHEED reconstruction emerges on annealed Fe thin films as indicative of an atomically flat
surface. A remaining open question is whether this c¢(2 x 2) rearrangement of the Fe atoms
on the uppermost layer will endure after the MgO barrier deposition. This reconstruction
is presumed to generate surface states different from localized d-like states originating from
minority bands in the bee (001) (1 x 1) Fe surface [49], and therefore transport characteristics
in this case would be different from those calculated in [219, 220].

5.3. Epitaxial TM/MgO/TM magnetic tunnel junctions: experimental results

To experimentally test the previously described theoretical models, single-crystal structures
are needed, and subsequently MgO barriers are becoming of increased interest because of the
well established epitaxy of [MgO/Fe](001) superlattices [48].

MgO has previously been used as an insulating barrier in superconducting tunnel junctions,
specially with NbN electrodes, since the 1980s. It was first used in amorphous [226] and
polycrystalline states [227], but also in epitaxial form helped by their common structure and
a low lattice mismatch [228]. These aforementioned MgO barriers were grown either by
rf sputtering an MgO target in Ar atmosphere [226], rf sputtering of a MgO target in N;
atmosphere [229], laser ablation of a Mg target in an oxygen environment [230] or by ion-
beam oxidation from a Mg source [227]. Different crystallographic growth directions (001),
(011) and (111) were achieved, keeping the deposition temperature as an experimental variable
in order to control the thickness uniformity that arises from the tendency of an epitaxial layer
to grow as a 2D or 3D layer. Tunnelling characteristics of these NbN/MgO/NbN Josepshon
junctions were compared with those of Al,O3-based junctions, and barrier properties were
checked depending on its epitaxial or polycrystalline nature, finding improved characteristics
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for the epitaxial MgO case [228]. Furthermore, MgO has demonstrated excellent properties
as a diffusion barrier with thermal stability up to 800°C and good electrical insulation
characteristics in layered systems [231].

On the other hand, from the basic point of view, and regarding MTJs, the availability
of electrodes of the same material is very convenient, since the interpretation is much easier.
Therefore, to impose a different magnetization reversal in one magnetic layer with respect to
the other, it is necessary either to slightly vary the composition of the electrodes in order to
change the coercive field, to deposit additional layers that antiferromagnetically pin one of
the electrodes or to couple one of the electrodes to auxiliary ferromagnetic layers but with
different switching fields.

As a simple approach, single-crystalline FesoCoso/MgO/Fe(001) systems have been
deposited on semiconductor GaAs substrates. Once a trilayer had been processed by optical
lithography, Bowen et al [76] found a TMR of 60% at 30 K for a 20 A MgO barrier. As
the temperature increases, the TMR decreases in almost linear fashion to 27% at RT. The
non-linear 7 (V') dependence shown in figure 24(a), and the saturation of the resistance at low
temperatures as demonstrated in figure 24(b), with a slow decrease between 50 and 300 K,
served to identify good tunnel characteristics [232]. From the 7 (V') temperature dependence
it was possible to estimate the barrier height to be ¢ = 0.9 eV, in good agreement with the fit
to Simmon’s equation that yields ¢ ~ 1.1 eV for a barrier thickness of 15 A. The TMR bias
dependence was found to be almost symmetrical, reaching zero values at around 1.2 eV as
shown in figure 24(c). From this bias dependence, and matching previous results on alumina
barriers, the authors concluded that s-character electrons are predominantly tunnelling in the
case of a 20 A MgO barrier.

A second advance was to make magnetically harder the top Fe layer by adding Co,
that is known to epitaxially grow on Fe. Using MBE, Popova et al [82] reported single-
crystal Co/Fe/MgO/Fe (001) tunnel junctions on MgO(001) substrates. They observed a
net TMR signal of about 15% at RT for a 10 A MgO barrier. Unfortunately, no tunnel
magneto-resistance dependence on bias was shown in this paper to support the previously
concluded s-character of tunnelling electrons. From the tunnelling model of Brinkmann,
they estimated a barrier height of 1.35 eV that was sustained by interlayer magnetic coupling
experiments down to 5 A MgO spacer, where a 1 eV barrier height was used in order to
model the experimental coupling strength [83]. These results are in good agreement with
previous transport studies using either polycrystalline MgO by Moodera and Kinder [233]
or epitaxial MgO(111) by Kiyomura et al [234], who report ¢ ~ 0.9 eV in the thickness
regimen 10-30 A. A somewhat higher value of ¢ has been reported by Wulfhekel er al
[80] through STM local-probe measurements of MgO/Fe(001) structures, in which both
the MgO and the vacuum barriers were taken into account. Recently, Klaua er al [81]
have found the MgO bandgap to increase from 5.0 to 7.6 eV as the MgO barrier thickness
varies from 2 to 6 ML, and therefore they estimate the barrier height to depend on the
MgO thickness, reaching a value of 3.6 eV for thickness up to 6 ML. These results agree
with those of Schintke et al [71] who showed that even for the case of 3 ML MgO on
Ag(001) a bandgap of about 6 eV is observed, corresponding to that of the MgO(001) single-
crystal surface. Nevertheless ab initio calculations of Butler et al [219] for the Fe/4 ML
MgO/Fe(001) system predicted a bandgap of 5.5 eV which would roughly correspond to a
barrier height above 1.3 eV, if we use the measured energy difference of 4.2 eV between the
upper Mg 1s/O 2p valence band edge and the Fermi level of Fe [80]. Anyway, the lower
barrier height values reported each time real tunnel junctions are used may account either for
the integration of the barrier parameters over larger areas in contrast to STM experiments, or for
the departure from ideality when comparing with theoretical simulations, since the presence
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of stoichiometric disorder, thickness inhomogeneities or MIGS in the MgO barrier cannot be
ruled out.

