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8 Summary

All−nitride, all−epitaxial structures

This thesis explores the possibility of designing systems (thin films and multi-
layers) for device applications based on metal nitrides. When nitrogen enters a
metal interstitially, a metal nitride compound can be formed. The nitride phase
formed may have quite different properties as compared with the original metal.
This can be a change from a magnetic to a non−magnetic material or from
a conductive to an insulating material. From the metal nitride compounds,
here we focussed on two classes: iron nitrides and copper nitrides. There are
many known iron nitride phases: α′−Fe8N, α′′−Fe16N2, γ

′−Fe4N (roaldite),
ε−FexN (3≤x<2), ζ−Fe2N, γ′′−FeN, γ′′′−FeN. All are metallic conductors
and metastable. Depending on the nitrogen content, iron nitride phases with
different structure and properties can be formed. Some phases are magnetic
while others are non−magnetic. On the other hand, there are only two copper
nitride phases synthesized by conventional growth methods: the Cu3N (azide)
and the Cu4N. While the first one is a low−band gap semiconductor, the Cu4N
phase is believed to be a conductor.

Two main questions were addressed in this research:

• Is it possible to produce pure and high quality epitaxial iron nitrides and
copper nitrides?

• Is is possible to produce multilayers based on these materials with suitable
properties for magnetic tunnel junctions?

A magnetic tunnel junction (MTJ) can be seen as a stack of two conducting
ferromagnetic layers (magnetic electrodes) separated by a thin (below 3 nm)
insulating layer (barrier). In such a structure, an electric current may flow
from one electrode through the insulating barrier into the other electrode. Due
to the ferromagnetic nature of the electrodes, the tunneling current depends
on the relative arrangement of the magnetic moments of the two magnetic
layers (high for a parallel alignment and low for an antiparallel alignment).
The existence of a spin dependent tunneling current corresponds to a tunnel
magnetoresistance effect. Up to now, most of the magnetic tunnel junctions
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108 8 Summary

were fabricated with magnetic materials and amorphous insulating oxides. De-
spite the significant magnetoresistance response, understanding the fundamen-
tal aspects behind such a system is still limited by the complicated interplay
of interfaces and structure in non−epitaxial structures. In contrast, for fully
epitaxial junctions, detailed theoretical approaches were possible, resulting in
predictions for the magnetoresistance to be as high as 2000% (at low temper-
atures). These results triggered us to investigate the possibility of integrating
γ′−Fe4N and Cu3N thin films in magnetic tunnel junction devices.

Based on an almost perfect lattice match between γ ′−Fe4N and Cu3N, it
was expected that a fully epitaxial all−nitride multilayer structure could be
grown. The combination of nitride compounds had the additional advantage
of creating sharp, intermixing free interfaces, due to the Fe−N and Cu−N
bonding. This is an important requirement to obtain MTJs with high mag-
netoresistance response. To obtain well defined multilayers based on complex
materials such as nitrides, general issues to consider are: single phase growth,
layer stability during multilayer growth, sharp interfaces and matching lattices
of individual components. Moreover, each sublayer should be smooth enough
to allow further epitaxial layer growth and complete (without holes) ultrathin
layers.

Magnetic and insulating thin films

In this research, nitride thin films and multilayers were grown in an ultra−high
vacuum (UHV) system by molecular beam epitaxy of iron/copper in the pres-
ence of atomic nitrogen (N−assisted MBE). The atomic nitrogen was ob-
tained from a home−built radio−frequency (rf) atomic nitrogen source. In
this source, a radio−frequency electro−magnetic field was used to create a
plasma in which molecules of a N−containing gas could be effectively cracked.
The output of the rf atomic source was led to the surface of the growing film
by a retractable Teflon tube. This source could be operated with pure N2 gas,
mixtures of N2 and H2 or even NH3. Besides N−assisted MBE, thin films were
also produced by post−nitriding freshly grown epitaxial layers of iron or iron
nitride with nitrogen from the rf atomic source.

The different aspects of the growth, structural, magnetical and optical
properties of nitrides (single layers, bilayers or multilayers) were investigated
with various in−situ and ex−situ techniques such as: Low energy electron
diffraction (LEED), Rutherford backscattering/channeling spectrometry (RBS),
X−ray diffraction (XRD), atomic force microscopy (AFM), Conversion elec-
tron Mössbauer spectroscopy (CEMS) and Vibrating sample magnetometry
(VSM), ellipsometry, transport measurements, Kerr magnetometry (MOKE)
& Kerr domain observation (chapter 2).

