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1 Introduction

Nowadays there is an increasing and continuous demand for information and
the means to store it in digital form. Most digital information is stored in the
form of µm size ′′bits′′ within thin magnetic layers on disks or tapes. Conse-
quently, the size of these magnetic bits determines the capacity of magnetic
disk drives. One possibility to access the information stored in this way, is by
using a read sensor able to measure the stray magnetic field from each bit, and
convert it to an electrical signal. This can be achieved by using magnetore-
sistive devices [1] such as magnetic tunnel junctions (MTJ).

As schematically drawn in Fig. 1.1, a MTJ consists of two ferromagnetic
layers separated by a thin insulating barrier (below 3 nm). The electron spin
dependent tunneling between the two ferromagnets in a MTJ, can result in a
large tunnel magnetoresistance (TMR) at room temperature [2, 3, 4]. The tu-
nneling current depends on the relative arrangement of the magnetic moments
of the two magnetic layers, being higher for a parallel alignment and lower
for an antiparallel alignment. Therefore, depending on the orientation of the
magnetization in the ferromagnetic layers, a MTJ can have two distinguishable
resistance states.

Figure 1.1: Schematic illustration of a magnetic tunnel junction.

The principle of a magnetoresistive read sensor is schematically shown in
Fig. 1.2. Due to the perpendicular stray fields from the media, an antiparallel
alignment of the magnetization of the magnetic layers in the read head is
obtained, and therefore, a change in the current passing through the sensor.

Next to reading heads, MTJs are also excellent candidates for advanced
non−volatile magnetic random access memories (MRAM). A schematic illus-
tration of a MRAM is shown in Fig. 1.3. In such a device, a magnetic tunnel
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4 1 Introduction

Figure 1.2: Schematic illustration of a magnetoresistive read sensor passing over a
media containing regions magnetized in opposite directions.

junction is integrated at each crossing between a ′′word′′ and a ′′sense′′ line.
The ′′word′′ and the ′′sense′′ line have a double role: to measure the resis-
tance of the junction and to create the magnetic fields required to switch the
resistance of the junction.

Up to now, magnetic tunnel junctions were fabricated with a wide variety of
ferromagnetic conductors like Fe, CoFe, Ni, Ni60Fe40, LSMO (La0.66Sr0.33MnO3),
Co or even with ferromagnetic semiconductors such as GaMnAs. The choice
of insulating materials for fabricating the barrier was (and still is) very much
focussed in the beginning on amorphous Al2O3 [4, 5, 6], but over the last
years, many other oxides (e.g. MgO, Ga2O3, SrTiO3, NiO, HfO2, Ta2O5)
or non−oxides (e.g. AlN, AlAs, BN, ZnS) were also considered. Although
most of the systems having an amorphous barrier showed finite magnetore-
sistance response and they could already be integrated in lab−prototype de-
vices, the room temperature performances are still below 50 %. Understanding
the fundamental aspects of how such a magnetic tunnel junction functions
is still limited by the complicated interplay of interfaces and structure in
non−epitaxial structures. For fully epitaxial junctions, such as Fe/ZnS/Fe
[7, 8] or Fe/MgO/Fe [9, 10], detailed theoretical approaches were possible, and
the results in terms of magnetoresistance were predicted to be very high (in
the 2000 % range at low temperatures). To date, the measured magnetoresis-
tance values for these epitaxial systems are still modest as compared with the
theoretical predictions. On the other hand, very recent experimental results on
all−epitaxial LSMO/SrTiO3/LSMO systems showed huge magnetoresistance
in the order of 1800 % (at 4 K) [11].

The theoretical expectations on fully epitaxial systems triggered us to in-
vestigate the possibility of integrating exotic compounds, such as ferromag-
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Figure 1.3: Schematic illustration of a magnetic random access memory.

netic γ′−Fe4N and semiconducting Cu3N, 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.
Moreover, the combination of nitride compounds had the additional advantage
of creating sharp, intermixing free interfaces, due to the Fe−N and Cu−N
bonding. Cu3N is a semiconductor with a band−gap of 1.65 eV. This value
is much lower than the band−gap corresponding to the classical insulating
barriers (eg. Al2O3, MgO) and therefore, if successfully integrated in mag-
netic tunnel junctions, might open a challenging direction in the fabrication
of low−resistance magnetic tunnel junctions for applications in non−volatile
magnetic random access memories.

So far, despite the huge amount of research dedicated to the development
of novel MTJ structures, the possibility of integrating epitaxial γ ′−Fe4N and
Cu3N thin films was never investigated. Moreover, it was not entirely clear
whether these compounds can be produced as high quality epitaxial layers,
what properties they have and if these materials are indeed suitable to be in-
tegrated in a MTJ. Additionally, nothing was known about the growth and the
properties of multilayers made of γ ′−Fe4N and Cu3N. To obtain well defined
multilayers based on such complex materials, it is of paramount importance
both to understand and control the growth and the properties of the individual
components (layers) and to find the combination of growth parameters which
can lead to the desired properties of such a multilayer.

General issues to consider are: single phase growth, layer stability during
multilayer growth, sharp interfaces and matching lattices of individual com-
ponents. Moreover, each sublayer should be smooth enough to allow further
epitaxial layer growth and complete ultrathin layers. Up to now, iron and
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copper nitrides were grown mainly by sputtering methods. As reported, this
resulted in the growth of mainly textured or amorphous films. Therefore, the
growth of epitaxial, single phase films was a challenge in itself.

Besides application in MTJs, iron and copper nitrides could also have po-
tential for fabricating novel spin valve devices. The interest in copper nitride
compounds was also motivated by its application as a new material for op-
tical storage devices [12, 13]. Cu3N is a semiconducting material with a low
reflectivity and a high resistivity. For light in the visible region Cu3N is trans-
parent. As a metastable phase, Cu3N decomposes upon heating into N2 and
Cu. The decomposition temperature is around 250◦C. This opens the possi-
bility of ′′writing′′ by irradiation (laser, electrons, ions) metallic Cu clusters or
particles on a transparent, semiconducting material.

This thesis

In the present research we addressed two main questions:

• 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?

For the growth of epitaxial iron/copper nitrides, we applied a novel growth
method, namely molecular beam epitaxy of iron/copper in the presence of
nitrogen obtained from a radio−frequency atomic source (N−assisted MBE).
The use of a non−conventional growth method opens the possibility of growing
thin films with special and/or improved properties. The same growth method
was applied to grow multilayers. The different properties of the as−grown
films and multilayers were investigated with a wide variety of techniques.

An overview of the most relevant experimental techniques is given in chap-
ter 2. As shown in chapter 3, chapter 4 and chapter 5, this method can be
applied successfully for growing iron nitride and copper nitride films with well
defined properties. Special emphasis was put on the growth of pure and epi-
taxial phases of γ ′−Fe4N (chapter 4) and Cu3N (chapter 5). Chapter 6 is
focussed on the growth and the properties of multilayers. In chapter 7, the
transport and the magnetic properties of fabricated magnetic tunnel junctions
are reported. The last chapter, chapter 8, is a summary of the main results
described in this thesis.



2 Experimental details

2.1 Growth and sample fabrication

Thin films and multilayers of metal−nitrides were grown in an ultra high va-
cuum (UHV) system with a base pressure of better than 10−10 mbar. The
system was built as a series of three interconnected chambers for the different
stages of preparation and growth of the films. For thin film growth, the main
chamber (growth chamber) was equipped with five evaporators (Knudsen−cells)
for Fe, 57Fe, Ag, Cu and Cr. The deposition rate for each evaporator was ca-
librated indirectly by measuring the thickness of deposited layers by Ruther-
ford backscattering spectrometry (RBS). Typical deposition rates were in the
0.006−1 Å/s range. Most of the samples were grown on polished or cleaved
(001) MgO single−crystals. Prior to deposition, the MgO substrates were
cleaned in−situ by annealing at 600◦C in an oxygen atmosphere (10−6 mbar)
in a specially designed oxygen oven integrated in the UHV system. Some
samples were also grown on (001) Cu single−crystals. In this case, the sub-
strates were cleaned by subsequent sputtering (at room temperature, Ar+ ions
500−1000 eV, ∼5 µA, 15 minutes) and annealing (at 600◦C for 5−10 minutes)
cycles in the preparation chamber. The samples were transported from one
chamber to another via a transfer manipulator. Inside the main chamber, the
samples were placed on a three−axes goniometer with an angular precision of
0.1◦. Annealing of the samples could be done with electron bombardment at
temperatures up to 500◦C. The temperature of the substrate could be moni-
tored with two thermocouples mounted close to the sample.

As a source of nitrogen for the growth of nitrides, a home−made radio
frequency (rf) atomic source was developed and mounted on the UHV system.
A sketch of the rf atomic source is shown in Fig. 2.1. The source was designed
as an independent unit with an own pumping system and pressure gauge. The
connection to the UHV system was made via a valve. The plasma was ignited
in a Pyrex container and maintained by a 70 MHz rf coil coupled capacitively
to the plasma. To reduce the recombination rate of N, the plasma container
had a boron coating. A retractable Teflon−coated tube (∼46 cm long and
4 mm inside diameter) was used to transfer and direct the gas flux from the
plasma container to the surface of the sample during growth. The distance
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Figure 2.1: Layout of the rf atomic source. All the measures are given in mm.

between the end of the tube and the sample was of 4 cm. The rf atomic
source was operated with pure nitrogen, mixtures of nitrogen and hydrogen
in different ratios or NH3. A gas system connected to the source via a needle
valve was used for mixing the gases. The total pressure in the source could be
varied in the 1×10−3 to 1×10−1 mbar range (base pressure below 10−7). The
applied power was 60 W in all cases. More details on the rf atomic source are
given elsewhere [14, 15]. The efficiency of the source, κ, can be defined as:
κ =FN/2FN2

, where FN is the flux of N atoms at the surface (equal with the
uptake rate of N in the growing Fe−N layer) and FN2

is the total calculated
N2 flux in the gas mixture. In this expression, the factor 2 appears because
two N atoms are obtained out of one N2 molecule. As discussed in reference
[14], when the source is operated with a mixture of 20% N2 and 80% H2, the
efficiency of the rf atomic source plus the transport system is estimated to be
∼2 % assuming a sticking plus reaction coefficient of unity. Despite such a low
value, the output of the rf atomic source proved to be sufficient for the growth
of iron nitrides and copper nitrides.

2.2 Structural characterization

2.2.1 X−ray diffraction

X−ray diffraction is a fast and well−known method to study the crystallinity,
lattice structure and epitaxiality of thin films [16]. In this thesis, the x−ray
diffraction measurements were performed in a θ−2θ geometry in a standard
x−ray diffractometer, as well as in a Philips X’Pert MRD system. In both sys-
tems, the measurements were performed using the CuKα radiation (λ=0.15405
nm). In the simplest picture of an x−ray diffraction measurement, a sample
(thin film on a substrate) is exposed to x−rays at an angle θ with the surface,
and the reflected x−rays are detected at a specular angle 2θ. The incident
x−rays are elastically scattered by the atomic planes of the sample. When
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the Bragg condition is fulfilled, constructive interference occurs, and reflection
peaks are measured. In an x−ray diffraction experiment in a θ−2θ geometry,
specular reflections are measured from which information on the perpendicular
spacing between crystallographic planes parallel to the surface of a film can
be obtained. In the Philips X’Pert MRD system, the sample is mounted on a
four−axes goniometer which can be rotated as schematically shown in Fig. 2.2.
This makes possible the measurement of specular and non-specular reflections,
wherefrom the in−plane and out−of−plane lattice spacings can be obtained.

Figure 2.2: Geometry in the X’Pert measurements.

Additionally, more complex measurements as texture and areal scans can
be performed. In a texture measurement, the 2θ angle is fixed corresponding
to a (hkl) reflection while the sample is rotated over the polar (ψ) and the
azimuth (φ) angle, and the intensity is recorded. Therefore, information on
the epitaxiality of a film is obtained. For the areal scans, the 2θ angle is
fixed corresponding to a (hkl) reflection, and the intensity is recorded while
the sample is rotated over the polar (ψ) and the tilt (ω) angle. These type of
measurements give information on the mosaicity of a film.

2.2.2 Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS) is a technique suitable for mea-
suring the depth distribution of the elements present in a sample and the total
amount of material [17]. In a RBS measurement, a beam of He ions (4He+)
with energies in the [1−2] MeV range are backscattered from the sample and
the energy of the detected particles is analyzed. In this energy range, the in-
teraction between an incoming ion and an atom in the sample is governed by
Coulomb repulsion. The collision probability is thus given by the Rutherford
cross−section. The energy transfer between an incoming ion and an atom in
the sample in this elastic collision is calculated taking into account the conser-
vation of energy and momentum. The ratio between the energy of the particles
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before and after collision (the kinematic factor) is given only by the mass ra-
tio of the particles and the geometry of the collision (the scattering angle−θ).
Thus, from θ and the energy of the 4He+ particles before and after scatter-
ing, information about the mass of the scattering atom can be obtained. For
a specific element, the backscattered yield can be correlated with the atomic
coverage. For doing this, the cross−section, the solid angle of the detector and
the total number of incident 4He+ (beam dose) have to be taken into account.
Due to inelastic collisions with the electrons in the sample, the incoming beam
looses energy while travelling through the sample. For ions with high energies
(in the keV range or higher), the elastic and inelastic collisions can be treated
as distinct items. In the single scattering theory, an ion arriving in the detector
has undergone only one large angle scattering. The trajectories of the ions are
hardly affected by the collisions with the electrons. Taking into account these
approximations, the energy scale can be converted to a depth scale. The depth
resolution for thin films is determined by the energy resolution of the detector.
In this work we used a Si detector with an energy resolution of 14 keV. This
corresponds to a depth resolution of about 50 Å in the optimized geometry.

The analysis of the RBS spectra was done with the computer code RUMP,
wherefrom the thickness and the composition of thin films and multilayers was
obtained. From the measured thickness of a film and the corresponding growth
time the growth rate of each evaporator was determined.

If the incoming beam is directed along a principal crystal axis, the incident
beam is steered in the channels formed by rows of atoms. The probability that
such a channeling ion has a close encounter with an atom of the (assumed)
regular lattice is reduced by a factor that can be as high as 50. Consequently,
the backscattered yield is very much reduced. This method, RBS/channeling,
can be used to study the symmetries and the quality of a film.

2.3 Optical characterization

To study the optical properties of selected thin films we used ellipsometry
[18, 19]. In ellipsometry, a linearly polarized beam of light (the perpendicular
component−labelled as the s−component of the electric field vector, is in phase
with the parallel component−labelled as the p−component) is incident on the
surface of the film. The optical properties of the material affect the amplitude
and the phase of the reflected light in a different way for polarizations s and p.
In general, the reflected light is elliptically polarized as schematically shown
in Fig. 2.3. From the measured ellipsometric parameters Ψ(ω) and ∆(ω), the
incident angle (ϕ), the polarization angle (P) and the thickness of the layers,
the optical properties of a material (the real (ε1) and the imaginary (ε2) part
of the complex dielectric function) can be derived [18, 19].

In this thesis, ellipsometry measurements were performed at room tempera-
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Figure 2.3: Schematic drawing of ellipsometry.

ture on Cu3N films grown on (001) MgO substrates using a rotating−analyzer
ellipsometer. The ellipsometric parameters Ψ(ω) and ∆(ω) were measured
in the 0.8 eV ≤ ~ω ≤ 4.5 eV energy range. All the measured spectra were
taken at an angle of incidence ϕ of 70◦ and a fixed polarization angle of 45◦.
The experimental data were fitted taking into account the thickness of the
Cu3N layer and the optical properties of the MgO substrate, with Lorentzian
dielectric functions.

2.4 Magnetic characterization

2.4.1 Conversion electron Mössbauer spectroscopy

Mössbauer spectroscopy is an accurate and non−destructive method to obtain
valuable information about the close surrounding of probe nuclei present in
a material [20]. According to the Mössbauer effect, γ−rays can be emitted
from a nucleus without recoil if the nucleus is bound in a solid. Therefore, the
emitted γ−rays have the proper energy to be absorbed by another nucleus of
the same type. The present experiments are based on the recoilless emission
of the 14.4 keV γ−rays by a 57Co source and their absorption by 57Fe in
a sample. The 57Co atoms are embedded in a Rh matrix to ensure a high
recoilless fraction. When a nucleus of 57Fe is embedded in a magnetic material,
the energy levels of the ground and the first excited state are split or shifted by
various effects (hyperfine interactions). The isomer shift corresponds to a shift
of the excited level by δ from which information about the electron density at
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the nucleus, and therefore, the valence state of 57Fe can be extracted. Another
effect is the Zeeman splitting due to the internal magnetic field acting on the
magnetic moment of the nucleus. This effect results in the splitting of the
ground state (spin 1/2) into two levels and the excited state (spin 3/2) into
four levels. If the distribution of electrons surrounding the nucleus deviates
from cubic symmetry, an electric field gradient is present at the nucleus. The
interaction between the quadrupole moment of the nucleus and the electric field
gradient gives rise to a quadrupole splitting. A schematic drawing showing the
splitting of the nuclear levels due to the different hyperfine interactions and
the corresponding Mössbauer spectra is shown in Fig. 2.4.

In a Mössbauer experiment, the source is moved with respect to the ab-
sorber (sample) at a variable velocity (v), and in this way, the energy of the
emitted γ−rays is slightly altered by the Doppler effect by hν(v/c) such that
the γ−rays emitted by the source (57Co) can be absorbed by the 57Fe in the
magnetic sample. In conversion electron Mössbauer spectroscopy (CEMS)
experiments, Mössbauer spectra are recorded as a function of the velocity by
measuring the intensity of the internal conversion electrons that are re−emitted
during the decay of the excited absorber nuclei.

A schematic drawing of CEMS is shown in Fig. 2.5. As stated earlier,
the energy position, the total number and the intensity of the peaks provide
information on the electric and magnetic surrounding of the 57Fe nuclei in

Figure 2.4: Schematic drawing showing the splitting of the nuclear levels due to
various hyperfine interactions and the corresponding Mössbauer spectra.



2.4 Magnetic characterization 13

Figure 2.5: Schematic drawing of the CEMS set-up.

the magnetic material. The ratio of the area of the peaks in a sextet can be
correlated with the average orientation of the magnetization in the thin film.
Theoretically, the intensities in a sextet should be in a 3:x:1:1:x:3 ratio with x
depending on the angle between the incident γ−rays and the direction of the
magnetic hyperfine field B as:

x =
4 sin2 θ

1 + cos2 θ
(2.1)

For perpendicular incidence of the γ−rays on a foil (thin film), x = 4 corre-
sponds to an in−plane magnetization direction (θ=90◦) while x =0 corresponds
to a perpendicular magnetization direction (θ=0◦). Because low−energy con-
version electrons in matter have a limited range (typically 100 nm for 57Fe),
CEMS is especially useful for the study of thin films. Most of the iron ni-
tride and iron oxide phases have a well−documented CEMS signature. This
makes CEMS a very suitable method for phase identification. Moreover, with
Mössbauer spectroscopy it is possible to identify phases which cannot be seen
with XRD either due to their poor crystallinity or low relative fraction.

In this thesis, the experiments were performed in a home−built conversion
electron Mössbauer spectrometer at room temperature. Additional measure-
ments at 90 K were done in a specially designed conversion electron Mössbauer
spectrometer. All the spectra were analyzed using the computer code MCTL
developed in our group. In this program, the CEMS spectra were analyzed
by a least−square fitting routine by superimposing Lorentzian−type lines to
derive the values of the hyperfine parameters (isomer shift [δ], magnetic hy-
perfine field [H], quadrupole splitting [ε], line width [Γ]) and the relative areas
of the subspectra. Calibration of the CEMS system was done using a thick
Fe foil. All the isomer shift values are given with respect to α−Fe at room
temperature.
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2.4.2 Magneto−optical Kerr effect

The magnetic properties of thin ferromagnetic films can be probed in a fast way
by means of magneto−optical Kerr effect (MOKE) measurements. The MOKE
effect corresponds to a change in the optical polarization of light reflected
from a magnetic surface. The change in polarization can be a rotation of the
polarization vector about the polarization axis (Kerr rotation) or a change
from linear to elliptical polarization (Kerr ellipticity). Since this change is
proportional to the magnetization of the material, magnetization vs. field loops
can be measured. However, a quantitative determination of the magnetization
is not possible. The MOKE measurements were performed with a He−Ne
laser (λ=630 nm and ∼10 mW power). The laser light is polarized in the
plane of incidence and the incidence angle is 50◦. The samples are placed in
the center of two magnetic coils, which provides a magnetic field in the plane of
the sample (70 Oe/Ampere) and perpendicular to the plane of incidence. This
geometry corresponds to the transverse MOKE mode. The laser spot has a
size of about 50 µm. The reflectivity changes are measured with a photodiode
and monitored in a digital oscilloscope. The current circulating through the
coil is measured by measuring the voltage drop over a resistance in series with
the coil. This signal is also monitored in the oscilloscope and is proportional
with the applied magnetic field. To increase the signal to noise ratio, a few
hundred acquisitions are averaged digitally. Hysteresis loops were measured
for different angles between the applied magnetic field and the crystalline axes.
Each 5◦, a new hysteresis loop was measured. For all the loops, the reflectivity
was normalized to the reflectivity change at magnetic saturation.

Additional insight into the magnetic properties of γ ′−Fe4N films was gained
from Kerr domain observations at different applied field angles. In this case,
a halogen lamp is used as a light source and a polarizer and an analyzer to
measure spatially resolved Kerr rotations. Domain images corresponding to
a complete field loop were recorded with a digital video camera. The field
frequency is 10 mHz, producing 100s of recorded video. The sample is rotated
with respect to the applied field in 15◦ steps. For each step, a video sequence
was acquired. Transversal MOKE measurements were also performed on mag-
netic tunnel junctions. The tunnel junctions were 0.6×0.6 mm2 and 1.6×1.6
mm2 in size. Since a highly focused laser spot was used, it was possible to
measure the hysteresis loop corresponding to each individual junction.

Besides MOKE, hysteresis loop measurements were also carried in a stan-
dard vibrating sample magnetometer (VSM). All the measurements were done
at room temperature. In principle, after calibration, VSM measurements can
give a quantitative measure for the saturation magnetization. The distribution
of anisotropy axes and the value of the anisotropy constant for γ ′−Fe4N thin
films were obtained by applying the Magneto Optical Torque technique (MOT)
[21]. In this method, a magnetic film is placed in a rotating magnetic field and
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Figure 2.6: Schematic drawing of MOT.

the changes in the transverse Kerr effect signal are measured. A sketch of
the experimental setup is shown in Fig. 2.6. The magnetic field direction is
monitored with a Hall probe placed at the film location. A simple fit of the
measured reflectivity dependency on the applied field angle yields the value
of the anisotropy constant, once the saturation magnetization value is known.
This is described in more detail in chapter 4.