Remarkably, the low-temperature TMR value reported by Bowen et al [76] is in good
agreement with expectations from Julliere’s formula. Taking into account polarization values
measured for polycrystalline iron (Pre = 45%) and the iron—cobalt alloy (Preg,cos,
51%) [235] in SPT experiments with amorphous alumina barriers, a TMR = 60% is
expected for the FesoCoso/I/Fe case, decreasing down to 51% for the Fe/I/Fe type junctions.
Nevertheless, lower values were anticipated for epitaxial Fe(001) since Yuasa et al [236]
observed a strong anisotropic spin polarization of Fe depending on crystallographic orientation,
as shown in figure 25. Using single-crystal Fe(001), Fe(011) and Fe(112) electrodes in semi-
epitaxial Fes)Coso/Al,O3/Fe structures, they found the largest TMR = 42% for Fe(112) but
only 13% for Fe(001). They calculated the spin polarization of the density of states (DOS) for
the Fe(001) surface to be 4%, whereas from the TMR value the Fe(001) spin polarization
appeared to be close to 12%, in clear contrast with the minor contribution from crystal
directions to polarization values as measured through de Haas—van Alphen techniques [1]. The
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Al, O3 thickness in FesoCoso/Al,O3/Fe junctions at 2 and 293 K. The Fe layer is a single crystal
with (100) (triangles), (110) (solid circles) and (211) planes (hollow circles). Taken from [236].

demonstrated TMR dependence was ascribed to the details of the Fe band structure and the
‘momentum filtering effect’ of the alumina barrier (tunnelling probability as a function of the
electron incidence angle is dependent on barrier thickness). On the other hand, an alternative
explanation could be a slightly different growth mode of the amorphous alumina barrier on the
different crystalline Fe facets, resulting in different barrier quality for each electrode crystalline
orientation. The higher TMR value reported by Bowen et al [76], using an Fe(001) electrode
as well, reveals that the spin polarization of tunnelling electrodes cannot be directly linked to
the spin-polarized DOS of the free metal surface, but depends on the actual electronic structure
of the barrier/electrode system and seems to be different for amorphous-Al,O3/Fe(001) and
MgO(001)/Fe(001) interfaces.

Unfortunately, no experiments with variable MgO barrier thickness have been completed
in order to prove the predicted relative increase of TMR with MgO barrier thickness [219, 220].
Still, these experiments show great promise for observing novel transport behaviour but also
for making a detailed evaluation of the simplistic Julliere model, with no band structures or
momentum filtering effects. In this way, epitaxial Co/MgF,/MgO/Fe(001) tunnel junctions
were recently reported [237], resulting in TMR of about 10% at low temperatures, which shows
the actual progress in this research area. Obviously, and due to the growing interest in epitaxial
systems, these results will be extended in future investigations.

5.4. Key aspects and open questions in epitaxial magnetic tunnel junctions

The actual magnitude of TMR, which is important for better performance of spintronic devices,
is primarily determined by the spin polarization of the tunnelling current from the ferromagnetic
metal—insulator interface. According to the positive polarization values obtained by Meservey
and Tedrow, and following equation (1), only TMR positive values are expected. But when
Sharma et al [ 184] found inverse TMR in NiFe/Al,03/Ta; Os/NiFe composite barrier junctions
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whereas values were positive in NiFe/Al,O3/NiFe junctions (figure 26(a)), and when de Teresa
et al [185] reported an inverse TMR in the Co/SrTiOs/Lag 7S193MnO;3 system with a strong
bias dependence (figure 26(b)), it was clear that the spin polarization in equation (1) is not
a fundamental property of the ferromagnet but is interpreted as the spin polarization of the
particular magnetic-material/insulator interface. In fact, it seems to be heavily influenced
by the electronic structure and thickness of the barrier as well as by the barrier—electrode
interface [86].