N−assisted MBE and/or post−nitriding could be applied successfully to
produce most of the existing iron nitride and copper nitride phases (chapter



109

3, 4 and 5). Moreover, it was possible to synthesize new or poorly studied
iron nitride or oxynitride phases. Key factors in the growth of different phases
were found to be: deposition temperature, pressure of nitrogen and hydrogen
in the rf atomic source. Fractions of the α′′−Fe16N2 phase were obtained only
in films produced by post−nitriding freshly grown epitaxial Fe layers at 200◦C.
This phase was produced in mixtures with Fe and γ ′−Fe4N or only Fe. One
possibility of growing pure α′′−Fe16N2 films could be by alternating Fe layer
growth and a post−nitriding step at a suitable temperature.

Contrary to α′′−Fe16N2, the γ′−Fe4N phase could be grown by N−assisted
MBE. Pure and epitaxial films were grown on (001) MgO substrates in the
150◦C to 400◦C temperature range with the rf atomic source operated with
mixtures of nitrogen and hydrogen. The best quality films (concerning smooth-
ness, crystallinity and purity) were grown at 400◦C. The presence of hydrogen
proved to be crucial for the formation of a pure phase. The precise role of
hydrogen is still a matter of discussion.

The formation of N−rich iron nitride phases (ε−FexN [2<x<3], γ ′′−FeN,
γ′′′−FeN) was probed by applying N−assisted MBE growth and post−nitriding
of epitaxial γ ′−Fe4N layers using high pressures of nitrogen. For both methods,
low temperatures (150◦C and 50◦C) lead to the formation of a polycrystalline
γ′′−FeN phase and a second phase. This could be the γ ′′′ phase or a defected
γ′′ phase (N vacancies). At 300◦C, the ε−Fe2.108N phase is formed.

As emphasized earlier, γ ′−Fe4N and Cu3N phases are promising candidates
for fabricating an all−nitride, all−epitaxial magnetic tunnel junction. There-
fore, it is of paramount importance to have control on the growth of these
phases and their properties. In chapter 4 we present in more detail the growth
and the properties of γ ′−Fe4N films on (001) MgO substrates. At high deposi-
tion temperatures (400◦C), smooth and epitaxial γ ′−Fe4N films could be grown
by N-assisted MBE. Magnetically, the films show a cubic symmetry, displaying
easy [100] magnetization directions. The films are single domain at remanence
with the reversal dominated by 180◦ or 90◦ domain wall propagation, depend-
ing on the applied field direction. Magnetic domain observation corroborate
these conclusions, showing large domains in the order of mm during the rever-
sal process. The anisotropy constant was measured to be ∼2.9±0.2×104 J/m3.
The sum of these properties confirms that γ ′−Fe4N has indeed potential for
device applications. The oxidation in air (at RT and 80◦C) or in an oxygen at-
mosphere (at 200◦C) of epitaxial γ ′−Fe4N thin films resulted in the formation
of new oxynitride compounds. The amount of nitrogen incorporated in the
oxynitrides varies with the oxidation temperature. For high nitrogen content
(likely above 10 at.%) the phases were paramagnetic, while for lower nitrogen
content, they were magnetic.

The growth of Cu3N films on (001) MgO substrates was probed in the same
way as the γ ′−Fe4N films. The results are presented in chapter 5. Despite a
mismatch as high as ∼10%, thin Cu3N films were grown epitaxially even at
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room temperature by N-assisted MBE. As a pure phase, the optical behavior
of as grown films is typical for an insulator with an optical gap of 1.65 eV. If
a low amount of Cu impurities is present in the Cu3N insulating matrix, the
films still have the overall behavior of an insulator, but with a reduced optical
band gap. The Cu3N phase has the potential for being used as a tunnel barrier,
but it requires further investigation. Besides this, its metastable character and
the low decomposition temperature (∼250◦C) could make it a novel candidate
for optical devices.

Nitride−based multilayers

Despite the high promises and a good control on the growth and the properties
of single layers (Cu3N and γ′−Fe4N thin films on MgO substrates), the growth
of pure [γ ′/Cu3N/γ′] multilayers proved to be much more complicated. Based
on the good lattice match, epitaxial [Cu3N/γ′−Fe4N] bilayers were indeed ob-
tained. As expected, no Cu−Fe intermixing took place at the [Cu3N/γ′−Fe4N]
interface, but a different problem was encountered. This was the formation of
a non−magnetic layer due to the diffusion of nitrogen into the γ ′−Fe4N layer.
The thickness of the non−magnetic layer was found to decrease with decreas-
ing the deposition temperature corresponding to the Cu3N layer but stayed
finite (∼3 ML) even for room temperature growth. This can have a negative
effect on the magnetoresistance of a system based on these compounds.