2.5 Transport measurements

Electron transport measurements were performed on Cu3N single layers and on
magnetic tunnel junctions. Standard resistance measurements on Cu3N films
were done using electrical contacts made by ultrasonic bonding. A two−point
contact geometry was used. On the other hand, temperature dependent resis-
tance measurements were made in a four−point contact geometry. For this,
gold strips were first deposited on the Cu3N films, and subsequently, electrical
contacts were made by ultrasonic bonding.

For measuring the transport properties of the magnetic tunnel junction,
the junctions were mounted on a standard 24 pin sample holder. The elec-
trical contacts were made using 25 µm Al−Si (1% Si) wires in two ways for
the MBE grown junctions. On the bottom electrode (10×10 mm2 in size) the
contacts were made by ultrasonic bonding, while on the top electrode (0.6×0.6
mm2 or 1.6×1.6 mm2 in size) the contacts were made with silver paste. The
(I−V) characteristics of the junctions were measured in a two−point contact
geometry. This method was found to be suitable since the measured junction
resistances (from KΩ to MΩ) were very much higher than the contact resis-



16 2 Experimental details

tances (few Ω). Magnetoresistance measurements were performed at room
temperature. For these measurements, the junctions were placed in a mag-
netic coil. The resistance vs. field dependence was obtained by measuring
the voltage drop over the junctions (for a constant current) as a function of
magnetic field.



3 Iron nitrides

3.1 Introduction

Over the past decades the interest in the iron−nitrogen system was triggered
both from a fundamental and a technological point of view. Among the appli-
cations, iron nitrides have found significant interest as materials for magnetic
storage devices or in the coating industry. The first phase diagram of iron
nitrides was delivered by Jack [22] as early as 1951. Since then, additional
efforts were aimed at further understanding the physics and the chemistry of
these compounds, reveal their properties or synthesize new phases.

A more recent phase diagram (see Fig. 3.1) extended to low temperatures
was proposed by du Marchie et al. [23]. Most of the phases in this phase
diagram were experimentally confirmed, being synthesized as pure phases or
in mixtures of phases. Depending on the nitrogen content, iron nitride phases
with different structure and properties can be formed. All iron nitrides are
metallic conductors and metastable with respect to decomposition into Fe and
N2. The decomposition is limited by kinetic barriers. Atomic nitrogen can be
dissolved in the body−centered cubic (bcc) lattice of α−Fe to a concentration
of about 0.4 at.% N without much distortion of the lattice. Higher concen-
trations of nitrogen can be introduced by quenching γ austenite Fe (which
can dissolve up to 10.3 at.% N). Alternative methods are sputtering Fe in the
presence of nitrogen, or by α−nitriding Fe containing a few at.% of an alloying
metal that forms nitride precipitates, thereby dilating the Fe lattice [24].

When more than 2.4 at.% N is dissolved in pure Fe, the bcc lattice under-
goes a tetragonal deformation. In the composition range up to about 11 at.%
N, the iron nitride compound is called nitrogen martensite α′. This phase has
a body centred tetragonal (bct) structure with lattice parameters depending
on the nitrogen content. The N atoms occupy randomly octahedral hollow
sites in the Fe sublattice. At saturation, nitrogen martensite has the Fe8N
composition. The α′−Fe8N can transform into the α′′−Fe16N2 phase. In this
phase, the N atoms are ordered. It can be formed under special conditions
from Fe, however, not in its pure form. The α′′−Fe16N2 phase attracted con-
siderable attention because of a possible very high saturation magnetization,
reported to vary between 2.4 T and 3.2 T. Such a value would be the highest

17
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Figure 3.1: The Fe−N phase diagram based on the one of du Marchie [23] and
augmented with the γ ′′−FeN and γ′′′−FeN phases.

of all known materials. However, this item remains a controversy both from
the theoretical and the experimental point of view, despite the huge amount
of research. One of the crucial problems in getting a clear answer on the value
of the saturation magnetization of the α′′−Fe16N2 phase is the lack of a pure,
single crystalline phase.

The next phase in nitrogen content is the γ ′−Fe4N phase (roaldite), which is
cubic, with the Fe−sublattice arranged in a face centered cubic (fcc) structure
and nitrogen atoms occupying the body−centered position one out of four. As
indicated in the phase diagram (Fig. 3.1), this phase has a narrow composition
range around 20 at.% N. The lattice parameter is 3.795 Å and the saturation
magnetization was reported to be between 1.8 T and 1.9 T [25, 26, 27]. A
saturation magnetization value in this range is slightly lower than the one of
pure iron (2.21 T), making this phase somewhat less attractive in comparison
with Fe. On the other hand, as a single crystalline material, the γ ′−Fe4N phase
has well defined magnetic properties [28] which makes it of interest in the
growth of multilayers and structures for device applications [29, 30].

With increasing nitrogen content, the iron nitride phases change again
structure. For a nitrogen composition ranging from 25 at.% N to 33 at.%
N, the ε−FexN phase is formed, which has a hexagonal close−packed (hcp)
structure. At the Fe2N stoichiometry, the phase has an orthorhombic structure
as a result of the ordering of the N atoms over the octahedral sites. This phase
is called ζ−Fe2N. The ε−FexN phase is one of the most studied iron nitride
phases, possibly due to the ease of growing it. Consequently, the change in
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structural (lattice parameter) and magnetic properties as a function of nitrogen
content was accurately determined leaving only few open questions. Increas-
ing the nitrogen content in the ε phase, the unit cell expands, while the Curie
temperature decreases drastically from 535 K (for the Fe3N phase) to 9 K (for
the Fe2N phase). At room temperature, the change in Curie temperature cor-
responds to a gradual change in the magnetic character of the ε−FexN phase,
from a ferromagnetic to a paramagnetic material [31].

Lately, it was brought forward [32, 33] that the phase diagram of iron
nitrides can be extended further, to even more N−rich compounds, such as
the γ′′−FeN and the γ ′′′−FeN phases. The theoretical prediction of these
two phases was made following the prediction and subsequent experimental
confirmation of other MN compounds (M=metal, N−nitrogen). Based on the-
oretical calculations, as stoichiometric phases, both should have a nitrogen
content of 50 at.% N but with a different configuration of the N atoms within
the fcc Fe cage as shown in Fig. 3.2. The two structures correspond to the
ZnS−type structure for the γ ′′ phase and a NaCl−type structure for the γ ′′′

phase [34, 35, 36, 37, 38, 39, 40, 41]. The co−existence of a γ ′′−FeN and
a γ′′′−FeN phase is still a matter of controversy. As all the other iron ni-
trides, these two are also predicted to have a metallic character. Concerning
their magnetic character, at room temperature both phases are reported to be
paramagnetic, but the low temperature behavior is still under discussion.

According to Ching et al. [42], another iron nitride phase with even more
nitrogen than the γ ′′−FeN and the γ ′′′−FeN, might exist. This phase, the
Fe3N4, would have a spinel structure and a weakly ferromagnetic character.
So far, there is no experimental evidence for the existence of this phase.

Due to the narrow nitrogen content borders, and the varying structural
and magnetic properties with the formation of different phases, it is of crucial
importance for many applications to produce single phase films. Over the
years, this proved to be a rather challenging task together with an accurate

Figure 3.2: Crystal structure of γ ′′−FeN and γ′′′−FeN.
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phase identification. Till now, iron nitrides were mostly grown by sputtering,
gas−assisted molecular beam epitaxy or gaseous nitriding of iron layers.

In this research, the growth of iron nitrides was probed in a different way,
namely by molecular beam epitaxy of iron in the presence of atomic nitrogen as
obtained from a rf atomic source. Additionally, the output of the atomic source
was also used for post−nitriding freshly grown epitaxial Fe or iron nitride
layers. One of the goals aimed at in this work was to get a perfect command
of the growth of single phase iron nitride films and to determine the limiting
parameters for the growth of a particular phase. The phase transformations
taking place in the iron−nitrogen system were also investigated.

3.2 Experimental details

Iron nitride thin films were grown on clean and annealed (001) MgO sub-
strates in an UHV system equipped with 57Fe, natural Fe and Cu evaporators
(Knudsen−cells). The films were grown using atomic nitrogen as obtained
from a radio frequency (rf) atomic source. Two growth methods were applied:
(a) molecular beam epitaxy (MBE) of iron in the presence of nitrogen obtained
from the rf atomic source and (b) post−nitriding of freshly grown epitaxial iron
layers or iron nitride layers with the output of the same rf atomic source.

Thin nitride films were produced by varying different growth parameters
such as: deposition temperature, partial pressure of nitrogen or post−nitriding
temperature. For phase identification, we explored the advantages of Con-
version Electron Mössbauer spectroscopy (CEMS). The CEMS measurements
were performed at room temperature or at 90 K (LT−CEMS). This method is
quite accurate and enables an unambiguous distinction between different iron
nitrides, iron oxides or additional iron-based phases. Also, it is sensitive to
amounts which cannot be identified with other techniques (e.g. x−ray diffrac-
tion). The iron nitride films were also characterized with x−ray diffraction
(XRD). The thickness of the films was measured by Rutherford backscatter-
ing spectrometry (RBS). All the films were grown with 57Fe, yielding CEMS
spectra with high statistics. To avoid oxidation in air, as−grown films could
be capped in−situ with natural Fe or Cu.

3.3 α′′−Fe16N2

Up to now, despite the efforts, we were not able to synthesize α′−Fe8N or
α′′−Fe16N2 by MBE growth of iron in the presence of nitrogen from the rf
atomic source. Therefore, another method was tried. The output of the source
was used to nitride thin films of iron epitaxially grown on (001) MgO sub-
strates. Different samples were grown by varying the mixture and the total
pressure in the rf atomic source.
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The highest fraction of α′′−Fe16N2 phase was obtained in a sample grown
with the rf atomic source operating with pure N2 at a pressure of 1×10−2

mbar. The output of the source was used to nitride a ∼42 nm thick iron layer
at a temperature of 200◦C. The nitriding time was 2 hours. After growth and
cooling down to RT, the sample was measured ex−situ with CEMS and XRD.
The corresponding CEMS spectrum is shown in Fig. 3.3. The major part of the
spectrum was fitted with the components corresponding to α′′−Fe16N2 (three
sextets; 22.1%), Fe (one sextet; 31.3%) and γ ′−Fe4N (three sextets; 33.2%).
The signature of each phase to the total CEMS spectrum is shown in Fig. 3.3
(a). The fit parameters for the α′′−Fe16N2 are given in Table. 3.1. The rest of
the intensity (∼13%) in this spectrum is due to the oxide formed on top upon
exposure to air. It is important to comment that the Mössbauer signature
of α′−Fe8N coincides with the one of α′′−Fe16N2. Therefore, CEMS cannot
be used to distinguish the two phases and additional information from XRD
measurements is needed.

An XRD scan measured for the same sample is shown in Fig. 3.4. While
the peak at ∼58.8◦ corresponds to both the (002) reflection of α′−Fe8N and
the (004) reflection of α′′−Fe16N2, the reflection peak at ∼28.4◦ corresponds

Figure 3.3: Room temperature CEMS spectrum for a uncapped iron nitride film
grown by post−nitriding of iron as a mixture of α′′−Fe16N2, Fe and γ′−Fe4N.
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Table 3.1: Mössbauer parameters of α′′−Fe16N2: δ−isomer shift (all given with
respect to α−Fe at room temperature), H−hyperfine field, ε−quadrupole splitting,
R.A−relative area.

Component δ (mm/s) H(T) ε (mm/s) R.A.(%)
FeI 0.17 39.99 -0.1 25
FeII−A 0.17 31.42 0.1 50
FeII−B 0.01 29.46 -0.16 25

only to the (002) reflection of α′′−Fe16N2. This peak appears due to the or-
dering of the N atoms over the octahedral sites in the α′′−Fe16N2 phase and,
consequently, a corresponding unit cell twice larger than the one of α′−Fe8N.
The intensity ratio between the (004) and the (002) peaks of α′′−Fe16N2 was
determined from x−ray scattering calculations [43] to be around 6.8. For our
sample, the intensity ratio between the (004) and (002) reflections is close to
this value, indicating the presence of α′′−Fe16N2, and no α′−Fe8N. The fact
that we see XRD lines belonging to the α′′−Fe16N2 phase implies that small
crystallites of the pure material must have been formed. Additional texture
measurements showed that the α′′−Fe16N2 and Fe phases are epitaxial, with
a 45◦ in−plane rotation with respect to MgO. The γ ′−Fe4N phase was found
to be almost epitaxial, with the (001) planes slightly tilted with respect to
the sample surface. The tilt of ∼7◦ suggests that this phase is formed from

Figure 3.4: X-ray θ−2θ scan for a ∼42 nm thick film containing 22%
α′′−Fe16N2 grown on a (001) MgO substrate.
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α′′−Fe16N2 [44]. The formation of the γ ′−Fe4N phase implies that the kinetic
barrier for γ ′−Fe4N formation can be overcome at 200◦C. By decreasing the
deposition temperature to 150◦C, it was possible to grow a sample containing
only a mixture of α′′−Fe16N2 and Fe. However, the results could not be repro-
duced. The films containing α′′−Fe16N2 were also investigated with VSM (not
shown). For the sample containing 22% α′′−Fe16N2, the measured hysteresis
loop was square with a coercive field of ∼200 Oe. This value is a factor of 5
higher than the coercive fields measured for epitaxial γ ′−Fe4N films grown on
(001) MgO substrates of comparable thickness (see chapter 4 for details). The
present method might lead to the formation of pure α′′−Fe16N2 films if the
growth conditions are properly tuned.

3.4 γ′−Fe4N, ε−FexN

Contrary to α′′−Fe16N2, the γ′−Fe4N phase could be grown by N−assisted
MBE. Pure and epitaxial γ ′−Fe4N films could be grown on (001) MgO sub-
strates at temperatures from 150◦C to 400◦C. At a slightly higher deposition
temperature (∼460◦C), the grown films contained only pure Fe. This suggests
that at ∼460◦C, decomposition of γ ′−Fe4N takes place. γ ′−Fe4N could not
be grown at room temperature. The films with the best quality (concerning
smoothness, crystallinity and purity) were grown at 400◦C. Besides elevated
temperatures, for the growth of pure γ ′−Fe4N films, another crucial parame-
ter was the presence of hydrogen in mixtures with nitrogen in the rf atomic
source. There are some possible scenarios to explain the influence of hydro-
gen, although it’s not entirely clear if this parameter has a beneficial effect
by itself or in combination with the deposition temperature. Possibly, the
hydrogen at the surface is changing the potential landscape for recombina-
tion of nitrogen atoms into nitrogen molecules. It cannot be excluded that at
400◦C, γ′−Fe4N phase is the most stable phase. This implies that if enough
nitrogen is present, this will be the only phase grown (and no ε−FexN will
be formed). The growth and the properties of γ ′−Fe4N films are discussed in
more detail in chapter 4. Nitride films grown in the presence of high fluxes of
nitrogen and temperatures between 150◦C and 300◦C were grown as mixtures
of γ′−Fe4N and magnetic ε−FexN or as single phase paramagnetic ε−FexN.
As shown in the next section, paramagnetic ε−FexN films could be grown also
by post-nitriding epitaxial γ ′−Fe4N layers at 300◦C.

3.5 γ′′−FeN, γ ′′′−FeN

In order to synthesize the γ ′′−FeN and γ′′′−FeN phases, iron nitride films
were grown in two different ways: (I) by molecular beam epitaxy of iron in
the presence of nitrogen from the rf atomic source and (II) by post−nitriding
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Table 3.2: Overview of the growth parameters for FeN samples produced by molec-
ular beam epitaxy of iron in the presence of atomic nitrogen.

Sample deposition growth time thickness
temperature (◦C) (minutes) (nm)

S1 150 60 18
S2 50 120 36
S3 300 80 18

thin epitaxial γ ′−Fe4N films with atomic nitrogen obtained from the same rf
atomic source. All the samples were grown with 57Fe. For the samples grown
by MBE, the evaporation rate of 57Fe was around 0.027 Å/s, and the atomic
source was operated with pure N2 at a pressure of 1×10−1 mbar.

Different FeN samples were grown at three deposition temperatures: 50◦C,
150◦C and 300◦C. An overview of the growth parameters is given in Table 3.2.
After growth and cooling to room temperature, the films were capped in−situ
with 5 nm of Cu to prevent oxidation. Another way of growing FeN films
was by nitriding epitaxially grown γ ′−Fe4N films with atomic nitrogen as ob-
tained from the rf atomic source. The γ ′−Fe4N films were grown in the same
chamber by atomic N−assisted MBE on (001) MgO substrates at a deposition
temperature of 400◦C. As extensively discussed in chapter 4, the γ ′−Fe4N films
grown with this method are pure and epitaxial with the [001]γ′//[001]MgO and
(100)γ′//(100)MgO. The as−grown γ ′−Fe4N films were first cooled down to
the post−nitriding temperature and subsequently exposed to a flux of nitro-
gen. In all cases, the rf atomic source was operated with pure N2 at a pres-
sure of 5×10−2 mbar. A number of FeN films were produced by varying the
post−nitriding temperature and the post−nitriding time. An overview of the
post−nitriding conditions is given in Table 3.3. After post−nitriding, the sam-
ples were cooled in−situ to room temperature and subsequently capped with
5 nm of natural Fe or Cu to protect from oxidation.

The stability of the FeN films was probed via annealing experiments per-

Table 3.3: Growth conditions corresponding to iron nitride samples obtained by
post−nitriding epitaxial γ ′−Fe4N layers.

Sample post−nitriding post−nitriding thickness
temperature (◦C) time (h) (nm)

S4 150 1 15
S5 150 3 15
S6 300 1 15
S7 150 1/2 6
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formed in the UHV system at 150◦C for 30 minutes. After in−situ cooling,
the samples were again measured with CEMS.

Room temperature CEMS spectra measured for FeN samples grown by
N−assisted MBE (see Table 3.2) are shown in Fig. 3.5. For these films,
the varying parameter was deposition temperature: 150◦C for sample S1,
50◦C for sample S2 and 300◦C for sample S3. The spectra were fitted with
Lorentzian−shaped lines and the fit parameters are given in Table 3.4.

Figure 3.5: Room temperature CEMS spectra measured for FeN samples grown by
N−assisted MBE at three different deposition temperatures: (a) 150◦C (sample S1);
(b) 50◦C (sample S2); (c) 300◦C (sample S3).
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Table 3.4: Fit parameters for FeN samples grown by N−assisted MBE on (001) MgO
substrates: δ−isomer shift (all given with respect to α−Fe at room temperature),
ε−quadrupole splitting, Γ−linewidth and R.A−relative area.

Sample Component δ(mm/s) ε(mm/s) Γ(mm/s) R.A(%)
S1 γ′′−FeN 0.118 0 0.343 58.78

γ′′′−FeN 0.583 0 0.379 41.22
S2 γ′′−FeN 0.148 0 0.388 57.73

γ′′′−FeN 0.602 0 0.431 42.27
S3 ε−Fe2.108N (FeIII) 0.428 0.280 0.251 84.58

ε−Fe2.108N (FeII) 0.280 0.385 0.833 15.42

Before discussing the fit of each spectrum, just by comparing the spectra
shown in Fig. 3.5, we can conclude that the films grown at 150◦C and 50◦C
have the same composition (contain the same phase or phases) while the film
grown at a much higher deposition temperature, 300◦C, is clearly a different
phase. During growth, both the growth rate of Fe and pressure of nitrogen in
the atomic source were identical for all samples. This corresponds to a constant
[Fe/N] arrival rate at the surface. If the uptake rate of nitrogen is independent
of temperature, the growth of a different phase at 300◦C as compared to 150◦C
and 50◦C suggests a higher stability of this phase. The spectrum in Fig. 3.5 (c)
clearly corresponds to a paramagnetic ε phase. The experimental data were
fitted with two quadrupole doublets. Based on the ordering model proposed
by Jack [22], the ε−FexN phase could be identified as the ε−Fe2.108N phase.

On the other hand, the spectra in Fig. 3.5 (a) and (b) can be fitted in two
different ways. As shown in Fig. 3.5 (a) and (b), the experimental data can
be satisfactorily fitted with the combination of two singlet lines. Based on
Mössbauer data previously reported [35, 36, 37, 38], the two singlet lines could
be identified as being the signature of the γ ′′−FeN phase (the singlet line with
the lower isomer shift) and the γ ′′′−FeN phase (the singlet line with the higher
isomer shift). In both samples, the relative amount of each phase is the same.

Another possibility for fitting the experimental data is shown in Fig. 3.6
(b). Here we show the CEMS spectrum corresponding to sample S1 (grown at
150◦C). For comparison reasons we show in Fig. 3.6 (a) the spectrum for the
same sample fitted with two singlet lines, already shown in Fig. 3.5 (a). As
shown here, an equally satisfactorily fit can be obtained with a singlet line and
a quadrupole doublet. The fit parameters for the singlet line coincide with the
parameters corresponding to the γ ′′−FeN phase. For the quadrupole doublet,
the fit parameters are: δ∼0.33 mm/s and ε∼0.50 mm/s. Note that all the
CEMS spectra fitted with a combination of two singlet lines can be fitted as
well with a singlet line and a quadrupole doublet (similar hyperfine parame-
ters). So far, there is no strong experimental evidence for the existence of a
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Figure 3.6: Room temperature CEMS spectra for sample S1 (grown at 150◦C) fitted
in two different ways: (a) combination of two singlet lines and (b) singlet line and a
quadrupole doublet.