Itis known that the quality of the interface between the ferromagnet and the insulator plays
a crucial role in the value of the measured polarization; the use of improved techniques has led
to an increase in the reported values of P; [1]. In that fashion there are still remaining questions
like the anisotropy of the spin polarization along different crystallographic directions [236],
the apparent proportionality between the value of P; and the saturation magnetic moment M
of the ferromagnet [1] and the dependence of the polarization values on the artificial barrier
used in addition to the effect of using well controlled epitaxial structures. On the other hand,
no unique explanation for the temperature and voltage dependences of conductance and TMR
have been assumed so far [238].
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Another aspect that can dramatically modify transport and magneto-transport in MTJs
are defects and disorder. Real junctions contain large amounts of disorder in the barriers
as well as at interfaces with electrodes. The simplest type of disorder may be non-correlated
interface roughness, leading to fluctuations in barrier thickness. In this case the local electronic
structure does not deviate much from that of an ordered structure. However, due to the strong
dependence of tunnel conductance on thickness of the barrier [119], those areas, the so-called
‘hot spots’, which have smallest barrier thickness, contribute largely to the total junction
conductance. This effect can be considered by a junction effective conductance with a reduced
thickness of the barrier. Other forms of disorder, such as chemical due to interdiffusion,
dislocations, stacking faults and vacancies at interfaces, influence the conductance in more
complicated ways for the reason that DOSs at non-ideal interfaces are significantly altered.
This makes the understanding of the intrinsic mechanism of TMR more difficult, since the
resultant conductance is the average over many local disorder configurations with plenty of
parameters involved [221, 239-241] in electron transport through resonances with localized
electronic states in the barrier. The reader is referred to [242] for detailed analysis on the
influence of the barrier parameters on magneto-resistance and on its bias dependence, as well
as [243] for a topical review in spin-dependent tunnelling.

Additional advances come from novel ferromagnetic semiconducting structures, based on
epitaxial /11-V heterostructures. A pioneering work due to Tanaka and co-workers [209,210]
used AlAs barriers with Ga;_,Mn, As electrodes (different Mn concentrations yield different
coercitivities). They observed a strong TMR dependence on barrier thickness that may
account for a strict kj conservation. Straightforward integration with existing semiconductor
technology and the fabrication of epitaxial heterostructures via molecular beam deposition
techniques allows further tests of existing tunnelling models.

Even more interesting is the prediction [244] that whenever states in the barrier have a
nonzero polarization, tunnelling magneto-resistance should occur even if only one electrode
is ferromagnetic. In this way, recent experiments [245] revealed an oscillation of the TMR
as a function of the thickness of a fully epitaxial non-magnetic metallic Cu(001) interlayer.
This was inserted between the insulating barrier (a-Al,O3) and one of the ferromagnetic
electrodes (Co(001) and NiFe) (figure 27) and interpreted in terms of spin-polarized resonant
tunnelling due to quantum well states formed in the nonmagnetic interlayer. Clearly, further
magneto-transport effects arising from quantum confinement in thin epitaxial interfacial layers
are expected to occur within this new and exciting research area.
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6. Summary

The most important aspects of the fabrication and the structural and magnetic properties of
epitaxial metal-insulator heterostructures, with a special focus on the Fe/MgO(001) system,
have been described. Results obtained both at the authors’ laboratory and from other groups
have been presented. This has included continuous, spontaneously organized and also
lithographically processed Fe single layers and Fe/MgO multilayers, all of them (001) oriented.
It has been shown that high-quality (Fe/MgO) epitaxial heterostructures can be grown on
both insulating (MgO) and semiconductor (GaAs and Si) substrates. The growth temperature
determines the crystallinity of the Fe films and, more importantly, the morphology, with a
transition from continuous to island-like growth modes for deposition temperatures between
RT and 700°C.

Magnetic characteristics such as anisotropies and dipolar interactions have been described
and correlated with the structure at the atomic, nanometric and micrometric level. For single-
layer elements, the size and in-plane interactions determine the magnetization processes, while
in Fe/MgO multilayers the 3D nature of the system also involves 3D couplings. The great
potential of magneto-optical techniques to characterize such structures, due to its sensitivity
and easy implementation, has been specially emphasized. This way, it has been shown how
the morphology in epitaxial Fe(001) continuous thin films strongly modifies the magnetization
reversal process. In the case of arrays of monocrystalline tiles of single Fe layers and
Fe/MgO multilayers, lateral dimensions and separations, both in and out of plane, play a
relevant role determining the collective magnetic response via inter-tile and intra-tile dipolar
interactions.

Finally, the application of fully epitaxial transition metal—insulator heterostructures for
the development of MTJs has been also described, mentioning recent results in the Fe/MgO/Fe
system.
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