Additionally, we found that the growth of γ ′−Fe4N layers on epitaxial
[Cu3N/γ′−Fe4N] underlayers proceeds in a different way than directly on MgO
substrates despite the much better lattice match. By optimizing the growth
parameters, the top layers could be grown as mixtures of γ ′−Fe4N and Fe.
A further optimization of the growth parameters could lead to the growth of
pure [γ′/Cu3N/γ′] structures but this remains an open question.

The unexpected difficulties encountered in the [γ ′/Cu3N/γ′] system trig-
gered us to investigate the possibility of replacing γ ′−Fe4N with pure Fe. In
this case, for room temperature growth, the [Fe/Cu3N] and [Cu3N/Fe] inter-
faces were clean and sharp and in the [Fe/Cu3N/Fe] system, the epitaxiality
was maintained despite a less favorable lattice match.

The magnetic behavior of 10×10 mm2 [γ′+Fe/Cu3N/γ′] and [Fe/Cu3N/γ′]
structures was investigated by VSM. In all cases, the ferromagnetic layers were
found to be antiferromagnetically coupled across the thin Cu3N layer.

By making use of a shadow mask integrated in the UHV system, we could
fabricate magnetic tunnel junctions of 1.6×1.6 mm2 and 0.6×0.6 mm2 in size.
Two types of MTJs were produced: [Fe/Cu3N/γ′] and [Fe/Cu3N/Fe]. The
magnetic layers (top Fe and bottom Fe or γ ′) were 15 nm thick and the
Cu3N barrier was ∼5.3 nm. The magnetic switching behavior was investigated
with MOKE. The measurements revealed an antiferromagnetic coupling only
for the 0.6×0.6 mm2 [Fe/Cu3N/γ′] junctions. Such a behavior is in accordance
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with the assumption that the coupling is via the stray fields at the sides of the
sample. Transport measurements performed on the 1.6×1.6 mm2 [Fe/Cu3N/γ′]
junctions point to a transport mechanism due to tunneling. From a fit to the
(I−V) dependence, the effective thickness and height of the Cu3N barrier were
estimated to be 4 nm and 1.73 eV, respectively. All the [Fe/Cu3N/Fe] junc-
tions contained electrical shortcuts. Preliminary room temperature magne-
toresistance measurements (on the [Fe/Cu3N/γ′] junctions) didn’t reveal any
measurable effect. Possibly, this is due to a too thick barrier or a dirty interface
(non−magnetic layer at the [Cu3N/γ′−Fe4N] interface).

Discussion

The two main questions addressed in this research were answered. Indeed,
single layers of pure and high quality epitaxial γ ′−Fe4N and Cu3N could be
produced. On the other hand, additional questions were raised which opened
interesting and challenging directions. Contrary to what was expected, the
growth of multilayers based on these phases proved to be much more compli-
cated. Despite its excellent magnetic properties, the γ ′−Fe4N phase was found
to be unstable upon exposure to a flux of nitrogen needed for the growth of
a Cu3N barrier. This results in the formation of a non−magnetic layer at the
[Cu3N/γ′] interface. Whether a further optimization of the growth parame-
ters could diminish, if not completely avoid the formation of a non−magnetic
interface layer, is still an open question. Moreover, the growth of a pure
γ′−Fe4N layer on a Cu3N underlayer was far from trivial, making the fabrica-
tion of pure [γ ′/Cu3N/γ′] systems very difficult to achieve.

In contrast, our preliminary experiments on [Fe/Cu3N/Fe] systems indi-
cate that Fe is a good alternative for replacing the γ ′−Fe4N. Still, more
extensive work is needed to conclude whether an all−nitride (γ ′/Cu3N/γ′)
or a half−nitride (Fe/Cu3N/Fe) is a more attractive system. Regarding the
all−nitride system, there are other relevant parameters which can dictate the
value of the tunnel magnetoresistance effect in a MTJ, such as the spin po-
larization of γ ′−Fe4N. Its magnitude could in principle be inferred from spin
polarized tunneling (SPT) measurements. Also, it could be very interesting to
know if indeed for a very thin layer of Cu3N (below 3 nm) on a conductive
ferromagnetic layer, the semiconducting behavior found for thin films is re-
tained. Ballistic Electron Emission Microscopy (BEEM) measurements could
shed some light on this question.
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