γ′′′−FeN phase. The results from CEMS measurements do not yield straight-
forward information on the structure. On the other hand, only in the NaCl
structure (γ ′′′−FeN) the N atoms occupy the octahedral sites, as it is the case
for all the other iron nitride phases. For the iron nitrides, there is an increas-
ing trend of the isomer shift with increasing nitrogen content in the phase.
For the γ′′−FeN phase, the measured isomer shift of 0.118 mm/s doesn’t fol-
low this trend, pointing to a different type of site. Indeed, in the ZnS−type
structure (γ ′′−FeN), the N atoms occupy tetrahedral interstitial sites instead
of octahedral (see Fig. 3.2). According to our CEMS investigation, the FeN
films grown at 150◦C are either a mixture of γ ′′−FeN and γ′′′−FeN phases,
or γ′′−FeN in a mixture with a second phase which is possibly due to va-
cancies. The results from both models are in a way contrary to what was
reported so far on the growth of these phases by sputtering methods. In all
the reported CEMS spectra, besides two singlet lines also a quadrupole dou-
blet of significant relative area was present (usually in a higher fraction than
the one corresponding to the γ ′′′−FeN). While the two singlet lines were as-
signed to the γ ′′−FeN and γ′′′−FeN phases, the quadrupole doublet (isomer
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shift δ=0.32 mm/s and quadrupole splitting ε= 0.77 mm/s) was argued to be
due to impurities and defects in the γ ′′′−FeN phase (NaCl−type) [38].

As discussed earlier, our CEMS data can be also fitted with a singlet line
and a quadrupole doublet. The FeN films studied here were grown in a UHV
system. Therefore, we expect no significant amount of impurities (O, C) to be
present in the films. Moreover, our doublet has a lower quadrupole splitting
(ε∼0.5 mm/s) than what was reported (ε∼0.77 mm/s). Consequently, within
the model containing the doublet, this should correspond to a different phase.
This could appear due to vacancies in either the γ ′′−FeN or the γ ′′′−FeN phase.

The information obtained from CEMS measurements is not sufficient to
make a precise assignment of each component to an iron nitride phase. Ac-
curate stoichiometry and structure analysis could yield the extra information
needed. To gain some extra insight into the properties of our films, we per-
formed low temperature CEMS measurements. 90 K CEMS spectra are shown
in Fig. 3.7: (a) for a FeN film [sample S2] and (b) for a ε−Fe2.108N film [sample
S3]. The room temperature CEMS spectra corresponding to the two samples
were shown in Fig. 3.5 (b) and (c). Comparing the spectra measured at 90 K
with the ones at room temperature (see Fig. 3.8), we can conclude that besides
the appearance of a broad magnetic component, both spectra retain the shape

Figure 3.7: 90 K CEMS spectra corresponding to FeN samples grown by N−assisted
MBE: (a) sample S2 grown at 50◦C and (b) sample S3 grown at 300◦C.
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Figure 3.8: CEMS spectra measured for sample S2 at: (a), (b) both at 90 K and
shown on a different velocity scale range, (c) at RT.

measured at room temperature. This implies that no magnetic transition takes
place down to 90 K for these films. The broad magnetic component might orig-
inate from the two interfaces (iron nitride−MgO and iron−nitride−Cu). Also,
it cannot be excluded that part of this intensity is due to an ε phase also
present in the RT CEMS spectra which was not fitted. Like for the RT CEMS
spectrum, the main intensity in Fig. 3.8 (a), (b) can be equally satisfactorily
fitted with two singlet lines (γ ′′ and γ′′′) or a singlet line (γ ′′) and a doublet.
There is no significant difference in the relative fraction of the two phases in
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the RT spectrum as compared with the 90 K spectrum.
Room temperature CEMS spectra measured for FeN samples produced by

post−nitriding γ ′−Fe4N films (see Table 3.3) are shown in Fig. 3.9. For all the

Figure 3.9: Room temperature CEMS spectra for FeN samples grown by post
nitriding of epitaxial γ ′−Fe4N thin films: (a) at 150◦C for 1 h [sample S4], (b) at
150◦C for 3 h [sample S5] and (c) at 300◦C for 1 h [Sample S6].

samples, the thickness of the starting γ ′−Fe4N layer was 15 nm. The spectra
in Fig. 3.9 (a) and (b) are both fitted with a combination of three magnetic
sextets corresponding to the γ ′−Fe4N phase and two singlet lines corresponding
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to the γ′′−FeN and γ′′′−FeN phases. The Mössbauer parameters of the two
singlet lines are close to the ones given in Table 3.4. Similar to the CEMS
spectra measured for the FeN samples grown by N−assisted MBE, a fit made
with the combination of two singlet lines (γ ′′ and γ′′′) can be replaced with a fit
made with the combination of a singlet (γ ′′−FeN) and a doublet. On the other
hand, the spectrum in Fig. 3.9 (c) has a very different appearance. The main
intensity in this spectrum coincides with the spectrum shown in Fig. 3.5(c),
which we identified as the ε−Fe2.108N phase. The shoulder on the left side of
the spectrum can be well fitted if an extra singlet line is introduced in the fit.
This singlet line corresponds to the γ ′′−FeN phase.

Independent of the exact stoichiometry of the FeN phase (mixture of γ ′′

and γ′′′ or γ′′ and a second phase with vacancies) formed upon post−nitriding
epitaxial γ ′−Fe4N layers, it can be concluded that depending on temperature,
there are two behaviors: a low temperature (≤150◦C) and a high temperature
behavior (at 300◦C). At temperatures equal to or below 150◦C, the exposure of
a γ′−Fe4N film to atomic N results in a partial phase transformation of the iron
nitride layer into a FeN phase. The phase transformation from γ ′−Fe4N to the
FeN phase must take place directly, without the formation of an intermediate
ε phase. For a post−nitriding time of 1 h, only 26% of the γ ′−Fe4N phase
is transformed into the FeN phase. As shown in Fig. 3.9 (b), increasing the
post-nitriding time to 3 h, it is still not sufficient to obtain a complete phase
transformation of the γ ′−Fe4N layer. In this case, the fraction of the FeN
phase is 37%. It is very likely that after the formation of an FeN layer of
a certain thickness, this acts as a barrier for atomic nitrogen atoms. If the
post−nitriding is done at a higher temperature (300◦C), the phase transfor-
mation of the γ ′−Fe4N layer is complete, pointing to a higher diffusion of the
N atoms as compared with 150◦C. In this case, most of the γ ′−Fe4N film is
transformed into a ε−Fe2.108N phase. This film contains without doubt also
some γ′′−FeN phase (shoulder on the left of the spectrum). On the other
hand, we cannot say for sure if a small fraction of γ ′′′−FeN is also present.
The contribution of this phase to the CEMS spectrum cannot be separated.
This result suggests that the phase transformation from the γ ′ phase to the ε
phase goes via the γ ′′ and not directly, as reported by Mijiritskii et al. [44].

The stability of the FeN phases was studied by annealing a FeN sample
grown by post−nitriding. For this experiment the thickness of the γ ′−Fe4N layer
was of only 6 nm. Such a thin layer was expected to be fully nitrided at 150◦C
for 30 minutes. After growth and in−situ cooling to room temperature, the
film was capped with Cu, and ex−situ measured with CEMS. The annealing
step was done in vacuum at 150◦C for 30 minutes. After cooling, the sample
was again measured with CEMS. The CEMS spectra measured after growth
and after the annealing step are shown Fig. 3.10 (a) and (b) respectively.
As expected, for the as−grown sample, the measured CEMS spectrum can be
very well fitted only with two singlet lines corresponding to the γ ′′−FeN (67%)
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Figure 3.10: Room temperature CEMS spectra corresponding to an FeN sample
obtained by post−nitriding a thin (6 nm) epitaxial γ ′−Fe4N film at 150◦C for 30
minutes measured: (a) after growth and (b) after annealing at 150◦C for 30 minutes.

and the γ′′′−FeN (33%). This corresponds to a γ ′′/γ′′′ relative fractions ratio
of 2.03. After the annealing step, there is a clear change in the spectrum.
The spectrum is fitted with two singlet lines and an additional doublet. The
fraction of the doublet is 12.2% and could be due to the interfaces or/and
a paramagnetic ε phase. The ratio of the relative areas of the two singlet
lines, γ′′−FeN/γ′′′−FeN is now 6.03. Comparing the two spectra shown in
Fig. 3.10, we can conclude that upon annealing, part of γ ′′′−FeN transforms
into γ′′−FeN. If the as−grown film is a mixture of γ ′′−FeN and a second phase
containing vacancies, upon annealing, part of the phase containing vacancies
could transform to an ε phase. The N set free in this process will occupy
vacancies, and therefore, this will result in an increase of the relative fraction
of the γ′′−FeN phase.

Additionally, all the samples were characterized ex−situ with XRD. θ−2θ
scans with 0◦ or 5◦ offset were measured. The measured scans are shown in
Fig. 3.11 for the FeN films grown by N−assisted MBE and in Fig. 3.12 for the
FeN films produced by post−nitriding γ ′ layers (only the 5◦ offset scans).
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Figure 3.11: X−ray θ−2θ scans measured for FeN films grown by N−assisted MBE.
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Figure 3.12: X−ray θ−2θ scans measured for FeN films grown by post−nitriding.

In all the XRD scans we can identify a peak at 2θ∼36◦. This corresponds to
the (111) reflection belonging to a γ ′′−FeN phase with a lattice constant ∼4.32
Å. This value is in good agreement with what was reported so far. On the other
hand, we do not have clear evidence for a second peak which could correspond
to the (111) reflection of a phase with a lattice constant ∼4.5 Å. This value
corresponds to the experimental value reported so far for the γ ′′′−FeN phase.
It is worth mentioning that for this phase, the lattice parameter predicted
theoretically is lower (between 3.9 Å and 4.2 Å). As shown in Fig. 3.11, the
(111) reflection peak is quite broad indicating a high degree of disorder. Some
improvement of the quality (narrowing of the peak) is seen if the growth tem-
perature is increased (see the scans for S1 and S2 in Fig. 3.11). A similar
trend is observed for the samples grown by post−nitriding (see Fig. 3.12).
The XRD results point to a polycrystalline FeN phase in all samples. This is
in a way a surprising result for the samples grown by post−nitriding epitaxial
[001] oriented γ ′−Fe4N films.
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3.6 Conclusions

N−assisted MBE and/or post−nitriding can be applied successfully to produce
most of the existing iron nitride phases. Depending on growth parameters
such as deposition temperature, pressure of nitrogen and hydrogen in the rf
atomic source, different phases were grown. The metastable character of all
iron nitrides makes deposition temperature a key factor in determining which
phase is formed. The α′−Fe8N and α′′−Fe16N2 could not be produced by
MBE growth of iron in the presence of nitrogen from the rf atomic source.
Fractions of α′′−Fe16N2 phase were obtained in films grown by post−nitriding
epitaxial Fe layers (freshly grown layers) at 200◦C. Contrary to α′′−Fe16N2,
the γ′−Fe4N phase could be grown by N-assisted MBE. This is explained in
more detail in chapter 4. At low deposition temperatures (below 150◦C) and
high pressures of nitrogen, N−assisted MBE growth and post−nitriding of
epitaxial γ ′−Fe4N layers were applied to probe the growth of nitride phases
present at the high−nitrogen content side of the phase diagram (γ ′′−FeN and
γ′′′−FeN). Quite certainly, the γ ′′−FeN phase can be formed. The additional
phase present could be the γ ′′′−FeN phase, although we do not have strong
evidence for this. The extra phase could also correspond to a γ ′′−FeN phase
containing vacancies. If the same growth parameters (and methods) are used
at a higher temperature (300◦C), an ε−Fe2.108N phase is formed. These results
suggest that at high temperatures, the phase transformation from γ ′ to ε is
taking place via the γ ′′ phase, while at lower temperatures (below 150◦C),
γ′−Fe4N transforms to another fcc phase, the γ ′′−FeN phase.
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4 Growth and properties of
γ′−Fe4N thin films

4.1 Introduction

During the past decade, iron nitrides were extensively investigated due to
their excellent magnetic properties, which make them suitable for applications
in high density magnetic storage devices. Among the ferromagnetic nitrides,
the γ′−Fe4N phase is of special interest. This nitride has a cubic structure
(Fig. 4.1), contains 20 at.% N and is stable at temperatures below 450◦C. The
saturation magnetization, Ms, was reported to be between 1.8 T and 1.9 T
[25, 26, 27]. As all the other iron nitrides, γ ′−Fe4N is a metallic conductor
and is metastable with respect to decomposition in Fe+N2. The decomposition
is limited by kinetic barriers.

Figure 4.1: Structure of γ ′−Fe4N.

Up to now, polycrystalline thin films of γ ′−Fe4N were grown on (111) Si
substrates by ion beam assisted evaporation [45] and reactive sputtering in a
NH3 atmosphere [26]. With N2 as reactive gas in a dc magnetron sputter-
ing facility, epitaxial γ ′−Fe4N films were grown on (001) Si substrates with

37
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a (002) Ag underlayer, as claimed by Brewer et al. [46]. Concerning pu-
rity, crystal quality or surface roughness, no details were reported. Besides
on the growth of single layers, efforts were also concentrated on the growth
and properties of multilayers containing iron nitrides [47, 48]. Recently, the
interest in iron nitrides was also triggered by the possibility of developing an
all−nitride, all−epitaxial magnetic tunnel junction with epitaxial γ ′−Fe4N as
magnetic electrodes and epitaxial Cu3N as semiconducting barriers [49]. The
intermixing at the interface, commonly observed at metal/metal interfaces,
may be reduced due to the Fe−N and Cu−N bonding. Moreover, due to the
mobility of the N atoms within the Fe lattice, we expect the epitaxial growth
of iron nitrides on cubic substrates to be possible without domain formation
as occurs, for instance, in the case of magnetite grown on such substrates [50].

In this research we show that high quality epitaxial γ ′−Fe4N films can be
grown on (001) MgO substrates by molecular beam epitaxy (MBE) of iron in
the presence of nitrogen obtained from a rf atomic source [51, 52]. Furthermore,
a thorough insight into the structural and magnetic properties of these films
is achieved by means of a wide variety of techniques.

4.2 Experimental details

Iron nitride films were grown on (001) MgO substrates. Before growth, the
MgO was annealed at 600◦C in 10−6 mbar O2. The samples were grown with
iron enriched to 99% in 57Fe at deposition rates between 0.01 and 0.1 Å/s.
During growth, the deposition temperature was 200◦C or 400◦C. The rf atomic
source was used with pure nitrogen or a mixture of nitrogen and hydrogen in
different ratios. The total gas pressure was 5×10−3 mbar and the applied
rf power as 60 W. The thickness of the films was measured by Rutherford
backscattering spectrometry (RBS), whereas the nitrogen content was esti-
mated from the amount of nitride phase as determined by conversion electron
Mössbauer spectroscopy (CEMS). The macroscopic magnetic properties were
studied in detail by means of transverse Kerr effect measurements (MOKE) and
magnetic domain observation. A magneto−optical torque technique (MOT)
was applied to obtain the value of the anisotropy constant. Hysteresis loop
measurements were also performed in a standard vibrating sample magnetome-
ter (VSM). All the measurements were done at room temperature.

For studying the oxidation behavior, thin γ ′−Fe4N films, all grown at a
substrate temperature of 400◦C were exposed to air at room temperature and
investigated ex−situ by means of CEMS, XRD and elastic recoil detection
(ERD) measurements. In situ, the films were investigated with low energy
electron diffraction (LEED) and RBS/channeling. To further investigate the
oxidation behavior of γ ′−Fe4N, a freshly grown iron nitride film was oxidized
in a specially developed oxygen−resistant oven, integrated in the UHV system.
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The oxidation was done in p(O2)=5×10−6 mbar at 200◦C for 30 minutes. After
the oxidation step, the film was cooled down to RT and in−situ capped with
∼10 nm Cu.

4.3 Results and Discussion

4.3.1 Growth and structure

To determine the optimum conditions for the growth of γ ′−Fe4N films on
(001) MgO substrates, the deposition rate of iron, the gas composition in the
rf atomic source and the deposition temperature were varied. Two batches of
samples were grown at a deposition temperature of 200◦C. For the first batch,
the gas in the rf atomic source was only nitrogen, whereas for the second one,
the gas consisted of a mixture of nitrogen and hydrogen, in different ratios.
The results are summarized in Fig. 4.2. The presence of hydrogen in the
rf atomic source seems to increase the uptake of nitrogen in the nitride film
and to promote the formation of a single phase (the γ ′−Fe4N). This points
to a more complex growth process for the γ ′−Fe4N phase when hydrogen
is present. Possibly, the hydrogen at the surface is changing the potential
landscape for recombination of nitrogen atoms into nitrogen molecules. In this
way, the excess nitrogen (assuming the formation of stoichiometric γ ′−Fe4N) is
brought away as N2. On the other hand, one cannot exclude the formation of
N−H species, such that the excess nitrogen is carried away as NH3. Moreover,

Figure 4.2: Dependence of nitrogen uptake on the pressure of nitrogen in the
atomic source divided by the growth rate of iron([pressure N2(mbar)/growth
rateFe(Å/s)]=effective N flow). The solid lines are guides to the eye.
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the hydrogen in the source can passivate the walls, thereby diminishing the
recombination rate of nitrogen atoms into nitrogen molecules. This gives rise
to an enhanced efficiency of the rf atomic source (factor 2−3, depending on
the status of the walls).

The optimum growth conditions for γ ′−Fe4N were found to be a deposi-
tion rate of iron in the range of 0.01−0.015 Å/s and a mixture of 20% N2 and
80% H2 in the rf atomic source. These conditions were used to grow a 15 nm
thick sample. For structural characterization, we performed X−ray diffraction
measurements using CuKα radiation (λ=0.154 nm) in a standard θ−2θ geom-
etry. Only the (002) reflections for both the MgO substrate (cubic; a=4.21 Å)
and the γ′−Fe4N film (cubic; a=3.79 Å) are present, showing a well−defined
orientation of the nitride film with the c−axis normal to the substrate.

Additionally, texture measurements were performed in a Philips X’Pert
MRD system. Figure 4.3 shows a ψ−φ pole scan with 2θ fixed for the (111)
reflection of γ ′−Fe4N. The appearance of only four sharp peaks correspond-
ing to γ′−Fe4N proves the epitaxial nature of the nitride film. From the 2θ
values corresponding to the (002) and (111) reflections, the in−plane (a) and
out−of−plane (c) lattice constants were calculated. An a/c ratio of 3.76/3.80
was found. Such a deviation from a cubic structure corresponds to a tetrago-
nal distortion, with an in−plane contraction and an out−of−plane expansion.
This result, as well as the epitaxial nature of the nitride film, is rather peculiar
since the substrate has a larger lattice constant, the mismatch being as high as
10 %. Moreover, ψ−ω areal scans revealed a small tilt of around 0.2◦ for the
(001) planes of γ ′−Fe4N with respect to the (001) planes of MgO. Despite the
epitaxial nature, RBS/channeling experiments showed only weak channeling in

Figure 4.3: X−ray ψ−φ pole scan with 2θ fixed for the (111) reflection of γ ′−Fe4N.
The peaks are at a ψ angle of ∼54.7◦.
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the nitride film. To investigate a possible correlation between the crystallinity
of the film and the deposition temperature, this was increased to 400◦C while
the other growth parameters were kept the same as in the previous case. The
thickness of the as grown sample was 33 nm. Axial channeling measurements
were performed by scanning the tilt angle θ from −4◦ to +4◦ with respect
to the [001] and [011] directions of MgO. The results are shown in Fig. 4.4.
Channeling dips were found in both axial directions. A shift of around 0.6◦

and 0.8◦ is present between the channel dips corresponding to the film and
those of the substrate, for the [001] and [011] axial directions, respectively.
No angular deviation between the MgO and the γ ′−Fe4N dips was found in
the direction perpendicular to θ. Within experimental errors, these deviations
can be partly explained by the presence of a tilt of 0.6◦ between the crystal
orientations of MgO and γ ′−Fe4N, and in addition, a tetragonal distortion of
the nitride lattice, leading to an angular deviation of 0.3◦ between the [001]
and [011] axial directions, in accordance with the XRD data.

Figure 4.4: Axial channel dip spectra measured around the [001] and [011] directions
of the MgO substrate.

The minimum yields observed in the [001] direction for the MgO and
γ′−Fe4N were 22% and 45%, respectively. This points to some mosaicity in the
MgO substrate, as was also observed with XRD. The higher minimum yield
observed for γ ′−Fe4N can be explained by the presence of a non−crystalline
oxynitride layer on top of the sample with a thickness ∼50 Å (section 4.3.4).
In the channeling measurements, the Fe in this layer was not separated from
the Fe in the nitride layer. Moreover, a small miscut from the (001) plane of
about 0.4◦ was found for the substrate surface. The normal to the (001) planes
of the substrate lies between the surface normal and the normal to the (001)
planes of the nitride film. Apparently, these three normal vectors are in the
same plane. As previously reported [53], such a tilt is likely to be induced by
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a misorientation of the surface from the nominal (001) plane, although tilted
growth has been reported also on substrates showing no miscut [54]. Due
to the large mismatch between the layer and the substrate, the observed tilt
could be associated with a coherent relaxation of strain by misfit dislocations
along the (111) planes which have a Burgers vector component perpendicular
to the interface. Also, one cannot exclude that the observed angular deviation
is a result of the oblique growth (Fe source not perpendicular to the sample
surface).

4.3.2 Morphology

The surface morphology was studied in air using atomic force microscopy
(AFM). No cap layer was present for the samples used in the AFM study.
Therefore, the surface layer was transformed into an oxynitride, which can
slightly alter the surface structure (see section 4.3.4). Figure 4.5 (a) and
Fig. 4.5 (b) show AFM images of a 33 nm thick γ ′−Fe4N film grown on a
(001) MgO substrate heated to 400◦C during growth. The film exhibits a
very uniform granular structure, with elongated flat islands of an average size
∼50×200 nm2. These islands show weak signs of rectangular symmetry along
the [001] directions. The rms roughness of the film, which is only 0.4 nm,
corresponds to an average peak−valley height of approximately three atomic
spacing (for a cleaned MgO substrate the rms roughness is 0.07 nm). For a
15 nm thick sample, also deposited at 400◦C we measured a rms roughness of
0.2 nm. The observation of island structure combined with a low roughness
points to a layer−by−layer growth process, in which islands are formed, which
coalesce in full layers. Recent STM experiments on γ ′−Fe4N films grown at
400◦C on (001) Cu substrates by depositing iron from an electron gun in the

Figure 4.5: AFM scans for a 33 nm thick γ ′−Fe4N film with no cap layer. (a) shows
the topographical image of a 2.1×2.1 µm2 area (vertical range 3.1 nm). (b) shows
the force image of a 1.1×1.1 µm2 area. A smooth, regular surface with weak signs
of square symmetry is observed.
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presence of a flux of nitrogen obtained from an rf atomic source revealed also a
layer−by−layer growth mode [55]. Additional AFM measurements on samples
grown at a lower deposition temperature showed that the roughness decreases
with increasing deposition temperature.

4.3.3 Magnetic properties

According to magnetic measurements [56], the γ ′−Fe4N phase is a ferromagnet
with a Curie temperature (Tc) of ∼500◦C. However, the experimental deter-
mination of Tc is rather difficult due to the decomposition of γ ′−Fe4N into
Fe and N2 at temperatures above ∼450◦C. Its cubic structure contains two
non−equivalent crystallographic iron sites: the iron atoms occupying the cor-
ner positions (FeI) and the iron atoms occupying the face−centered positions
(FeII). The ratio of the FeI:FeII is 1:3, and, the corresponding magnetic mo-
ments of the two sites are 2.98µB for FeI, and 2.01µB for FeII [57]. From the
point of view of the atomic structure of Fe−N alloys, the γ ′−Fe4N iron nitride
is the simplest structure where Fe−N chains are combined with Fe−Fe chains.
This makes possible a detailed analysis of the influence of nitrogen on the
electronic structure and hyperfine interaction parameters [58, 59, 60, 61, 62].

The ferromagnetic nature of this nitride makes the Mössbauer spectrum
rather complicated. The presence of a magnetic field leads to combined mag-
netic and electric hyperfine interactions. The Hamiltonian of the system is:

Ĥ = −(−→µ ×−→
H ) + e

∑

ij

QijVij (4.1)

where −→µ is the magnetic moment of the nucleus,
−→
H is the magnetic field, Qij

is the tensor of the nuclear quadrupole moment and Vij is the tensor of electric

field gradient (EFG). For an internal magnetic field
−→
H making an angle θ with

the principal axis of the EFG tensor, the energy levels of the excited nuclear
state of 57Fe (I=3/2), are given by:

E = −gµnHmI + (−1)|mI |+1/2 × eQVzz

4
× 3 cos2 θ − 1

2
(4.2)

where mI is the magnetic quantum number, Vzz is the principal component
of the EFG tensor and the nuclear quadrupole moment of 57Fe is Q = 0.16
b [63]. For the structure of the γ ′−Fe4N phase, the corner iron atoms (FeI)
have a local cubic symmetry and consequently a zero quadrupole splitting. On
the other hand, the face−centered iron atoms (FeII) have an axial symmetry,
for which the principal axis of the EFG tensor at the FeII sites is parallel to
the crystal axes, namely the [001] directions. In one unit cell of γ ′−Fe4N, the
angle between the principal axis of the EFG tensor and the internal magnetic
field is 90◦ for two of the FeII sites (the FeII−A sites), whereas for the third
one (the FeII−B site), the corresponding angle is 0◦.
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Therefore, due to the orientation of the internal magnetic field, crystallo-
graphically equivalent sites are magnetically non−equivalent. The two distinct
sites are indicated in Fig. 4.6 (a). The quadrupole splitting (ε) is defined as:

ε = (
1

2
e2qQ)(

3 cos2 θ − 1

2
) (4.3)

From this equation, it is straightforward that the ratio of the quadrupole split-
ting terms corresponding to FeII−A:FeII−B is 1:-2. All the described features
are experimentally confirmed.

All the iron nitride films were measured with CEMS to investigate the type
of iron nitride phase formed and the purity of the phase. All the measurements
were done in zero external magnetic field. Figure 4.6 (b) shows a spectrum
measured for a 16 nm thick γ ′−Fe4N film capped in−situ with ∼5 nm natural
Fe. As shown in section 4.3.4, upon exposure to air, uncapped γ ′−Fe4N films
oxidize which results in the formation of a top oxynitride layer. The spectrum
was de−convoluted in three magnetic components with a 3:4:1:1:4:3 inten-
sity ratio of the lines in each component. The fit parameters are given in
Table 4.1. Such a ratio indicates a complete in−plane orientation of the mag-

Table 4.1: Fit parameters for a 16 nm thick γ ′−Fe4N film capped with 5 nm of
natural Fe: δ−isomer shift (all given with respect to α−Fe at room temperature),
H−hyperfine field, ε−quadrupole splitting, R.A−relative area.

Component δ (mm/s) H(T) ε (mm/s) R.A.(%)
FeI 0.22 34.10 0 25
FeII−A 0.29 21.72 0.24 50
FeII−B 0.29 21.89 -0.45 25

netization in the domains. No additional components were needed, pointing to
the presence of only a pure γ ′−Fe4N phase. The fit parameters corresponding
to γ′−Fe4N are in good agreement with previous reported data [64, 65].

So far, from XRD and CEMS measurements, we can conclude that high
quality epitaxial γ ′−Fe4N films were grown on (001) MgO substrates. How-
ever, none of the two methods give the exact stoichiometry of the iron nitride
films. On the other hand, since Mössbauer spectroscopy is probing the local
environment of 57Fe atoms in a structure, it is likely that variations in stoi-
chiometry should in principle slightly modify the CEMS spectra and implicitly
the fit parameters. Here we show the results of a preliminary investigation.

A set of 17 samples all grown as γ ′−Fe4N films were measured with CEMS.
The hyperfine fields corresponding to the FeI site and the FeII−A sites are
all displayed in the histograms shown in Fig. 4.7. All the samples have a
similar thickness. This suggests that the small variations in the values of the
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Figure 4.6: (a) Crystal structure of γ ′−Fe4N indicating the different Fe sites: FeI,
FeII−A and FeII−B. (b) Room temperature CEMS spectrum for a 16 nm thick
γ′−Fe4N film capped with 5 nm of natural Fe. The contributions of the three
components of the nitride phase are indicated below the spectrum.

hyperfine fields are due to a parameter which was not taken into account so
far in our investigation, such as, non(over)−stoichiometric compositions. It is
not possible to get a quantitative estimation from these measurements. Such
information could be obtained from accurate ERD measurements.

VSM hysteresis loop measurements were performed on γ ′−Fe4N films of
different thickness with or without a cap layer. In these measurements, the field
was applied in the film plane, in the [001] or [011] crystallographic directions.
All the measured loops had a square shape. Figure 4.8 shows the hysteresis
loops measured for a 40 nm thick γ ′−Fe4N film capped with 15 nm Cu3N.

The applied field was along the [001] (loop shown with full circles) and
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Figure 4.7: Histogram of the values of the hyperfine fields for the FeI (H1) and
FeII-A (H2) sites.

the [011] (loop shown with open triangles) directions. These results point to
an easy axis of the magnetization along the [001] crystallographic direction.
From the hysteresis loops measured in the easy axis direction for different
γ′−Fe4N samples, the dependence on thickness of the coercive field was ob-
tained. This is shown in Fig. 4.9. The dependence corresponds to an increase
of the coercive fields with increasing film thickness.
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Figure 4.8: VSM hysteresis loop measurements for a 40 nm thick γ ′−Fe4N film
capped with 15 nm Cu3N. The applied field was in plane, in the [001] direction
(loop shown with full circles) and in the [011] (loop shown with open triangles)
directions.

Figure 4.9: Thickness dependence of the coercive field for γ ′−Fe4N films. The
coercive field was obtained from VSM hysteresis loop measurements with the field
applied in the easy axis direction .
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A deeper and more complete insight into the magnetic properties of epi-
taxial γ ′−Fe4N films was obtained from MOKE and MOT measurements. The
measurements were performed on a 40 nm thick γ ′−Fe4N film grown on a (001)
MgO substrate. The deposition temperature was 400◦C. The rf atomic source
was operated with a mixture of 50% N2+50% H2 at a total pressure of 1×10−2

mbar. This film was capped in−situ after cooling to room temperature with
a 15 nm thick Cu3N layer. More details on the growth and the properties of
copper nitride layers are shown in chapter 5.

The epitaxial and single phase nature of the γ ′−Fe4N film in this bilayer
structure was confirmed by XRD and CEMS measurements (see chapter 6).
Hysteresis loops measured by transverse MOKE are shown in Fig. 4.10. The
field was applied in−plane at angles varying in steps of 5◦ between 0◦ and
360◦. Due to the cubic symmetry of the obtained loops, we show only the
ones measured in the first half quadrant, i.e., from 0◦ (field applied along the
hard magnetization axis−the [110] crystallographic direction) to 45◦ (field ap-
plied along the easy magnetization axis−the [100] crystallographic direction).
The vertical axes were normalized to the reflectivity changes at magnetic sat-
uration, which is about 1.8% in all cases. When the field is applied along a
crystalline [100] axis the magnetization switches in a single jump at a coercive
field of ∼70 Oe and the reduced remanence, Mr = ( M

Ms
)H=0, is close to 1. This

demonstrates that the [100] directions are easy magnetization axes, and 180◦

domain wall movements drive the reversal. When the field is applied between
an easy and a hard axis,−loops between 10◦ and 30◦−,the reversal takes place
in two stages. This is preceded by a reversible rotation of the magnetization,
thus reducing the remanence such that Mr < 1.

The two magnetization leaps point to a reversal process that takes place by
two consecutive 90◦ domain wall nucleation and propagation events. Finally,
when the field is applied close to a hard magnetization axis, the [110] directions
(loops between 0◦ and 5◦), the measured loops show a rotation of the magne-
tization followed by a sharp reversal and a final rotation. This is consistent
with a homogenous and reversible rotation of the magnetization towards the
nearest easy magnetization axis, followed by a 90◦ driven reversal towards the
next easy axis and a final rotation towards the applied field direction.

Figure 4.10: (facing page) Transverse MOKE hysteresis loops measured on a 40
nm thick epitaxial γ′−Fe4N film. The field was applied in−plane at angles varying
in steps of 5◦ between 0◦ and 45◦. At 0◦, the field was applied along the hard
magnetization axis−the [110] crystallographic direction .
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The symmetry of the anisotropy becomes more evident when the rema-
nence, Mr, is plotted versus the applied field angle. The data are shown in
Fig. 4.11 in a polar plot using the values obtained from all the measured loops.
Such a ′′four leaves clover′′ plot of the remanence as a function of the applied
field is then the signature of a biaxial anisotropy due to the crystalline cubic
structure of the film. As expected, around the easy magnetization axes the re-
duced remanence is ∼1, and around the hard magnetization axes the reduced
remanence is close to ∼0.71 (' cos45◦). The magnitude of Mr points to a
single domain state for the epitaxial γ ′−Fe4N film at zero field.

Figure 4.11: Reduced remanence Mr vs. the applied field angle.

The behavior of the sample’s magnetization from saturation at maximum
field to remanence at zero field can be understood quantitatively with a uni-
form magnetization and with two relevant energy contributions: the potential
in an applied magnetic field (M • H), and the anisotropy determined by the
crystal lattice (K1

4
) sin2 2φ, where K1 is the anisotropy constant and φ the

angle between the magnetization and the nearest easy axis, similar to the
Stoner−Wohlfarth model for a uniaxial anisotropy. Consequently, the mini-
mum energy position is given by the balance of these two contributions, with an
equilibrium angle of the magnetization with respect to the field and the crystal
lattice axes. Thus, at remanence the magnetization lie along the crystalline
easy axis aligned closest to the applied field direction.

Further evidence of the effect of the anisotropy comes from the reversal
mechanism. As mentioned earlier, close to the easy axes the reversal takes
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place by a single process driven by 180◦ domain wall movement. On the other
hand, in an angular range of about 25◦, between the hard and the easy axes, the
reversal proceeds in two stages, which are probably related to two consecutive
90◦ domain wall movements. The fields at which the sharp reversals occur are
displayed in Fig. 4.12. For the hysteresis loops with two sharp reversals per
half circle, both values are plotted. As seen in Fig. 4.12, for the first reversal
the coercive field is maximum when the field is applied along the easy axes
and minimum when applied along the hard axes. When two switching events
occur, the value of the second switching field increases when the field direction
becomes closer to a hard axis (loops between 10◦ and 30◦ in Fig. 4.10).

This two transition situation is consistent with a coherent rotation of the
magnetization towards the closest easy axis, followed by a 90◦ domain wall
driven transition at the first value of the coercive field to the next easy axis,
followed by another 90◦ domain wall transition to the next easy axis at the
second value of the coercive field, and finally a coherent rotation of the magne-
tization towards the applied field direction. Finally, when the field is applied
within few degrees from the hard axis, after the rotation towards the closest

Figure 4.12: Coercive fields as a function of the applied field angle for the
γ′−Fe4N film. Solid triangles display the field at which the first magnetization
switch occurs, while hollow triangles display the second, when it exists. The top
part of the graph displays the same Mr data shown in Fig. 4.11 in polar plot, for
comparison purposes.
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easy axis, the loops exhibit one single jump, probably due to the nucleation
and displacement of 90◦ domain walls.

The main arguments and discussions presented so far are supported by Kerr
domain observations at different applied field angles. The sample is rotated
with respect to the field in 15◦ steps, and the camera is focused at represen-
tative areas. In this way, a video sequence is acquired. Two representative
reversal situations are shown in Fig. 4.13 and Fig. 4.14. In the images the field
is applied in the horizontal direction.

Figure 4.13 shows the domain structure for a field applied at 15◦ from the
closest easy axis taken at four selected field values corresponding to the two
abrupt reversals of the loop. The image is about 600×400 µm2 in size. In
this case, the reversal takes place by two subsequent 90◦ walls propagation
events. Figure 4.13 (a) and (b) show the the domain structure at the first
magnetization transition driven by 90◦ domain walls and Fig. 4.13 (c) and (d)
show two subsequent images at the second transition driven by another set
of 90◦ domain walls. Fig. 4.14 (a) and (b) show domain images during the
reversal, when the field is applied close to one easy axis. The images, about
600×400 µm2 in size, show adjacent antiparallel domains separated by 180◦

Figure 4.13: Kerr domains observations for an epitaxial single phase γ ′−Fe4N film
at four consecutive selected field values (a)−(d) at an intermediate angle between
the hard and the easy axes. The images show the the domain structure at the first
magnetization transition driven by 90◦ domain walls (a) and (b) followed by images
at the second transition driven by another set of 90◦ domain walls (c) and (d). The
field is applied horizontal, increasing in magnitude towards the left of the page in
this sequence.



4.3 Results and Discussion 53

Figure 4.14: Kerr domains observations for an epitaxial single phase γ ′−Fe4N film
at two consecutive selected field values (a) and (b) along an easy axis. The images
show the domain structure at the transition driven by 180◦ domain walls.

domain walls responsible for the reversal. The magnetic properties described so
far are consistent with a single phase epitaxial film having a cubic structure and
a positive anisotropy constant, i.e., the [100] directions are easy magnetization
axes. Thus, the magnetic properties are then dictated by the value of the
anisotropy constant.

To obtain the magnitude of the anisotropy constant, we applied MOT [21].
This technique obtains the symmetry axes and the value of the anisotropy with
a single measurement and a simple fitting procedure. The method measures
the film’s magneto optical response in the transverse Kerr configuration to a
rotating magnetic field. Whereas conventional MOKE measures the response
to a field of constant direction and varying magnitude, in MOT, the magni-
tude of the field is fixed and the field’s angle varies. For a sufficiently large
field, the sample is magnetically saturated in every direction, and the response
corresponds to a homogeneous distribution of the magnetization. This kind
of measurement eliminates uncertainties due to domain wall movement in the
anisotropy constant determination.

Results for four different values of the applied magnetic field, as a function
of the applied field angle are shown in Fig. 4.15. The obtained dependencies
can be understood as follows. For an infinitely large value of the applied field,
the magnetization would be parallel to the field at all angles and the response
would be perfectly sinusoidal. For a finite value of the field, when the field
direction departs from an easy axis the magnetization lags behind the field,
while when the field departs from a hard axis the magnetization leads ahead.
Therefore, the deviation from a sinusoidal slope is indicative of the effect of
the anisotropy, being more apparent at the crossing of the field through a hard
axis. Fig. 4.15 shows the MOT results for a single phase epitaxial γ ′−Fe4N film
at rotating magnetic of: (a) 2.3 kG, (b) 1.5 kG, (c) 0.6 kG, and (d) 0.4 kG.

The measured data points are shown by full circles, and the overlapping
grey line is the fit. The fit only considers the potential energy due to the
angle of the applied magnetic field and the saturation magnetization (M •H)
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and a cubic anisotropy (K1

4
) sin2 2φ. The fit depends on only one parameter,

Ac = ( K1

2M
) 1

H
. The values of the obtained parameter Ac vs. ( 1

H
) are shown in

Figure 4.15: MOT reflectivity data measured for a γ ′−Fe4N epitaxial film at rotat-
ing magnetic fields of (a) 2.3 kG, (b) 1.5 kG, (c) 0.6 kG, and (d) 0.4 kG.

Fig. 4.15 (e) with a linear fit to the data. Taking into account the measured
value of the saturation magnetization of γ ′−Fe4N of ∼1.85 T, an anisotropy
constant of 2.9±0.2×104J/m3(×105erg/cm3) is obtained.

Furthermore, from in−plane resolved magnetization reversal studies by
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Kerr effect we could confirm the results obtained so far. These measurements
were done with a 3mW power continuous He−Ne laser. Different from a con-
ventional MOKE set−up (see chapter 2) where the reflectivity changes are
measured with only one photodiode, in these measurements, the experimental
set−up contains also a Wollaston prism and two fast Si photodiodes (1 MHz
band width) to allow simultaneous detection of the two orthogonal reflected
light components. These two quantities are proportional with the longitudinal
and the transversal components of the magnetization.

Hysteresis loops were measured with the field applied in−plane at angles
varying in steps of 15◦ between 0◦ and 360◦. The measurements were done on
a 15 nm thick γ ′−Fe4N film capped with 5.3 nm Cu3N. The measured loops
are shown in Fig. 4.16. Due to the cubic symmetry, only the first four loops
are shown. The hysteresis loops corresponding to the longitudinal component
of the magnetization are identical with the ones shown in Fig. 4.10. The hys-
teresis loops corresponding to the transversal component of the magnetization

Figure 4.16: Hysteresis loops showing the longitudinal (open circles) and the
transversal (full squares) magnetization components for different azimuths α (angle
between the [100] easy axes and the direction of the applied field: (a) 0◦, (b) 15◦,
(c) 30◦ and (d) 45◦. The measurements were done on a 15 nm thick γ ′−Fe4N film
capped with 5.3 nm Cu3N.
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confirm that the magnetization reversal is driven by 180◦ or 90◦ domain walls
propagation, depending on the applied field direction.

4.3.4 Oxidation behavior

The mechanism of N−incorporation into iron oxides as well as the formation
of iron oxynitride compounds are still controversial phenomena. Up until now,
the incorporation of N into an oxide was reported either in the growth of iron
oxides in a N−containing environment [66] or, while investigating the oxidation
behavior of iron nitrides [67, 68, 69].

In the first case, a magnetic oxynitride was formed when small amounts of
N (less than 5%) were incorporated into an Fe3O4 oxide whereas for slightly
higher amounts of incorporated N (more than 5% but less than 8%), a para-
magnetic Fe1−xO−like oxynitride was formed. The presence of N atoms occu-
pying substitutional sites in the oxygen sublattice was concluded from x−ray
photoelectron spectroscopy, conversion electron Mössbauer spectroscopy and
high energy electron diffraction measurements.

Concerning the oxidation behavior of iron nitrides, from extensive stud-
ies on the oxidation of ε−FexN nitrides (at temperatures ranging from room
temperatures to 350◦C) grown on thick Fe samples, it was concluded that the
N atoms released in the oxidation process are not incorporated in the grown
oxide layer [67, 68, 69]. Consequently, depending on the oxidation conditions,
a pure surface oxide such as Fe3O4, γ-Fe2O3, α-Fe2O3 or Fe1−xO was formed.

Moreover, the N atoms from the surface region were partly diffusing into
deeper layers and formed an ε−FexN nitride with a nitrogen content higher
than the one in the starting iron nitride phase. The incorporation of N atoms
into the grown oxide and the formation of an oxynitride compound was, how-
ever, concluded by Cocke [70] and Brusic [71] from XPS measurements as well
as by Mijiritskii [72] from CEMS measurements. In the last case, the oxi-
dation behavior of Ni/ε−Fe2.07N bilayers in p(O2)=100 mbar at 275◦C was
investigated. Two of the obtained phases were identified as magnetic oxyni-
trides, with a spinel−like structure. The corresponding CEMS parameters
where found to be slightly different from the ones reported by Voogt [66], and,
therefore, were attributed to different oxynitrides.

Here we studied the oxidation behavior in air at room temperature and
∼80◦C of epitaxially grown γ ′−Fe4N films. Also the oxidation in an oxygen
atmosphere (at 5×10−6 mbar) at 200◦C was investigated. Figure 4.17 shows
the LEED picture corresponding to a 16 nm thick γ ′−Fe4N film. This pattern
has a c(2×2) symmetry as expected for the bulk terminated (100) surface of
γ′−Fe4N. Therefore, we can conclude that the surface of the iron nitride film is
clean and well ordered when measured in−situ. The crystalline nature of the
films was also checked in−situ with RBS/channeling and confirmed by means
of ex−situ x−ray texture measurements. All the grown γ ′−Fe4N films were



4.3 Results and Discussion 57

Figure 4.17: LEED image taken on a 16 nm thick γ ′−Fe4N film. The image was
taken at 225 eV.

found to be epitaxial and monocrystalline. The iron nitride phases present in
the as−grown or oxidized films are identified by means of CEMS. This method
is quite accurate and enables an unambiguous distinction between different
iron nitrides, iron oxides or additional iron−based phases and it is sensitive to
amounts which cannot be identified with other techniques (e.g. XRD).

The measured CEMS spectra corresponding to two distinct cases are shown
in Fig. 4.18 as follows: (a) for a γ ′−Fe4N film of 16 nm thickness capped with
5 nm natural Fe and (b) for an uncapped γ ′−Fe4N film of 33 nm thickness and
exposed to air at room temperature. Below the spectra, the contribution of
the different components is indicated. As shown in Fig. 4.18 (a), the spectrum
can be fitted only with three magnetic components (sextets) corresponding to
the FeI, FeII−A and FeII−B sites of the γ ′−Fe4N phase, pointing to a pure
phase. On the other hand, in the spectrum shown in Fig. 4.18 (b), besides
the contribution of γ ′−Fe4N, an additional component (doublet) is needed to
obtain a good fit. The fit parameters are given in Table 4.2. The relative area
of the doublet amounts to 17% out of the total intensity, which corresponds to

Table 4.2: Fit parameters for a 33 nm thick γ ′−Fe4N film oxidized in air at
room temperature (no cap layer was present): δ−isomer shift (all given with re-
spect to α−Fe at room temperature), H−hyperfine field, ε−quadrupole splitting,
R.A−relative area.

Component δ (mm/s) H(T) ε (mm/s) R.A.(%)
FeI 0.22 34.10 0 25
FeII−A 0.29 21.72 0.24 50
FeII−B 0.29 21.89 -0.45 25
(FeO)3N 0.34 - 0.87 17
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Figure 4.18: Room temperature CEMS spectra: (a) for a γ ′−Fe4N film of 16 nm
thickness capped with 5 nm natural Fe and (b) for an uncapped γ ′−Fe4N film of 33
nm thickness and exposed to air at room temperature.

a layer thickness of about 6 nm. Based solely on the values of the Mössbauer
parameters, one could interpret the extra component as a ferryhidrite, with
the Fe in the Fe3+ state. A paramagnetic ε−FexN can be excluded due to a
too high quadrupole splitting parameter. The presence of a ferryhidrite would
imply a rather high amount of hydrogen and no nitrogen.

The elemental composition for uncapped γ ′−Fe4N films, after exposure to
air at RT, was obtained from ERD measurements. These measurements (not
shown) revealed that the amount of H present in the samples is far too low
to account for the presence of a ferrihydrite. The layer near the surface was
found to contain both O and N. Combining the results of ERD, CEMS and RBS
measurements, we could conclude that the extra phase contains nitrogen as well
as oxygen, and corresponds to an oxynitride phase. The amount of nitrogen
could be roughly estimated to be ∼15% and the amount of oxygen to be ∼40%
(out of total). The amount of oxygen is calculated by integrating the amount of
oxygen corresponding to the surface peak (as shown in Fig. 4.19). On the basis
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Figure 4.19: ERD oxygen depth profile measured for an uncapped γ ′−Fe4N film
grown on an MgO substrate and exposed to air at room temperature. The thickness
of the film is 33 nm.

of the amount of N present, the formation of a compound like (FeO)4N could
be expected, which could resemble paramagnetic FeO with extra nitrogen.
No conclusion can be drawn regarding the precise composition. It could be
conjectured that the limiting composition would be (FeO)3N, which would have
all Fe atoms in the 3+ state. The stoichiometry of this compound suggests that
upon oxidation in air at RT, all the nitrogen initially present in the starting
material, the γ ′−Fe4N phase, remains incorporated in an FeO−like oxynitride
formed at the surface. Since there is not enough N present for stoichiometric
(FeO)3N, this assumed compound must have N vacancies.

The CEMS spectra measured for γ ′−Fe4N films oxidized at higher tempera-
tures (in air or in an oxygen atmosphere) are shown in Fig. 4.20, as follows: (a)
for an uncapped γ ′−Fe4N film of 42 nm thickness and exposed to air at ∼80◦C
and (b) for a γ ′−Fe4N film of 6.5 nm thickness oxidized in p(O2)=5×10−6 mbar
at 200◦C for 30 minutes, and subsequently capped in−situ after cooling to RT
with 10 nm Cu. The spectrum in Fig. 4.20 (a), shows besides the typical pat-
tern of γ ′−Fe4N, a more complex distribution of components which we identify
as four Fe−N−O components (three magnetic and one paramagnetic) and a
paramagnetic ε−Fe2−xN phase (see Table 4.3). The CEMS parameters of the
magnetic components suggest the formation of an Fe3O4−like oxide which has
some small amounts of nitrogen incorporated in the structure, whereas for the
paramagnetic component the fit parameters resemble the ones of (FeO)3N. The
ε−Fe2−xN phase is likely to be formed due to diffusion of N atoms into deeper
layers. The spectrum shown in Fig. 4.20 (b) can be satisfactorily fitted with a
combination of three magnetic sextets and two paramagnetic singlets (see Ta-
ble 4.4). Despite the clear Fe3O4 appearance, the combination of isomer shifts
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Figure 4.20: Room temperature CEMS spectra: (a) for an uncapped γ ′−Fe4N film
of 42 nm thickness and exposed to air at ∼80◦C and (b) for a γ′−Fe4N film of
6.5 nm thickness oxidized in p(O2)=5×10−6 mbar at 200◦C for 30 minutes, and
subsequently capped in−situ after cooling to RT with 10 nm Cu.

and hyperfine fields in the magnetic components are slightly different from
those of Fe3O4. We believe that these differences are due to small amounts of
N which are incorporated in a Fe3O4−like phase. The two singlet lines can be
identified as the γ ′′−FeN and γ′′′−FeN iron nitrides. It is likely that the mag-
netic oxynitride compound is formed near the surface whereas the γ ′′−FeN and
γ′′′−FeN are formed near the interface with the substrate due to the diffusion
of N atoms from the surface region into deeper γ ′−Fe4N layers. This would be
in agreement with recent studies on the phase transformations taking place in
epitaxial γ ′−Fe4N films exposed to high fluxes of atomic nitrogen [73].

The oxidation behavior of epitaxial γ ′−Fe4N could be described as follows:
when epitaxial γ ′−Fe4N films are exposed to air at room temperature, no
significant diffusion of N takes plase, and the oxygen atoms are accommodated
in the structure, and therefore, an Fe−N−O phase is formed, which has a
nitrogen content of close to the initial γ ′−Fe4N phase. In this oxynitride phase,
Fe is in the Fe3+ state, which suggests that the presence of high amounts of
N (∼15%) into the Fe matrix upon oxidation promotes the conversion of Fe2+

into the more stable state, Fe3+. On the other hand, when the films are at some
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Table 4.3: Fit parameters for a 42 nm thick γ ′−Fe4N film oxidized in air at ∼80◦C
(no cap layer was present): δ−isomer shift (all given with respect to α−Fe at room
temperature), H−hyperfine field, ε−quadrupole splitting, R.A−relative area.

Component δ (mm/s) H(T) ε (mm/s) R.A.(%)
Fe−N−OI 0.38 45.772 - 6.31
Fe−N−OII 0.61 42.509 - 5.92
Fe−N−OIII 0.12 40.989 - 2.43
Fe−N−OIV 0.34 - 0.88 3.92
ε−Fe2−xN 0.43 - 0.32 5.74

elevated temperature (like 80◦C), the nitrogen atoms are more mobile, and part
of them gradually diffuse into deeper layers and form a nitride phase with a
higher nitrogen content. A small fraction of the N atoms remains in the surface
region, forming a magnetic oxynitride. However, at this temperature, the
oxidation is rather slow, and part of the γ ′−Fe4N phase remains un−reacted.

Upon oxidation in an oxygen atmosphere at 200◦C, the very reactive O
reacts with the iron and forms a magnetite-like phase. Very likely, a small
fraction of N remains incorporated in this phase. The N atoms, also very
mobile, diffuse into deeper layers and form the γ ′′−FeN+γ′′′−FeN phase.

Table 4.4: Fit parameters for a 6.5 nm thick γ ′−Fe4N film oxidized at 200◦C in
p(O2)=5×10−6 mbar for 30 minutes and capped in-situ with 10 nm Cu after cool-
ing to RT: δ−isomer shift (all given with respect to α−Fe at room temperature),
H−hyperfine field, ε−quadrupole splitting, R.A−relative area. The CEMS parame-
ters for Fe3O4 are also given for comparison.

Component δ (mm/s) H(T) ε (mm/s) R.A.(%)
Fe−N−OI 0.62 45.31 0 30.10
Fe−N−OII 0.29 47.78 0 24.20
Fe−N−OIII 0.58 43.17 0 30.14
γ′′−FeN 0.07 - 0 5.65
γ′′′−FeN 0.56 - 0 1.10
Fe3O4

Fe2.5+ 0.66 45.67 0 66
Fe3+ 0.28 48.76 0 34
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4.4 Conclusions

Concluding, high quality epitaxial γ ′−Fe4N films were grown on (001) MgO
substrates by MBE in the presence of a rf atomic source. The optimum growth
conditions as well as the influence of particular experimental parameters on the
formation of the nitride phase were established. When elevated temperatures
are used for the substrate during the gas−assisted MBE growth, the present
method enables the formation of smooth and epitaxial films. The local prop-
erties of the surface point to a layer−by−layer growth mode for the nitride
film. A peculiar tilt was found between the planes of the nitride film and the
MgO substrate. The CEMS spectrum of γ ′−Fe4N is de−convoluted in three
magnetic components, with parameters as expected for this structure.

The magnetization reversal process of pure epitaxial γ ′−Fe4N films has
been studied in detail with transverse Kerr effect measurements. The measured
hysteresis loops are consistent with a cubic symmetry, displaying easy [100]
magnetization directions. The film is single domain at remanence, and the
reversal is dominated by 180◦ or 90◦ domain wall propagation, depending on
the applied field direction. When 90◦ domain wall movements are responsible
for the magnetization reversal, this proceeds in two stages, and the measured
coercive fields vary accordingly. Magnetic domain observations corroborate
these conclusions, revealing large domains during the reversal process in the
order of mm. A magneto−optical torque technique is used to obtain a value
of the anisotropy constant of 2.9±0.2×104 J/m3.

Taken together, the sum of these properties make γ ′−Fe4N layers interest-
ing candidates for device applications. The oxidation behavior in air (at RT
and 80◦C) and in an oxygen atmosphere (at 200◦C) of epitaxial γ ′−Fe4N thin
films was also studied. As concluded from CEMS measurements, upon oxida-
tion of γ ′−Fe4N, oxynitride compounds are formed. The amount of nitrogen
incorporated in the oxynitrides varies with the oxidation temperature. We sug-
gest that their Mössbauer parameters are varying as a function of the amount
of incorporated nitrogen. For a high nitrogen content (likely above 10%), the
grown phase is paramagnetic while for lower nitrogen content, it is magnetic.
The amount of nitrogen in the oxynitride phase could be tuned by varying the
oxidation temperature.



5 Growth and properties of
Cu3N thin films

5.1 Introduction

For the past decades, the interest in copper nitride compounds was motivated
by its application as a new material for optical storage devices [74, 75, 12, 13].
Cu3N is a semiconducting material with a low reflectivity and a high resis-
tivity. For light in the visible region Cu3N is transparent. It is metastable,
i.e. upon heating it decomposes into N2 and Cu. The formation enthalpy at
25◦C is 17.8 kcal/gmol. Similar to iron nitrides (also metastable compounds),
the Cu3N phase is thought not to decompose below a certain temperature due
to the existence of a barrier, preventing the recombination of N atoms into
N2 molecules at the surface. The decomposition temperature is around 250◦C.
This opens the possibility to induce by irradiation (laser, electrons, ions) metal-
lic Cu clusters or particles in a transparent, semiconducting material. There
are a number of applications that can exploit this property.

As reported by Nosaka et al. [12], a Cu3N film can be locally decomposed
by electron beam irradiation such that a 1×1µm2 Cu dot array can be ′′written′′

on the Cu3N. Moreover, Cremer et al. [13] even demonstrated the suitability
of Cu3N for write−once optical data storage. According to their investiga-
tion, Cu3N layers deposited by magnetron sputtering could be decomposed
to metallic copper by pulsed diode laser irradiation. The reflectivity changes
from 3.2% to 33.2% for completely transformed areas and to 12% for single
bits. The smallest diameter of a single bit was 0.9 µm. For laser pulses of 300
ns in width and 28 mW in intensity, the writing data rate was 3.3 Mbit/s.

Next to the straightforward application in optical recording, a dot array of
Cu on a Cu3N films could be used as a template for growing self−assembled
structures. Besides application in optical storage, Cu3N is also an interest-
ing candidate as a barrier in magnetic tunnel junctions [49]. This material,
with a much lower band−gap (1.65 eV) than the classical insulating barriers
(e.g. Al2O3, MgO), if successfully integrated in magnetic tunnel junctions,
might open a challenging direction in the fabrication of low−resistance mag-
netic tunnel junctions for applications in non−volatile magnetic random access

63
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memories. Moreover, the N−Cu system in itself triggered quite some interest
since the first report by Leibsle et al.[76] on the formation of 5×5 nm2 square
patches of c(2×2)N on a (001) Cu surface with a separation of only a few
nm. Such self−assembled templates were subsequently used for the growth of
magnetic nanostructures [77, 78, 79].

The Cu3N phase (azide) is cubic with a lattice constant of 3.817 Å and an
anti−ReO3 structure (Fig. 5.1). In this peculiar structure, the face−centered−
cubic close packed sites are vacant and, therefore, it is possible to insert an-
other atom, like Cu or Pd. With the insertion of Cu atoms, the Cu3N lat-
tice undergoes a small expansion (∼1.13%), and the Cu4N phase is formed
[80, 81]. As concluded from theoretical calculations [82], Cu3N is a semicon-

Figure 5.1: Crystal structure of Cu3N.

ductor with a rather low band gap of ∼0.5 eV. The semiconducting nature
of the phase was indeed experimentally confirmed, although the values of the
band gap were found to be slightly higher, varying in the [1−1.9] eV range.
In contrast with this, compounds like Cu4N and Cu3NPd, obtained upon dop-
ing of Cu3N are believed to have a metallic character [82, 83]. So far, the
Cu3N phase was reported to be synthesized by rf or dc sputtering methods
[74, 12, 13][84, 85, 86, 87, 88, 89] as well as by ion−assisted vapor deposition
[75]. Depending on growth conditions like substrate, substrate temperature
and nitrogen flux, the growth of stoichiometric Cu3N films was reported. On
substrates like glass, Si, Al2O3 and Pt/MgO the obtained films were poly-
crystalline, whereas on MgO and SrTiO3 [84] the films were amorphous. The
films which were non−stoichiometric, were reported to be mixtures of Cu and
Cu3N or even the Cu4N phase. Over−stoichiometric films, with a nitrogen
content between 28% and 32%−slightly more than the 25% of nitrogen cor-
responding to the stoichiometric Cu3N phase−were also reported. Since in
the XRD measurements only reflections belonging to the Cu3N phase were
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observed, it was argued that the excess N is present in an amorphous phase
surrounding the Cu3N crystallites [87]. As reported by Nosaka et al. [87],
both the resistivity and the optical energy gap of copper nitride films vary
with the nitrogen content. Stoichiometric Cu3N films were found to have the
highest resistivity (∼1000 Ωcm) and optical energy gap (∼1.8 eV) while both
under−stoichiometric and over−stoichiometric films showed lower values.

In the present research, the growth of Cu3N films was approached with a
different method, namely, molecular beam epitaxy of copper in the presence
of atomic nitrogen as obtained from an rf atomic source. The growth and
the properties of Cu3N thin films were investigated with the aim of using
this material as semiconducting thin layers in an all−nitride, all−epitaxial
magnetic tunnel junction. For such applications, it is of crucial importance to
try to acquire a complete understanding of the different aspects of the growth
and the properties of thin films of Cu3N.

5.2 Experimental details

Copper nitride films were grown on (001) MgO and (001) Cu single-crystals.
Before growth, the MgO substrates were cleaned in−situ in an ultra high va-
cuum compatible oxygen oven, by annealing at 600◦C in 10−6 mbar O2 for
3 h. The Cu substrates were cleaned in−situ by subsequent sputtering (at
400◦C) and annealing cycles (at 600◦C). Well−ordered and clean surfaces of
these substrates were obtained in this way as checked with low energy electron
diffraction (LEED). Copper was evaporated from a Knudsen−cell, at rather
low deposition rates (0.007−0.05 Å/s) on MgO substrates heated at tempera-
tures ranging from RT to 300◦C and on Cu substrates at 150◦C. The atomic
nitrogen was obtained from a home−made rf atomic source operated with pure
nitrogen or mixtures of nitrogen and hydrogen in different ratios and at pres-
sures in the 10−3−10−1 mbar range. The rf power applied was kept at 60 W
in all the growth experiments. During thin film growth, the pressure in the
UHV chamber was in the 10−7−10−6 mbar range.

Different aspects of the growth and the properties of the copper nitride films
grown on (001) MgO and (001) Cu substrates were investigated in relation with
the growth parameters (substrate temperature, growth rate and pressure of ni-
trogen, presence of hydrogen). Information on the structure and composition of
the films was obtained from x−ray diffraction measurements in a θ−2θ geom-
etry or 2−dimensional scans as well as Rutherford backscattering/channeling
spectrometry measurements. The surface morphology of uncapped films was
probed in air by means of atomic force microscopy. The optical properties were
measured with variable wavelength ellipsometry whereas from temperature de-
pendent resistivity measurements some insight in the electrical properties of
this material was gained.
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5.3 Cu3N films on (001) MgO

In the MBE growth of copper in the presence of atomic nitrogen, the up-
per limit of the deposition temperature for the formation of a compound
like Cu3N is dictated by the decomposition temperature of this meta−stable
compound. We concluded that for this growth method, the upper tempera-
ture limit is around 250◦C. Above 250◦C, the Cu3N compound could not be
formed and pure epitaxial Cu films were grown. Surprisingly, epitaxial lay-
ers of Cu3N could be grown even at room temperature (RT) even though the
mismatch between Cu3N and MgO is as high as ∼10%. We can compare
these results with those for iron nitride films on (001) MgO substrates using
the same growth method [15]. In that case, epitaxial layers of γ ′−Fe4N could
not be grown at room temperature, and instead, an amorphous iron nitride
phase was grown. At substrate temperatures in the range between 300◦C and
400◦C very smooth γ ′−Fe4N layers are grown on MgO. The growth proceeds
in a layer−by−layer fashion (growth and coalescence of islands). At substrate
temperatures of 460◦C, pure Fe layers are grown instead of γ ′−Fe4N. We might
assume that the growth of Cu3N proceeds in a similar way. This could imply
that at low temperatures amorphous Cu3N could be grown.

The adsorption of N atoms on (001) Cu surfaces and the surface diffusion
were studied by STM [55]. Clean Cu substrates were exposed to a flux of
atomic nitrogen at 400◦C, and subsequently cooled down to RT and measured
in-situ with STM. The STM images revealed the presence of N atoms adsorbed
on the (001) Cu surface. This suggests that at this high temperature the
recombination of N atoms to N2 molecules is not 100% effective.

5.3.1 Influence of H

In the growth of γ ′−Fe4N films, the presence of hydrogen in the atomic source
was found to play a crucial role [52]. We investigated the role of hydrogen
also in the growth of Cu3N films. The influence of hydrogen was probed in a
simple fashion. Two samples of the same thickness were grown on (001) MgO
substrates at a substrate temperature of 150◦C. In both cases the growth rate
of Cu was ∼0.04 Å/s. One sample (S1) was grown with pure N2 in the atomic
source at a total pressure of 5×10−2 mbar, and a second one (S2), with a
mixture of 50% N2+50% H2 in the atomic source at a pressure of 1×10−1

mbar. The partial pressure of nitrogen in the atomic source was the same in
the two growth experiments. After growth, the samples were measured ex−situ
with XRD. The measured XRD θ−2θ scans are shown in Fig. 5.2. The results
clearly reveal that the sample grown with only nitrogen in the atomic source
(sample S1) contains only the Cu3N phase, while for the sample grown with
a mixture of nitrogen and hydrogen, no Cu3N phase was formed, and a pure
Cu film was grown instead. As measured by 2D−XRD, both samples are
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Figure 5.2: XRD θ-2θ scans for two copper nitride samples: sample S1−grown with
only nitrogen in the atomic source, and sample S2−grown with a mixture of nitrogen
and hydrogen in the atomic source (1:1 ratio). The partial pressure of nitrogen is
equal in both cases. All the other growth parameters are identical.

epitaxial. The two growth experiments were done at a temperature below the
decomposition threshold of Cu3N. This implies that the growth of a pure Cu
film has to be strictly a consequence of the presence of hydrogen at the surface.
One possibility would be that the H present on the Cu surface is changing the
potential landscape at the surface which results in a higher recombination rate
for the N atoms. On the other hand, it cannot be excluded that the H atoms
recombine with the N atoms to form NHx species, which consequently are
desorbed. Also, the growth rate of Cu could play a role. Indeed, changing the
growth rate of Cu to ∼0.025 Å/s, and keeping the same N:H ratio of 1:1 in the
rf atomic source but at a total pressure of 5×10−2 mbar, samples which were
mixtures of Cu and Cu3N were grown. We do not observe any improvement of
the crystal quality of the grown Cu3N phase with admixing hydrogen in the rf
atomic source as was found for the growth of γ ′−Fe4N. However, we observed
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that the presence of H during the growth of Cu films has a beneficial influence
on the crystalline quality of the layers.

5.3.2 Structure and morphology

By means of x−ray diffraction, the structure and the crystallinity of grown
copper nitride films were probed. The mismatch between Cu3N and the MgO
substrate is ∼10%. XRD θ−2θ scans using the Cu Kα radiation (λ=0.154 nm)
were performed. Additionally, the films were measured in a Philips X’Pert
MRD system [two−dimensional−XRD (2D−XRD)]. Growth parameters for
some relevant samples are shown in Table 5.1. The thickness of the films was
measured by Rutherford backscattering spectrometry wherefrom the growth
rate of Cu was calculated. Typical results of the XRD measurements for the
different Cu3N samples are shown in Fig. 5.3: (a) for sample S4 and (b) for
sample S3. The XRD scans corresponding to samples S5 and S6 were similar
to the one of S3, and therefore are not shown. In both scans, sharp (00k) reflec-
tions corresponding to copper nitride are present. Consequently, we conclude
that copper nitride films were grown, all having a well−defined orientation
with the [100] direction normal to the (001) substrate. Second, to determine
the in−plane orientation of the film with respect to the crystal orientation of
the substrate, we performed 2D−XRD ψ−φ pole scans with 2θ fixed at the
(111) reflection of Cu3N. The results corresponding to the two samples are
presented in Fig. 5.3 (c) and Fig. 5.3 (d). It is rather interesting to note the
difference between the two pole scans. The scan in (c) shows a complex pattern
with eight (111) intensity maxima, which corresponds to an epitaxial film, with
two preferred in−plane orientations, instead of only one. On the other hand,
the scan in (d), shows only four sharp peaks corresponding to the (111) re-

Table 5.1: Growth conditions corresponding to different copper nitride films grown
on (001) MgO substrates. The pressure in the atomic source was 1×10−1 mbar
for sample S2 and 5×10−2 mbar for all the other sample. T(◦C) is the deposition
temperature and t (nm) is the thickness of the films. The phases present in the films
as measured by XRD are also given.

sample T growth rate gas mixture t phase
(◦C) (Å/s) (N2:H2) (nm)

S1 150 0.420 100:0 39.0 pure Cu3N
S2 150 0.420 50:50 27.0 pure Cu
S3 250 0.008 100:0 15.7 Cu3N+Cu
S4 150 0.010 100:0 18.6 pure Cu3N
S5 150 0.021 90:10 20.0 pure Cu3N
S6 RT 0.021 90:10 21.3 pure Cu3N
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Figure 5.3: X−Ray θ−2θ scans: (a) 18.6 nm Cu3N/MgO grown at 150◦C (sample
S4) and (b) 15.7 nm Cu3N/MgO grown at 250◦C (sample S3). The corresponding
pole ψ−φ scans are shown in (c) and (d), respectively. In all pole scans the 2θ angle
is fixed for the (111) reflection of Cu3N.

flections of Cu3N which implies that the film is epitaxial and monocrystalline.
Cu3N films grown at the same deposition temperature (150◦C−for sample S5)
or even lower (RT−for sample S6), but at a higher growth rate, were also
found to be epitaxial and monocrystalline. The difference in structure which
is found for Cu3N films grown on MgO substrates could be correlated with the
combination of deposition temperature and growth rate for each film. The film
showing two preferred in−plane orientations was grown at a low temperature
(150◦C) and a very low growth rate. The two orientations may have to do
with the higher relative flux of N, facilitating nucleation.

In the x−ray measurements performed in the X’pert system, the sample
(film on a substrate) can be precisely aligned, and therefore, the 2θ angles cor-
responding to different (hkl) reflections can be accurately measured. Assuming
a tetragonal structure for Cu3N, from the measured 2θ angles corresponding
to the (002) and (111) reflections, we could calculate the in−plane (a//) and
out−of−plane (a⊥) lattice constants. Cu3N films of comparable thickness (15
nm to 20 nm) grown at RT or 150◦C were found to be fully relaxed, while the
films grown at higher temperatures (200◦C or 250◦C) showed a slight tetrag-
onal distortion, with a small in−plane contraction and an out−of−plane ex-
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pansion. On the other hand, a Cu3N film grown also at 150◦C, but a factor of
two thicker (39 nm) was found to have a tetragonal distortion with a a///a⊥
ratio of 3.806/3.829. We do not have an explanation for this behavior.

Additional information on the quality of the Cu3N films was obtained from
2D scans and ω rocking curves, as well as RBS/channeling measurements. Here
we show the results obtained for a 39 nm Cu3N film (sample S1). In Fig. 5.4,
the XRD θ−2θ scans together with the corresponding ω rocking curves for
both the (001) and (002) reflection are shown. It is clear that in 2θ, the peaks
are narrow (in accordance with the thickness of the films), whereas a much
larger angular spread in ω is present. This suggests a rather bad in−plane
ordering. It is interesting to note that not all the Cu3N films found to be
epitaxial from XRD measurements, showed channeling in the RBS/channeling
measurements. The thinner films showed no channeling. The results of chan-
neling measurements for sample S1 (39 nm thick), after exposure to air, are
shown in Fig. 5.5. In Fig. 5.5 (a), we compare an RBS scan in the random
direction with one in the [001] string direction. The channeling yield is ∼50
%. The channeling peak of Cu contains two maxima: a surface peak (the

Figure 5.4: X-ray diffraction scans for a 39 nm Cu3N/MgO film grown at 150◦C:
(a) and (b) show the θ−2θ scans for the (001) and (002) reflections, respectively.
The corresponding ω scans are shown in (c) and (d), respectively.
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right one) and an interface peak. The surface peak appears because several
topmost layers are not fully shadowed and a certain effective number of Cu
planes parallel to the surface are ′′seen′′ by the ion beam. The decrease in
channeling (increase in the backscattering yield) at the surface might be due
to the formation of an oxide, after exposure to air. The increased backscatter-
ing yield at the interface with the substrate is probably due to a higher density
of defects in this region of the layer. This result suggests that the films grow
slightly disordered and that they subsequently order with increasing thickness
of the film. This reasoning could also explain why thinner films do not show
any channeling, despite their epitaxial nature as measured by XRD.

In Fig. 5.5 (b) the measured channeling dips in the (001) string direction
corresponding to the film (upper dip) and the substrate (bottom dip) are given,
showing the good alignment between the film and the substrate.

Figure 5.5: RBS/channeling measurements for a Cu3N film on an MgO substrate:
(a) random and [001]−string direction scans; (b) axial channel dip spectra for the
Cu3N film (top dip) and the MgO substrate (bottom dip) measured around the [001]
direction of the substrate.

The surface morphology was studied in air using atomic force microscopy
(AFM). No cap layer was present for the samples used in the AFM study.
Figure 5.6 shows AFM images taken for Cu3N films grown at three different
deposition temperature as follows: (a) 250◦C−sample S3; (b) 150◦C−sample
S4; and (c) room temperature (RT)−sample S6. The results are summarized
in Table 5.2. It is surprising that the smoother film is the one grown at room
temperature while the film grown at 250◦C is extremely rough, though with
flat areas in between much higher cluster−like features. As measured by XRD,
all the films were grown as Cu3N. On the other hand, as shown in section 5.3.3
(Fig. 5.10), by means of ellipsomety measurements we can conclude that the
sample grown at 250◦C contains a small amount of Cu impurity, while the
other two samples are pure Cu3N films. However, the amount of Cu impurity
is still very low, since the sample still has an overall semiconducting behavior.
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Figure 5.6: AFM topographical images for Cu3N films grown on MgO at different
deposition temperatures: (a) 250◦C: 1×1 µm2 area (vertical range 60 nm), (b)
150◦C: 1×1 µm2 area (vertical range 4 nm) and (c) room temperature (RT): 1×1
µm2 area (vertical range 4 nm).

If we take as a reference roughness the one found for the smoother films, by
performing a grain analysis on the AFM image shown in Fig. 5.6 (a), we can
estimate the coverage of the ′′high′′ feature to be ∼14 %. It is likely that the
roughness of the film grown at 250◦C is given by the Cu impurities. A closer
inspection of the XRD scans measured for this sample (see Fig. 5.3 (b)) shows
indeed a small peak corresponding to the (002) reflection of Cu. The size of
the crystallites obtained from the line-width and the 2θ values corresponding
to the (002) reflections was found to be in the order of the film thickness for
both phases. Therefore, we can conclude that Cu and Cu3N grow as separate
phases, probably in a columnar−like structure.

Table 5.2: Overview of copper nitride films grown on (001) MgO substrates and
investigated with AFM.

sample deposition rms roughness thickness
temperature (◦C) (nm) (nm)

S3 250 6.43 15.7
S4 150 0.787 18.6
S6 RT 0.397 21.3



5.3 Cu3N films on (001) MgO 73

5.3.3 Electrical and optical properties

Cu3N films showed electrical resistivity values in the order of 1000 Ωcm. Such
values point to the semiconducting nature of the films. The temperature de-
pendence of the electrical resistivity measured for sample S4 (Table 5.1), plot-
ted as lnρ(Ωcm) versus [T (K)]−1 is shown in Fig. 5.7 (a). The resistivity is
increasing with decreasing T, suggesting a semiconductor−like behavior for the
entire temperature range studied. As shown in Fig. 5.7 (a), lnρ(Ωcm) versus
[T (K)]−1 cannot be well fitted with a linear dependence. This suggests that
the conduction mechanism is not via impurity levels in the Cu3N phase. As
shown in Fig. 5.7 (b), the experimental data can be much better fitted if a more
complex dependence is assumed. Such a dependence would point to a variable
range hopping mechanism [90]. This issue needs to be investigated further. It
is interesting to note that films grown as mixtures of Cu and Cu3N, still showed
rather high electrical resistivity values of close to 1000 Ωcm. This suggests that

Figure 5.7: (a) Resistivity versus 1000/T. (b) Resistivity/T1/2 versus T−1/4. The
experimental data (full squares) are shown together with a linear fit to the data
(thick solid line).
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the conduction in mixed samples might follow the percolation theory wherein
two conduction processes coexist: one, a metallic conduction process through
the Cu path, and second, the semiconductor conduction process.

The optical properties of the as−grown films were obtained from room
temperature ellipsometry measurements in the 0.8 eV ≤ ~ω ≤ 4.5 eV energy
range. The measurements were done in a rotating analyzer ellipsometer which
measures the ellipsometric parameters Ψ(ω) and ∆(ω) wherefrom the dielectric
function, ε(ω) can be obtained. All measured spectra were taken at an angle
of incidence of 70◦ and a fixed polarization angle of 45◦. The experimental
data were fitted taking into account the thickness of the Cu3N layer and the
optical properties of the MgO substrate, with Lorentzian dielectric functions
[91]. Figure 5.8 shows the measured ellipsometric parameters Ψ and ∆ for a
Cu3N film (∼18.6 nm) grown at 150◦C on an MgO substrate, together with
the calculated real ε1 and imaginary ε2 parts of the dielectric function as
obtained from the fit. The dependence (shape) of ε1 and ε2 on energy, typical
for a semiconductor, agrees well with previously reported data. However, in

Figure 5.8: (a) Measured ellipsometric parameters Ψ and ∆ (thick dotted line)
together with the fit of the experimental data (thin solid line) for a Cu3N thin film
(18.6 nm) grown at 150◦C on a MgO substrate. (b) The real (ε1) and imaginary
(ε2) parts of the dielectric function. The inset shows the absorption coefficient (α)
from which the optical energy gap is estimated to be ∼1.65 eV.
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our case, the magnitude of ε1 and ε2 is slightly higher (factor ∼2) than the
values reported (all for much thicker films). This might be an effect correlated
with the thickness of the films, which is much lower in our case. The inset in
Fig. 5.8 (b) shows the corresponding dependence of the absorption coefficient

[α = (
√

2ω/c)
√√

ε1
2 + ε2

2 − ε1 ] on energy. From this dependence we estimate
an energy gap of 1.65 eV. This value is in the range of data previously measured
for thicker Cu3N films grown on different substrates [86].

Hahn et al. [82] performed energy band calculations using both the LAPW
(linearized augmented plane wave) and the LCAO (linear combination of atomic
orbitals) methods. The resulting LAPW energy bands and the total density of
states for Cu3N are shown in Fig. 5.9. These calculations confirm that Cu3N is
a semiconductor. They obtained an energy gap of 0.23 eV from the LAPW
method and of 0.9 eV from LCAO. Combining the results obtained from the
two methods, they suggest that the experimental gap should be around 0.5 eV.
This value is lower than what was measured experimentally. Based on these
calculations, we can interpret the 1.65 eV absorption edge as mainly originat-
ing from direct d→p inter−band transitions which show a large joint density of
states around the M→R direction in the Brillouin zone where a d−like valence
band and a p−like conduction band run parallel to each other.

Ellipsomentry measurements were also performed on Cu3N films obtained

Figure 5.9: LAPW energy bands and the total density of states for Cu3N calculated
by Hahn et al. [82].
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Figure 5.10: The imaginary (ε2) part of the dielectric function measured for
Cu3N thin films grown on MgO substrates. The growth parameters for all sam-
ples are summarized in Table 5.1.

using different growth conditions. The corresponding growth parameters were
summarized in Table 5.1. All the films were grown on (001) MgO substrates.
Following the procedure described above, we obtained the dependence of the
real (ε1) and imaginary (ε2) parts of the dielectric function on energy for
each film. The ε2 obtained for four samples (see Table 5.1) are shown in
Fig. 5.10. Small differences are observed between all spectra. For samples S3
and S5, besides a small shift of the optical gap towards lower energy, also clear
absorption below the optical gap is observed.

To get an insight into these differences, we tried to model the optical prop-
erties of samples which consist of a mixture of two materials A and B. The
optical properties of such a mixture can be described with an effective dielectric
function, 〈ε̃〉, which depends on the dielectric functions as well as the shape of
the grains of the two constituents and their orientation. The most frequently
used effective medium approximations (EMA) are: the Maxwell Garnett EMA
[92], Bruggeman [93] and Wiener Bounds [94]. Our modelling was based on
the effective medium approximation developed by Wiener. He calculated the
effective dielectric constant 〈ε̃〉 for two different configurations: I−a layered
structure of the A and B constituents and II−a columnar structure of the A
and B constituents. Corresponding to case I, the 〈ε̃〉 was calculated as:

〈ε̃〉 = (1 − fB)ε̃A + fB ε̃B (5.1)

with fB−the volume fraction of the constituent B and ε̃A and ε̃B, the dielectric
functions of the constituent A and B, respectively. The real and imaginary
parts of this equation is trivially obtained as a function of the real and imagi-
nary part of the dielectric function corresponding to the two constituents: ε1A
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and ε2A for component A and ε1B and ε2B for component B. For case II, the
〈ε̃〉 was given by the equation:

〈ε̃〉 =
1

(1 − fB)/ε̃A + fB/ε̃B

(5.2)

wherefrom, the real and imaginary part are:

〈ε1〉 =
a

a2 + b2
, (5.3)

〈ε2〉 =
b

a2 + b2
, (5.4)

with a and b calculated as:

a =
(1 − fB)ε1A

ε2
1A + ε2

2A

+
fBε1B

ε2
1B + ε2

2B

, (5.5)

b =
(1 − fB)ε2A

ε2
1A + ε2

2A

+
fBε2B

ε2
1B + ε2

2B

, (5.6)

Wiener [95] proved that 〈ε̃〉 for any EMA, must lie between the equations for
configuration I and II. In our case the two materials were taken as Cu3N and
Cu. To compute the dielectric function of a material which consists of a mix-
ture of Cu3N and Cu, we used the dielectric functions of copper and copper
nitride as measured for thin films. For a fB = 0.15, the calculated 〈ε2〉(ω) is
shown in Fig. 5.11 together with the corresponding ε2(ω) for Cu and Cu3N.

Figure 5.11: The calculated 〈ε2〉(ω) dependence for a (Cu3N+Cu) layered structure
(solid line−case I) and a columnar structure (dashed line−case II), both for fB =
0.15. The ε2(ω) dependence as measured for Cu and Cu3N thin films is also shown.
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For case II, we see indeed a shift of the edge of the 〈ε2〉(ω) dependence to-
wards lower energies. Therefore, it is very likely that the observed differences
in the measured data are correlated with the presence of Cu impurities in the
Cu3N matrix. So far we have no clear evidence that the differences in the
optical properties among different Cu3N films have any correlation with the
disorder observed in samples.

5.4 Cu3N films on (001) Cu

The mismatch between Cu3N and MgO is rather high, about 10%. In the
case of Cu single crystal substrates, the mismatch reduces to 5.7 %. Copper
nitride films were grown on (001) Cu substrates at a deposition temperature
of 150◦C. The atomic source was operated with pure N2 at a total pressure
of 5×10−2 mbar. The growth rate of Cu was around 0.023 Å/s, as estimated
from ex−situ x−ray reflectivity measurements. Immediately after growth and
in−situ cooling to RT, the sample was checked with LEED. Spots arranged in
a cubic symmetry were observed, pointing to a well−ordered surface. Ex−situ
XRD measurements revealed indeed only reflection peaks corresponding to the
Cu3N phase. From 2D−XRD measurements we could estimate the in−plane
and out−of−plane lattice constants, as a//=3.757 Å and a⊥=3.833 Å, re-

Figure 5.12: 2D ω−2θ areal scan for a 21 nm Cu3N film grown on (001) Cu.
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spectively. These values correspond to a small in−plane compression and
an out−of−plane relaxation. A 2D ω−2θ areal scan measured for a 21 nm
Cu3N film grown on Cu is shown in Fig. 5.12. The alignment between the
[002] directions of Cu3N and Cu is very good, but the ω spread is still al-
most as big as for the films grown on MgO. Cu3N films grown on MgO or Cu
substrates were found to oxidize upon exposure to air at room temperature.
According to Raman spectroscopy measurements (not shown), this results in
the formation of a thin surface Cu2O layer.

5.5 Conclusions

Despite a mismatch as high as ∼10%, thin Cu3N films were grown epitaxi-
ally on (001) MgO substrates even at room temperature by N-assisted MBE.
The upper temperature limit was found to be ∼250◦C. It is likely that the
growth mechanism proceeds in a layer−by−layer fashion similar to the growth
of γ′−Fe4N layers on MgO substrates using the same growth method. This
results in the growth of smooth layers of Cu3N. As a pure phase, the behavior
of as grown films is typical for a semiconductor with an optical gap of 1.65
eV. If a low amount of Cu impurities is present in the Cu3N semiconducting
matrix, the films still have the overall behavior of a semiconductor, but with
a reduced optical band gap. Disorder features were observed in all the films
grown on MgO. Copper nitride films grown on a better matched substrate,
(001) Cu single crystals, did not show a striking improvement of the crystal
quality. Instead, for films of comparable thickness and grown at the same
deposition temperature (150◦C) a rather significant tetragonal distortion was
measured only for the films grown on Cu, while the layers on MgO were fully
relaxed.
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6 Multilayers−structure and
interfaces

6.1 Introduction

Bilayers of [Cu3N/γ′−Fe4N] and [γ ′−Fe4N/Cu3N/γ′−Fe4N] multilayers were
grown on (001) MgO substrates by atomic N−assisted molecular beam epitaxy.
Based on an almost perfect lattice match, it is expected that these two phases
can be grown epitaxially with no defects at the interface. Additionally, the
intermixing at the interface, commonly observed at metal/metal interfaces
[96], is expected to be reduced due to the Fe−N and Cu−N bonding [55].
Based on these properties, the motivation of growing such multilayers is the
prospect of growing a magnetic tunnel junction structure that is epitaxial and
has sharp interfaces. Different bilayer and trilayer structures were grown by
varying the growth parameters for the copper nitride layer as well as for the top
iron nitride layer. The properties of the as−grown structures were investigated
and are discussed in relation to the desired properties.

As an alternative system, [Cu3N/Fe] bilayers were also considered and in-
vestigated. In this system, the lattice mismatch is as high as 25% if the
corresponding (001) planes and the [001] directions are parallel, and it re-
duces to ∼5% if the [001] direction of Cu3N is 45◦ rotated with respect to the
same direction of Fe, while the (001) planes remain parallel. These bilayers
were also grown on (001) MgO substrates. Furthermore, [Fe/Cu3N/γ′−Fe4N]
and [Fe/Cu3N/Fe] multilayers were grown and investigated. In this chapter
we describe preliminary experiments and the results on the growth of various
bilayers and multilayers.

6.2 Experimental details

Thin films of iron nitride and copper nitride were grown in an UHV chamber
(base pressure of 10−10 mbar) by molecular beam epitaxy (MBE) of iron and
copper in the presence of atomic nitrogen obtained from a radio−frequency
(rf) atomic source. The growth of γ ′−Fe4N and Cu3N films was optimized

81
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first on (001) MgO substrates. In all cases, before growth, the MgO substrates
were cleaned by annealing at 600◦C in 10−6 mbar O2. As reported earlier, this
method proved to be very effective for the growth of epitaxial films of iron
nitride [52] and copper nitride [49]. The growth and the properties of single
layers of γ ′−Fe4N and Cu3N grown on (001) MgO were discussed in detail in
chapter 4 and chapter 5, respectively. The optimal substrate temperatures for
the growth of γ ′−Fe4N films on (001) MgO substrates were found to be in the
range of 350◦C−400◦C. At such substrate temperatures, the obtained films
were of high crystal quality and rather smooth (for a ∼33 nm thick film the
rms roughness was 0.4 nm).

Having the growth of smooth and pure γ ′−Fe4N films on MgO substrates
well under control, these films were subsequently used as templates for the
growth of Cu3N thin films. The Cu3N layers were grown at temperatures
ranging from room temperature (RT) to 150◦C, using the optimal growth pa-
rameters as found for the growth of single layers of copper nitride directly on
(001) MgO substrates. For the growth of [Cu3N/Fe] bilayers, thin iron films
were first grown by MBE on (001) MgO substrates. The deposition tempera-
ture was chosen to be between 50◦C and 250◦C. Subsequently, Cu3N films were
grown using the same growth conditions used to grow Cu3N films on γ′−Fe4N.

After in−situ cooling to RT, the bilayers were investigated ex−situ by
means of X−ray diffraction (XRD and 2D−XRD), atomic force microscopy
(AFM), Rutherford backscattering spectroscopy (RBS)/channeling , X−ray
photo−electron spectroscopy (XPS), Mössbauer spectroscopy (CEMS) and vi-
brating sample magnetometry (VSM). XRD was used as a tool to identify the
phases grown in the bilayer structures while 2D−XRD was used to get insight
into the structural symmetries. On the other hand, from the CEMS experi-
ments important information on the type an the purity of iron nitride phases
formed was obtained. Moreover, it could also be used as a tool for probing
the interfaces in the grown bilayers and multilayers. All the magnetic layers
(γ′−Fe4N and Fe) were grown with 57Fe. Consequently, CEMS spectra with
very good statistics were measured. The thickness of the layers was obtained
from fitting the RBS spectra, comparing the content of the Fe or Cu peak with
the yield measured for Mg.

6.3 Bilayers

6.3.1 [Cu3N/γ′−Fe4N] bilayers

Due to the low decomposition temperature, the Cu3N layers in the bilayer
structures had to be grown at temperatures below 250◦C. First, copper ni-
tride layers of different thickness were grown at a deposition temperature of
150◦C on γ′−Fe4N films. The result of a θ−2θ XRD scan for a bilayer struc-
ture of [17 nm Cu3N/15 nm γ′−Fe4N/MgO] is shown in Fig. 6.1 (a). When
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Figure 6.1: (a) X−Ray θ−2θ scan for a [17 nm Cu3N/15 nm γ′−Fe4N/MgO] bilayer.
The corresponding pole ψ−φ scan is shown in (b). In the pole scan the 2θ angle
is fixed to the (111) reflection of Cu3N. The same 2θ angle corresponds also to the
(111) reflection of γ ′−Fe4N.

Cu3N is grown on a γ ′−Fe4N underlayer, the (002) reflections overlap, which
results in a slightly broadened peak at 2θ=47.76◦. However, Cu3N can still be
recognized by the presence of a rather intense (001) peak at 2θ=23.3◦, as com-
pared with the one of γ ′−Fe4N (for Cu3N the intensity ratio of the (001) and
(002) reflection reflections is 1.16 whereas for γ ′−Fe4N this ratio is only 0.028).
This XRD scan is typical for all the grown [Cu3N/γ′−Fe4N] bilayers, indepen-
dent of the deposition temperature for the top Cu3N layer. In all scans, only
(00k) reflections corresponding to copper nitride and iron nitride are present.
Therefore, we conclude that both the nitride films have a well−defined ori-
entation with the [100] direction normal to the (001) substrate. As reported
earlier [52], γ ′−Fe4N films grow epitaxially on (001) MgO substrates with no
in−plane rotation. To determine the in−plane orientation of the copper ni-
tride film with respect to the crystal orientation of the substrate (underlayer),
we performed 2D−XRD ψ−φ pole scans with 2θ fixed at the (111) reflection of
Cu3N. Note that the Cu3N (111) reflection is very close to the (111) reflection
of γ′−Fe4N and therefore they cannot be separated. The resulting pole scan
corresponding to the [17 nm Cu3N/15 nm γ′−Fe4N/MgO] bilayer is shown in
Fig. 6.1 (b). This result is also typical for all the bilayer structures in which
the Cu3N film was grown at a deposition temperature between RT and 150◦C.
Only four sharp peaks corresponding to the (111) reflections of both Cu3N and
γ′−Fe4N are present. Consequently, as expected, the copper nitride film is epi-
taxial and monocrystalline with the same symmetry as the iron nitride layer
with respect to the MgO substrate (no in−plane rotation).

The surface morphology of Cu3N films of different thickness (6 nm and 17
nm) grown on γ ′−Fe4N substrates was studied in air with AFM in contact
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Figure 6.2: AFM topographical images measured for Cu3N films of different thick-
ness (t) grown under similar conditions on γ ′−Fe4N substrates. (a) t=17 nm, 1×1
µm2 image (vertical range 25 nm; rms roughness ∼2.6 nm). (b) t=6 nm, 1×1 µm2

image (vertical range 10 nm; rms roughness ∼0.7 nm).

mode. In both cases, the Cu3N layer was grown at a deposition temperature
of 150◦C. AFM topographical images are shown in Fig. 6.2 as follows: (a) for
a 17 nm thick Cu3N film and (b) for a 6 nm thick Cu3N film. As seen in the
figure, the thicker film (∼17 nm) is rough on a nm scale having a corresponding
rms roughness of 2.6 nm (Fig. 6.2 (a)). On the other hand, the thinner film
(∼6 nm) is rather smooth with a rms roughness of only 0.7 nm (Fig. 6.2 (b)).
It is interesting that despite the rather low deposition temperature, thin layers
of Cu3N can be grown as smooth layers with a uniform granular appearance.
The difference in smoothness between the thin (6 nm) and the thicker (17 nm)
Cu3N film could be explained assuming a Stranski−Krastanov (S−K) growth
mode, with a critical thickness for the transition from the 2D growth regime
(layer−by−layer) to the 3D growth regime (islands) between 6 and 17 nm.
Similar or higher values of the critical thickness for the transition from 2D to
3D growth were observed also in different systems (e. g. YBa2Cu3O7−δ [97]).
Additional X−ray photo−electron spectroscopy (XPS) measurements showed,
as expected, that the Cu3N films grow as complete layers (without holes).

As measured by XRD, the bilayers grown so far are epitaxial structures.
However, this method does not give any information on the interface between
the metal nitride layers. To probe this interface, we applied CEMS. In the
[Cu3N/γ′−Fe4N] bilayer structures, only the iron nitride layer grown with 57Fe
is Mössbauer active. As previously shown (see chapter 4), the [γ ′−Fe4N/MgO]
interface can be considered as very sharp and clean. The CEMS spectra mea-
sured for two types of bilayers are shown in Fig. 6.3 as follows: (a) [17 nm
Cu3N/15 nm γ′−Fe4N] structure with the Cu3N layer grown at 150◦C ([Bilayer-
1]) and (b) [16 nm Cu3N/40 nm γ′−Fe4N] structure with the Cu3N layer grown
at room temperature (RT) ([Bilayer-2]). The measured spectra were fitted with
Lorentzian−shaped lines. The main intensity in both spectra could be very
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Figure 6.3: Room temperature CEMS spectra: (a) [17 nm Cu3N/15 nm γ′−Fe4N]
structure with the Cu3N layer grown at 150◦C ([Bilayer-1]) and (b) [16 nm Cu3N/40
nm γ′−Fe4N] structure with the Cu3N layer grown at room temperature (RT)
([Bilayer-2]).

well fitted with three magnetic sextets (FeI, FeII−A and FeII−B). The FeI and
FeII components can be unmistakeably assigned to the γ ′−Fe4N phase (the
fitting parameters corresponding to the γ ′−Fe4N phase were discussed in chap-
ter 4. This result confirms the presence of the γ ′−Fe4N phase, in accordance
with the XRD measurements. Additionally, the spectrum of [Bilayer-1] had to
be fitted with two extra singlet lines (total relative abundance of ∼25% which
corresponds to ∼10 ML) with an isomer shift of 0.07 mm/s (the S1 component)
and 0.62 mm/s (the S2 component). Based solely on the Mössbauer parame-
ters, the two singlet lines, S1 and S2, can be interpreted as the γ ′′−FeN and
the γ′′′−FeN phases. Both phases contain 50% N [36, 37] and are believed
to be paramagnetic at room temperature. The N−rich phase at the inter-
face can be formed during the growth of the Cu3N layer due to the diffusion
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process of atomic N in the underlying γ ′−Fe4N layer. This interpretation
of the Mössbauer spectra implies that there is no visible component due to
the Fe−Cu intermixing. Such a component would be well recognizable [98].
Therefore we conclude that no intermixing of Fe and Cu takes place at the
iron nitride/copper nitride interface.

The spectrum of [Bilayer-2] corresponds to an almost pure γ ′−Fe4N phase.
It is rather difficult to fit the extra component in a unique way. Assuming a
quadrupole doublet for fitting the extra component, we can estimate a relative
abundance (areal fraction) of ∼3% (∼3 ML). As argued before, there are two
interfaces in the bilayer structures. For both of them, the local symmetry
is broken which corresponds to a different surrounding for the 57Fe nuclei as
compared with the bulk γ ′−Fe4N. Therefore, it is possible that part of the
extra component we observe appears due to the interfaces but it cannot be
excluded that a small fraction of a N−rich phase also contributes.

A more definite answer could be obtained if only a probe layer (few ML)
of γ′−Fe4N is grown with 57Fe at the Cu3N/γ′−Fe4N interface while the rest
of the γ′−Fe4N layer is grown with natural Fe. In this way, in the CEMS
measurements, only the interface would be probed.

The absence of intermixing is a very important issue in multilayers designed
to be integrated in devices such as spin valves or magnetic tunnel junctions.
Both the giant magnetoresistance (GMR) and the tunnel magnetoresistance
(TMR) are known to be specifically sensitive to the local properties of the
interface. Also because of this, the hypothesis proposed above was checked
in a simple way. Freshly grown γ ′−Fe4N films were cooled down in−situ to
150◦C, and subsequently exposed to a flux of atomic nitrogen. The working
parameters of the rf atomic source were chosen such that they were identical
with the ones used for the growth of Cu3N films on the γ ′−Fe4N templates.
The total exposure time was 1h. After the post−nitriding step, the films were
cooled down to RT and capped with a thick layer of natural Fe and measured
ex−situ with CEMS. A typical CEMS spectrum is shown in Fig. 6.4. It is
interesting to note the close resemblance between this spectrum and the one
shown in Fig. 6.3 (a). Indeed, the same set of CEMS parameters could be used
to fit the spectrum of the post−nitrided γ ′−Fe4N film. This result suggests
that the extra phase in the [Cu3N/γ′−Fe4N] bilayer structures is indeed formed
at the interface between the copper nitride and the iron nitride layer, and is
formed due to the diffusion of part of the atomic nitrogen, present in the system
for the growth of the Cu3N layer, into the underlaying γ ′−Fe4N layer.

6.3.2 [Cu3N/Fe] bilayers

It is well known [99, 100, 101] that Fe grows epitaxially on (001) MgO sub-
strates with an in−plane rotation of 45◦. This rotation takes place to minimize
the mismatch between the two cubic phases. If the same criteria would ap-
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Figure 6.4: Room temperature CEMS spectra for a 15 nm γ ′−Fe4N film exposed
to a flux of nitrogen at 150◦C for 1 h. After cooling to RT, the film was capped with
5 nm natural Fe.

ply for the growth of Cu3N films on Fe underlayers, it would be expected that
Cu3N grows also with an in-plane rotation of 45◦ with respect to Fe. Therefore,
the Cu3N would have no in−plane rotation with respect to the (001) MgO sub-
strate. Two types of [Cu3N/Fe] bilayer structures were grown. For [Bilayer-1]
type the Cu3N layer was grown at a deposition temperature of 100◦C whereas
for [Bilayer-2] type, the copper nitride was grown at room temperature (RT).
For both type of bilayers, the θ−2θ XRD scans showed only (00k) reflections
corresponding to the Fe and the Cu3N phase (not shown). The symmetry of
the structure was investigated with 2D−XRD. A pole scan ψ−φ corresponding
to a [Cu3N/Fe] bilayer with the Cu3N layer grown at RT is shown in Fig. 6.5.

Figure 6.5: X-Ray θ−2θ pole ψ−φ scan for a [16 nm Cu3N/11 nm Fe/MgO]. In the
pole scan the 2θ angle is fixed to the (111) reflection of Cu3N.
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In this pole scan the 2θ angle is fixed for the (111) reflection of Cu3N. The
scan reveals only four sharp spots at a φ angle of 45◦ in each quadrant from
which we can conclude that the Cu3N films grow epitaxially on the Fe/MgO
substrate, with no in−plane rotation with respect to the (001) MgO substrate.

The CEMS measurements corresponding to the two types of bilayers are
shown in Fig. 6.6. The spectra were fitted with Lorentzian−type lines. As
seen in Fig. 6.6 (a), the measured spectrum clearly deviates from the signal
of a pure Fe phase. A reasonable fit was obtained with a combination of
magnetic components and a doublet. Based on the combination of isomer
shifts and hyperfine parameters we identified one of the magnetic components,
with a relative abundance of 33.3% (∼10 ML) as corresponding to a pure Fe
phase, whereas the rest is believed to correspond to a mixture of iron nitride
phases with different nitrogen content. The iron nitride phases must be formed
upon the growth of the Cu3N layer, due to the diffusion of atomic nitrogen in
the underlaying Fe. On the other hand, the spectrum in Fig. 6.6 (b) clearly
shows only one magnetic component as expected for a pure Fe phase. From
these measurements it can be concluded that the diffusion of nitrogen in Fe is

Figure 6.6: Room temperature CEMS spectra: (a) for a [9 nm Cu3N/8.5 nm Fe]
bilayer with the Cu3N grown at 100◦C, and (b) for a [16 nm Cu3N/40 nm Fe] bilayer
with the Cu3N grown at room temperature.
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dependent on temperature and is completely absent at room temperature. This
makes possible to grow [Cu3N/Fe] bilayers with a sharp and clean interface.

6.4 Multilayers

For the growth of an all−nitride magnetic tunnel junction, γ ′−Fe4N films
have to be grown on Cu3N/γ′−Fe4N bilayers. The first approach to this sys-
tem was to use the same growth conditions for both the top and the bottom
γ′−Fe4N layer. Note that for the bottom γ ′−Fe4N layer, the optimal growth
temperature on (001) MgO substrates was found to be 400◦C. At this tempera-
ture, high quality single phase γ ′−Fe4N films were grown. Also, the films were
grown as very smooth layers, with the smoothness increasing with decreasing
film thickness. For γ ′−Fe4N films of about 33 nm, the typical rms roughness
was around 0.4 nm. Due to the low decomposition temperature of Cu3N, for
growing the top γ ′−Fe4N layer, the growth temperature had to be below 250◦.
As concluded earlier, Cu3N films with a thickness below 6 nm grow as smooth
and epitaxial layers on γ ′−Fe4N films. As measured by AFM, the rms rough-
ness was ∼0.7 nm (for films grown at 150◦). Based on these findings, it was
expected that the epitaxial growth of pure γ ′−Fe4N films on [Cu3N/γ′−Fe4N]
bilayers would be easily obtained.

In the trilayer structures, all the layers had to be grown in the same run.
Three types of trilayer structures were grown. For all of them, a bottom
γ′−Fe4N layer of about 17 nm thickness was grown at a deposition temperature
of 400◦C (T1), growth rate of 57Fe∼0.08 Å/s and a 50% N2+50% H2 gas
mixture in the rf atomic source (total pressure of 1×10−2 mbar). These growth
conditions correspond to the growth of a pure γ ′−Fe4N phase. After growth,
the film was cooled down to the deposition temperature corresponding to the
Cu3N layer (T2) and the mixture in the atomic source was changed to 90%
N2+10% H2 (total pressure of 5×10−2 mbar). The third layer was usually
grown at a higher deposition temperature (T3 >T2). The growth rate of 57Fe
was kept constant at ∼0.08 Å/s as for the bottom layer (same growth time)

Table 6.1: Growth conditions for the three types of trilayers: T2(
◦C)−deposition

temperature for Cu3N, T3(
◦C)−deposition temperature and N:H−the nitrogen to

hydrogen ratio in the atomic source for the growth of the third layer.

sample T2 T3 N:H CEMS
(◦C) (◦C) ratio components (%)

Trilayer-1 100 100 50:50 54.1% γ ′, 7.6% Fe, 38.3% extra
Trilayer-2 250 250 50:50 17% γ ′, 53% ε−Fe2.5N, 30% extra
Trilayer-3 100 200 80:20 76% γ ′, 15.7% Fe, 8.3% extra
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Figure 6.7: Room temperature CEMS spectra: (a) [Trilayer-1], (b) [Trilayer-2] and
(c) [Trilayer-3].

while the growth rate of Cu was ∼0.022 Å/s. This value can be translated in
a thickness of 8 nm Cu3N (for the applied growth time of 45 minutes). The
growth parameters for the three trilayer structures grown are summarized in
Table 6.1. After growth, the samples were measured ex−situ with CEMS. The
room temperature CEMS measurements are all shown in Fig. 6.7. The amount
of different phases in the films, as obtained from fitting the measured spectra,
are also given in Table 6.1. In these trilayer systems, all the iron nitride layers
were grown with 57Fe. Consequently, for the CEMS measurements both the
top and the bottom layers are Mössbauer active, and the measured spectra
are a combination of the signal corresponding to the bottom layer and the top



6.4 Multilayers 91

layer. Samples [Trilayer-1] and [Trilayer-2] had no cap layer and therefore, the
top iron nitride films were oxidized. It is known that the oxidation of an iron
nitride films results in the formation of a top oxynitride layer of about 5 nm
thickness. [Trilayer-3] was capped with 5 nm of natural Fe.

First we compare the results corresponding to [Trilayer-1] and [Trilayer-
2]. The sole difference in growth conditions between the two types of trilay-
ers is the deposition temperature for the Cu3N layer as well as for the top
γ′−Fe4N layer, which is 100◦C for [Trilayer-1] and 250◦C for [Trilayer-2]. As
clearly seen in the CEMS spectra, the top iron nitride phase doesn’t grow as
a pure γ′−Fe4N phase but as as a mixture of phases (γ ′−Fe4N, Fe and para-
magnetic ε) for a deposition temperature of 100◦C, or as a magnetic ε for a
deposition temperature of 250◦C. Additional X−ray diffraction measurements
on these structures (not shown), show that for the [Trilayer-2] structure, the
copper nitride layer is decomposed into Cu and Cu3N upon annealing at 250◦C
during the growth of the top iron nitride layer. This decomposition does not
take place for the [Trilayer-1] structure. Moreover, reflection peaks correspond-
ing to an ε phase were found implying that too much nitrogen is present for
the growth of the top iron nitride layer. To prevent the formation of an ε
phase, for the growth of the top γ ′ layer, the mixture of gases in the rf atomic
source (N:H) was changed to 20:80. With these new parameters, a [Trilayer-3]
structure was grown. The corresponding CEMS spectrum is shown in Fig. 6.7
(c). Comparing this spectrum with the ones for [Trilayer-1] and [Trilayer-2],
we can clearly conclude that the ε phase is indeed absent but a small amount
of pure Fe (15.7%) is present.

These results suggest that a further optimization of the growth parameters
could lead to the growth of a pure γ ′−Fe4N phase also as a top layer. Also,
it can be concluded that the growth of a pure γ ′−Fe4N phase on a Cu3N un-
derlayer proceeds in a more complicated way than on (001) MgO substrates,
despite the much better lattice match. As shown earlier, the growth of a pure
γ′−Fe4N phase on an MgO substrate is obtained at 400◦C as well as 200◦C,
while all the other growth parameters are kept identical. On the other hand,
on Cu3N underlayers, similar growth condition (growth rate of 57Fe, gas mix-
ture and pressure) and deposition temperatures of 100◦C, 250◦C or 200◦C, all
resulted in the growth of a mixture of phases. Apparently, the nucleation and
growth of a pure γ ′−Fe4N phase is more difficult on Cu3N underlayers than
on MgO substrates. The same conclusion was obtained from investigating the
growth of γ ′−Fe4N on [Cu3N/(001) MgO].

As an alternative type of trilayers, [Fe/Cu3N/γ′−Fe4N] structures were
grown. Both the Cu3N and the Fe layers were grown at a deposition temper-
ature of 100◦C. The CEMS measurement corresponding to a [10 nm Fe/8 nm
Cu3N/10 nm γ′−Fe4N] structure capped with 5 nm of natural Fe is shown
in Fig.6.8. The spectrum was fitted with 37.8% γ ′−Fe4N, 53.9% Fe and
an extra component of about 8 %. The extra component corresponds to a
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Figure 6.8: Room temperature CEMS spectra for a (9.5 nm Fe)/(8 nm Cu3N)/(10
nm γ′−Fe4N) trilayer structure.

γ′′−FeN+γ′′′−FeN phase, and its amount coincides with the amount of an
extra phase found at the interface in a [Cu3N/γ′−Fe4N] bilayer in which the
Cu3N layer was also grown at a deposition temperature of 100◦C. This sug-
gests that in the trilayer structures, the Fe/Cu3N interface is clean and no
intermixing takes place.

As discussed, Cu3N grows epitaxially on γ ′−Fe4N layers with no in−plane
rotation and with a 45◦ in−plane rotation on Fe layers. Thus, both types of
bilayers are epitaxial on MgO substrates. Furthermore, the in−plane orienta-
tion in the trilayer structures was also investigated. Here we show the results
obtained from 2D−XRD measurements on a [15 nm Fe/5.3 nm Cu3N/15 nm
γ′−Fe4N] trilayer. The γ ′−Fe4N layer was grown at 350◦C on the MgO sub-
strate, whereas both the Cu3N and the Fe were grown at RT. Figure 6.9 shows
two φ scans measured for the bottom γ ′−Fe4N layer (a) and the top Fe layer
(b) in a [Fe/Cu3N/γ′−Fe4N] trilayer. The scan in Fig. 6.9 (a) is taken at a
2θ angle for the (220) reflection of γ ′−Fe4N and the one in Fig. 6.9 (b) at
a 2θ angle for the (110) reflection of Fe. Both scans reveal only four sharp
peaks. These results clearly show the epitaxial nature of both layers and the
45◦ in-plane rotation present between the [110] directions of Fe and γ ′−Fe4N.

6.5 Conclusions

Nitride−based bilayers and trilayers were grown by N−assisted MBE on (001)
MgO substrates. As concluded from X−ray pole measurements, the [Cu3N/Fe]
and [Cu3N/γ′−Fe4N] bilayers are fully epitaxial. The interface was probed
by Mössbauer spectroscopy. No intermixing of Fe and Cu was found at the
interface. However, part of the metal underlayer (γ ′−Fe4N or Fe) is being
nitrided when the Cu3N layer is grown at elevated temperatures (above RT).
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Figure 6.9: XRD pole measurements showing the φ cross−sections taken at a ψ
angle of ∼45◦ and a 2θ angle corresponding to the (220) reflection of γ ′−Fe4N [scan
shown in (a)] and the (110) reflection of Fe [scan shown in (b)].

For [Cu3N/γ′−Fe4N] bilayers, this results in the formation of a non−magnetic
layer at the [Cu3N/γ′] interface. The non−magnetic phase can be identified
as the γ′′−FeN+γ′′′−FeN phase and is being formed due to the diffusion of
nitrogen from the Cu3N layer in the γ ′−Fe4N underlayer. It is surprising that
despite it’s epitaxial nature, the γ ′−Fe4N phase is not stable upon exposure
to a flux of nitrogen. When the deposition temperature is reduced to room
temperature, the diffusion of N is reduced. The smoothness of Cu3N layers
grown at 150◦C on γ′−Fe4N underlayers was found to increase with decreasing
the film thickness. For Cu3N films of ∼6 nm, the rms roughness was ∼0.7 nm.
It is expected that films of similar thickness grown at RT are even smoother.

In the case of [Cu3N/Fe] bilayers, the diffusion of nitrogen results in the
formation of an interface layer containing different iron nitride phases if the
copper nitride is grown at elevated temperatures (higher than RT). If the
growth temperature is reduced to room temperature, no diffusion takes place
and a clean and sharp interface is obtained.
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Contrary to the growth on (001) MgO substrates, the growth of a pure
γ′−Fe4N film (as top layer) on a [Cu3N/γ′−Fe4N] underlayer proved to be
rather difficult. However, by optimizing the growth parameters, the top layers
could be grown as mixtures of γ ′−Fe4N and Fe. A further optimization of these
growth parameters could lead to the growth of pure [γ ′−Fe4N/Cu3N/γ′−Fe4N]
trilayer structures. A good alternative system to the [γ ′/Cu3N/γ′] trilayers are
the [Fe/Cu3N/γ′−Fe4N] trilayers. In this case, the [Fe/Cu3N] interface is clean,
and the structure is also fully epitaxial.



7 Multilayers−magnetic and
transport properties

7.1 Introduction

The possibility of electron tunneling in multilayer structures was revealed back
in the 1930’s. Since then, much research in many areas was dedicated to this
phenomenon. A multilayer stack of two metals separated by a thin insulating
layer (barrier) is known as a tunnel junction (M/I/M). If the metals are also
ferromagnetic materials, then the structure is called a magnetic tunnel junc-
tion (MTJ). The electron spin dependent tunneling between two ferromagnets
in a MTJ, can result in a large tunnel magnetoresistance (TMR) at room tem-
perature. The first observation of this effect was made by Jullière [2] already
in 1975. However, since then, reliable room temperature TMR values were
reported only in 1995 [4]. Over the past decades, this field attracted, and still
does attract a lot of interest from a fundamental point of view and in view of
possible applications [1] in non−volatile Magnetic Random Access Memories
(MRAMs) and next−generation magnetic field sensors.

There is a continuous challenge in understanding and improving the prop-
erties of MTJs. The development of new types of MTJs is stimulated by the
prospect of obtaining huge TMR effects.

In this research, the work was focussed on the development of novel mag-
netic tunnel junctions having γ ′−Fe4N or Fe as magnetic electrodes and Cu3N as
a barrier. Despite the huge amount of research dedicated to magnetic tunnel
junctions, so far, the possibility of using γ ′−Fe4N or Fe in combination with
Cu3N for the fabrication of magnetic tunnel junctions was never investigated.
Cu3N is a semiconductor with a small bandgap of ∼1.65 eV [49]. This can be
an advantage to obtain MTJs with a low resistance. The growth, structural
and interfacial properties of [(γ ′−Fe4N, Fe)/Cu3N/ (γ′−Fe4N, Fe)] multilayer
structures were extensively discussed in the previous chapter. The magnetiza-
tion reversal process and the transport properties in (iron nitride, Fe)/copper
nitride multilayers and in 0.6×0.6 mm2 and 1.6×1.6 mm2 [Fe/Cu3N/(γ′−Fe4N,
Fe)] magnetic tunnel junctions will be discussed in this chapter.

95
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7.1.1 Background

Relevant for a tunnel junction is the electron tunneling from one electrode
to the other electrode as a function of the voltage applied on the junction.
Though classically forbidden, from a quantum mechanical point of view there
is a finite probability for an electron wave to cross a potential barrier. Con-
sider a metal/insulator/metal structure with an applied bias voltage V. Due
to the applied voltage, the Fermi level of one of the electrodes will shift by eV
with respect to the other one (Fig. 7.1). The tunneling current from the left

Figure 7.1: Potential diagram for a M(etal)/I(nsulator)/M(etal) structure with an
applied bias eV : dark grey areas represent filled stated, light grey areas represent
empty states and the open area represents the forbidden gap in the insulator.

electrode (l) to the right electrode (r) depends on the density of states at a
given energy in the left electrode, %l(E), the density of states at the same en-
ergy in the right electrode, %r(E+eV ), the probability of transmission through
the barrier expressed as the square of a matrix element |M |2, as well as the
probabilities that the states in the left electrode are occupied and the states
in the right electrode are empty. These probabilities can be expressed by the
Fermi−Dirac function as f(E) and [1 − f(E + eV )]. The tunneling current
from the left electrode to the right electrode is then given by:

Il→r(V ) =

∫
+∞

−∞

%l(E)%r(E + eV )|M |2f(E)[1 − f(E + eV )]dE (7.1)

and the total current can be expressed as Il→r−Ir→l. For a trapezoidal barrier
of average height ϕ, Simmons [102] expressed the tunnel current density as a
function of the barrier thickness, d, the average barrier height, ϕ and the bias
voltage V . The calculated current density is shown in equation 7.2:

J(V ) =
J0

d2
(ϕ− eV

2
) exp[−Ad

√
ϕ− eV

2
] − J0

d2
(ϕ+

eV

2
) exp[−Ad

√
ϕ+

eV

2
]

(7.2)
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With A=10.25 eV−0.5 nm−1 and J0=6.2×108 eV−1 nm2 as constants, J is
expressed in A/cm2. It is straightforward to see that at very low voltages,
the current density is linear in voltage, while at moderate voltages it can be
approximated as: J∼αV + βV 3. For larger voltages, the dependence becomes
rapidly non-linear. Therefore, a non−linear (I−V) characteristic is a sign of
a tunneling phenomena in a metal/insulator/metal structure. The current
density obtained by Simmons can be applied only for symmetric structures
(the left electrode and the right electrode are identical). For asymmetrical
structures, the current density was calculated by Brinkman [103].

Due to the approximations involved, none of the above models show any
dependence on the type of barrier (intrinsic properties) or electronic density
of states of the electrodes. Later on, it was proved that the electronic density
of states do play a significant role [104, 105, 106]. Moreover, it was shown
that tunneling is specifically sensitive to the local density of states at the
electrode−barrier interface. In a magnetic tunnel junction, due to the fer-
romagnetic nature of the electrodes, the tunneling is spin dependent giving
rise to a magnetoresistance effect: the junction resistance depends on the rel-
ative orientation of the magnetization in the top and the bottom layer. The
magnetoresistance of a tunnel junction can be measured only if the magne-
tization directions of the top and the bottom layer can be switched from a
parallel orientation to an antiparallel orientation. An antiparallel alignment
can be obtain by using materials with a different coercive field (a soft−hard
system) or by exchange−coupling one of the layers to an antiferromagnet
(exchange−biasing). The tunnel magnetoresistance (TMR) is expressed as
the difference in resistance between the antiparallel (R↑↓) and parallel (R↑↑)
magnetizations, normalized by the parallel resistance:

TMR =
R↑↓ −R↑↑

R↑↑

(7.3)

According to Jullière’s model [2], TMR depends only on the spin polariza-
tions in the left (Pl) and the right (Pr) ferromagnetic electrode as:

TMR =
2PlPr

1 − PlPr

(7.4)

Despite a reasonable agreement between the TMR values measured exper-
imentally and the values predicted by Jullière’s model, the model can only
give an estimation of the TMR when the spin polarizations are known. A
comparison for different junctions is given in Table 7.1. Experimentally it was
found that both the sign and the magnitude of the spin polarization are not
only dependent on the ferromagnetic electrode but also on the type of barrier
and the atomic and electronic configuration of the interfaces [107, 108]. MTJ
were fabricated with a wide variety of ferromagnetic conductors including Fe,
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Table 7.1: Comparison between experimental TMR values (measured at low tem-
peratures) and the values predicted from Julliere’s model. The spin polarization (P)
values as measured by SPT (spin polarized tunneling) measurements using struc-
tures with identical barriers are also given. LSMO stands for La 2

3
Sr 1

3
MnO3.

MTJ TMR (%) TMR (%) P (%)
[measured] [estimated]

Ni/Al2O3/Ni 23 25 31-33
Co/Al2O3/Co 37 42 42
Co75Fe25/Al2O3/Co75Fe25 69 67-74 50-52
LSMO/SrTiO3/LSMO 400 310 78

CoFe, Ni, Ni60Fe40, La0.66Sr0.33MnO3, Co or even with ferromagnetic semicon-
ductors such as GaMnAs. The choice of insulating materials for fabricating
the barrier was very much focussed in the beginning on Al2O3, but over the
last years many other oxides (e.g. MgO, Ga2O3, SrTiO3, NiO, HfO2, Ta2O5)
or non−oxides (e.g. AlN, AlAs, BN, ZnS) were also considered. An overview
of different types of MTJs and the measured TMR is given in Table. 7.2.
However, understanding the fundamental aspects of how such a magnetic tun-

Table 7.2: Experimental TMR values for different types of MTJs. The measuring
temperature is given in the brackets. ′′Type′′ labels the type of crystalline structure
in the M(etal)/I(nsulator)/M(etal) junction as follows: E/E/E−all epitaxial and
A/A/A−all amorphous. LSMO stands for La 2

3
Sr 1

3
MnO3.

MTJ TMR (%) Type Ref.
Ni60Fe40/Al2O3/Co 47 (RT) A/A/A [5]
CoFe/Al2O3/Co 24 (4.2 K) A/A/A [4]
Co75Fe25/Al2O3/Co75Fe25 69.1 (4.2 K) A/A/A [6]
LSMO/SrTiO3/LSMO 1850 (4 K) E/E/E [11]
Fe/MgO/FeCo 60 (30 K) E/E/E [109]
Fe/MgO/Fe 100 (80 K) E/E/E [110]
GaMnAs/AlAs/GaMnAs 75 (8 K) E/E/E [111]
MnAs/AlAs/MnAs 1.4 (10 K) E/E/E [112]
CoFe/ZnS/CoFe 5 (RT) A/A/A [113]

nel junction functions is still limited by the complicated interplay of interfaces
and structure in non−epitaxial structures. For fully epitaxial junctions, such as
Fe/ZnS/Fe [108, 8] or Fe/MgO/Fe [9, 10], detailed theoretical approaches were
possible, and the results in terms of magnetoresistance were predicted to be
very high (in the 1000 % range). To date, the measured TMR values for these
epitaxial systems are still modest as compared with the theoretical predictions.
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Up to now, the performances of fully epitaxial [γ ′−Fe4N/Cu3N/γ′−Fe4N] and
[Fe/ Cu3N/Fe] magnetic tunnel junctions were not investigated, although they
might have potential for applications.

7.2 Experimental details

[Fe/(γ′+Fe)/Cu3N/γ′−Fe4N], [Fe/Cu3N/γ′−Fe4N] and [Fe/Cu3N/Fe] multi-
layers were grown on 10×10 mm2 MgO substrates. The growth procedure
and the structural properties are described in detail in the previous chapter.
The magnetic switching behavior in these metal/insulator/metal multilayers
was investigated first with VSM. Furthermore, magnetic tunnel junctions were
fabricated using a shadow mask integrated in the UHV system. The mask is
a flat 0.2 mm thick stainless steel plate mounted on a holder attached to the
goniometer head. The distance between the mask and the substrate is 0.5 mm.
Two separate frames were laser cut in the stainless steel plate: Frame I as a
square opening of 8×8 mm2 in size, and Frame II having eight 0.6×0.6 mm2

and six 1.6×1.6 mm2 square openings. First, the bottom magnetic layer (Fe
or γ′−Fe4N) was grown directly on the 10×10 mm2 MgO substrate, followed
by the growth of a thin Cu3N barrier with the shadow mask in the position
corresponding to Frame I. Last, the top magnetic layer (Fe for all junctions)
was grown with the mask in the position corresponding to Frame II.

Eight 0.6×0.6 mm2 (′′small′′ juctions) and six 1.6×1.6 mm2 (′′big′′) junc-
tions were grown in one deposition step. A schematic drawing of a structure
grown with the shadow mask is shown in Fig. 7.2. Two types of junctions were
grown in this way: type I−having as bottom layer γ ′−Fe4N(grown at 350◦C)

Figure 7.2: Layout of a structure grown by MBE using a shadow mask system.
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and as top layer Fe (grown at RT), and type II−with both the top and the
bottom layer made of Fe (grown at RT). In all the junctions, the thickness of
the magnetic layers was 15 nm and the thickness of the semiconducting bar-
rier was estimated to be ∼5.3 nm. The growth parameters and the properties
of the γ′−Fe4N and Cu3N layers as well as [Cu3N/γ′−Fe4N] and [Cu3N/Fe]
bilayers were extensively discussed in the previous chapters. The Cu3N layer
was grown also at room temperature.

The room temperature transport properties were obtained by measuring
the (I−V) characteristics in a two−point geometry. The magnetic switching
behavior for the ′′small′′ and the ′′big′′ junctions of [15 nm Fe/5.3 nm Cu3N/15
nm γ′−Fe4N] (junction type−I) and [15 nm Fe/5.3 nm Cu3N/15 nm Fe] (junc-
tion type−II) was investigated with MOKE.

7.3 Results and discussion

7.3.1 Magnetic properties

The switching behavior in a (soft−hard) multilayer stack is schematically
shown in Fig. 7.3. The solid line corresponds to the case where the ferromag-
netic layers are switching independently, whereas the dashed line corresponds
to the situation when a small ferromagnetic coupling is present. For an antifer-
romagnetic coupling, the hard layer will switch at a higher coercive field than
without coupling. All the multilayers grown so far were designed as a soft−hard
system. In all the magnetic measurements, the magnetic field was applied in
the [001] crystalline direction of the MgO substrate. Previous magnetic mea-
surements on epitaxial γ ′−Fe4N films grown on (001) MgO substrates show a
well−defined biaxial magneto−crystalline anisotropy. The easy axis of mag-
netization is along the [001] crystallographic direction, while the coercive field
values measured in the easy axis direction increase with increasing film thick-

Figure 7.3: Schematic drawing of a stepped hysteresis loop. The coercive fields for
the soft and the hard layers are H1 and H2, respectively. The solid line shows the
hysteresis loop for no coupling. The dashed line shows the hysteresis loop if a small
ferromagnetic coupling is present.
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ness. For a 15 nm thick γ ′−Fe4N film, the value of the coercive field was found
to be around 40 Oe (see chapter 4). Figure 7.4 (b) and (c) show the measured
hysteresis loops for 10×10 mm2 multilayers of [Fe/(γ ′+Fe)/Cu3N/γ′−Fe4N]
and [Fe/Cu3N/γ′−Fe4N]. The loop in Fig. 7.4 (a) corresponds to a [Cu3N/17
nm γ′−Fe4N] bilayer. For all the other multilayers, the thickness of the bottom

Figure 7.4: Room temperature VSM hysteresis loops measured for different types
of structures as indicated on the right side of the figure.

γ′−Fe4N layer is of about the same thickness as in the bilayer structure. Con-
sequently, the loop displayed in (a) can be taken as a kind of reference switch-
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ing behavior for a single layer of γ ′−Fe4N. Both loops in Fig. 7.4 (b)(similar
multilayer structure, but different thicknesses of the barrier layer) display a
more complicated switching behavior than the one corresponding to the single
layer. From the shape of the loops as well as the switching field correspond-
ing to the hard layer (the bottom γ ′−Fe4N layer), we can conclude that the
top and the bottom magnetic layers are antiferromagnetically coupled across
the non−magnetic Cu3N layer. For the [Fe/Cu3N/γ′−Fe4N] multilayer, as
shown in Fig. 7.4 (c), again an antiferromagnetic coupling is observed, but the
strength of the coupling is much smaller than for the other multilayers.

For the MOKE measurements on the junctions, the size of the laser spot
was reduced by a ′′pinhole′′, to be around 0.1 mm in diameter (a factor of six
smaller than the size of the smallest junctions). The laser spot was focussed on
all the individual junctions. Consequently, these measurements made possible
to probe locally the magnetic properties in our magnetic tunnel junctions. For
both types of junctions, three set of measurements were performed: (a) with

Figure 7.5: MOKE measurements for a [15 nm Fe/5.3 nm Cu3N/15 nm γ′−Fe4N]
tunnel junction: (a) measurement on the 0.6×0.6 mm2 junctions and (b) on the area
between the complete junctions (the [Cu3N/γ′−Fe4N] region).
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the laser spot on the 0.6×0.6 mm2 junctions, (b) on the area between the
complete junctions, which corresponds to the [Cu3N/(γ′−Fe4N or Fe)] regions,
and (c) on the 1.6 ×1.6 mm2 junctions. Typical results corresponding to the
first two situations described above as measured for the [15 nm Fe/5.3 nm
Cu3N/15 nm γ′−Fe4N] junctions are given in Fig. 7.5. As shown in Fig. 7.5
(b), the hysteresis loop measured on the bottom γ ′−Fe4N electrode is square,
with a coercive field of about 42 Oe. This value agrees well with values pre-
viously measured on similar films (see chapter 4). For the ′′small′′ junctions,
a well defined stepped hysteresis loop was measured (Fig. 7.5 (a)). A detailed
inspection of the stepped hysteresis loop reveals that the hard layer (bottom
γ′−Fe4N) in the junctions is switching at a slightly higher coercive field than
the one corresponding to a single layer of γ ′−Fe4N. This result suggests the
presence of an antiferromagnetic coupling between the ferromagnetic layers.
This is in accordance with the assumption that the coupling is via the stray
fields at the sides of the sample. For the ′′big′′ junctions (not shown), a ferro-
magnetic coupling was found. This could be due to the presence of pinholes.
The magnetic switching behavior was also investigated for the [Fe/Cu3N/Fe]
junctions. For all the junctions, only square hysteresis loops were measured,
as expected since the thickness of the bottom and the top layer is the same.

7.3.2 Transport properties

The (I−V) characteristics measured for two 1.6×1.6 mm2 [Fe/Cu3N/γ′] junc-
tions are shown in Fig. 7.6. These two junctions have the bottom layer (bottom
electrode) and the barrier as a common layer; the top layer (top electrode) was
evaporated through different holes in the same mask (see Fig. 7.2). Each bar-
rier shows a clear non−linear conduction behavior, which could be taken as
a sign of tunneling. Despite of having asymmetric junctions (different top
[Fe] and bottom electrode [γ ′−Fe4N]), the measured (I−V) characteristics are
only slightly asymmetric. As shown in Fig. 7.6, the shape of the (I−V) curve
changes from one junction to the other one. This indicates a thickness and
barrier height variation for the two barriers. From a Simmons’s fit to the
current−voltage dependence (corresponding to the ′′big junction′′ II), we found
that the effective thickness and height of the Cu3N barrier were 4 nm and 1.73
eV respectively. The optical band gap for Cu3N thin films was measured by
ellipsometry to be around 1.65 eV.

The resistance of this junction was ∼21 MΩ (measured at 0.1 V). Taking
into account the area of the junction, we can estimate a resistance×area prod-
uct (RA) of 54×103 GΩµm2. This value is still a factor of 1000 higher than
the RA values in the GΩµm2 range, which were reported earlier for different
type of magnetic tunnel junctions of much smaller dimensions and with thinner
barriers. Due to the exponential dependence of the resistance on the thick-
ness of the barrier, lower RA values could be obtained with thinner barriers.
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Figure 7.6: (I−V) characteristics for two 1.6×1.6 mm2 [15 nm Fe/5 nm Cu3N/15
nm γ′−Fe4N] tunnel junctions.

The lowest RA values reported so far are around 60 Ωµm2 [5]. These values
are low enough for MRAM and sensor applications but they are still too high
for magnetic-recording read heads applications. Transport measurements were
performed also on the 1.6×1.6 mm2 [15 nm Fe/5.3 nm Cu3N/15 nm Fe] junc-
tions. Resistances varying in the KΩ→MΩ range were first measured. How-
ever, electrical shortcut of the junctions occurred at very low voltages, which
resulted in an ohmic (I−V) dependence. It is known that MBE grown Fe films
on MgO substrates are rough. Very likely, the thickness of the Cu3N barrier
was too small to compensate for this roughness.

As shown in the previous section (7.3.1), in the ′′small ′′ [Fe/Cu3N/γ′] junc-
tions, the top and the bottom ferromagnetic layers are switching at a different
coercive field. Consequently, both parallel and antiparallel alignment of the
orientation of the magnetization in the ferromagnetic layers is obtained. Sepa-
rate magnetic switching is needed to observe a magnetoresistance effect. Before
performing the magnetoresistance measurements on the ′′small ′′ junctions, a
test two−point resistance measurement was done. Two of the measured junc-
tions showed a resistance of 2.5 KΩ. This corresponds to a RA product of
0.9 GΩµm2. Though electrically intact, our junctions showed no measurable
magnetoresistance. The lack of magnetoresistance could be due to a too thick
barrier. Moreover, as shown in chapter 6, at the Cu3N/γ′−Fe4N interface, it
is very likely that a non−magnetic interlayer is present. This could also have
a negative effect on the magnetoresistance.
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7.4 Conclusions

The magnetic switching behavior in 10×10 mm2 [γ′−Fe4N/Cu3N/γ′−Fe4N]
and [Fe/Cu3N/γ′−Fe4N] structures was investigated. In all cases, the ferro-
magnetic layers are found to be antiferromagnetically coupled across the thin
Cu3N layer. ′′Small′′ ([0.6×0.6] mm2) and ′′big′′ ([1.6×1.6] mm2) [Fe/Cu3N/γ′]
and [Fe/Cu3N/Fe] magnetic tunnel junctions were fabricated. For the asym-
metric structures, MOKE measurements revealed the presence of an antiferro-
magnetic coupling only for the ′′small′′ junctions. This is in accordance with
the assumption that the coupling is via the stray fields at the sides of the sam-
ple. Transport measurements on 1.6×1.6 mm2 [15 nm Fe/5.3 nm Cu3N/15 nm
γ′−Fe4N] 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 bar-
rier were estimated to be 4 nm and 1.73 eV, respectively. Despite this, at room
temperature, none of the junctions showed a measurable magnetoresistance ef-
fect. Possibly, this is due to a too thick barrier or dirty interfaces. The system
needs to be optimized further.
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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

107
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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
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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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Samenvatting

Epitaxiale, nitride−gebaseerde systemen

In de moderne maatschappij heerst een sterke behoeft aan zowel het verzame-
len als het opslaan van informatie in digitale vorm. Zulke digitale ′′data′′ wordt
in het algemeen opgeslagen in de vorm van ′′bits′′, kleine gebiedjes (in de orde
van een µm) die elk een ′′0′′ of een ′′1′′ uitbeelden. Het uitlezen of wegschri-
jven van deze bits kan langs zowel optische als magnetische weg gebeuren.
Bij magnetische opslag kan het uitlezen gedaan worden met behulp van een
leeskop die het ′′stray′′−magnetische veld van een enkele bit kan detecteren en
omzetten naar een electrisch signaal. Een manier om dit te bewerkstelligen is
door gebruik te maken van magneto−weerstands − technieken, zoals bijvoor-
beeld een magnetische tunnel junctie (MTJ). Een dergelijke junctie bestaat uit
verschillende dunne lagen van magnetische en isolerende materialen.

Om een optimale werking van een dergelijke toepassing te realiseren, is
een fundamenteel begrip van de werking en de materiaaleigenschappen van
de geintegreerde componenten nodig. Dunne lagen van materialen kunnen
echter zeer afwijkende −en fascinerende− eigenschappen hebben vergeleken
met het overeenkomstige materiaal in bulk vorm. Daarom is zowel de controle
over de fabricage, als het begrijpen van de materiaaleigenschappen van dunne
(multi−)lagen belangrijk in het onderzoek aan MTJs.

In dit proefschrift wordt in deze context de mogelijkheid onderzocht om
dunne lagen en multilagen van metaalnitriden te fabriceren, met als uitein-
delijk doel het realiseren van een magnetische tunneljunctie. Wanneer stikstof
(N) een verbinding aangaat met een metaal dan heeft het gevormde metaalni-
tride eigenschappen die verschillen van die van het pure metaal; het nitride kan
geleidend dan wel isolerend zijn, of ferromagnetisch dan wel paramagnetisch.
In dit onderzoek hebben wij ons beperkt tot twee klassen van nitriden, te weten
de ijzer− en de kopernitrides. Er zijn vele ijzernitrides bekend: α′−Fe8N,
α′′−Fe16N2, γ

′−Fe4N (roaldiet), ε−FexN (3≤x<2), ζ−Fe2N, γ′′−FeN, γ′′′−FeN.
Al deze ijzernitriden zijn metallische geleiders en metastabiel. Wat de struc-
tuur en de eigenschappen van het gevormde ijzernitride precies zijn hangt in
het algemeen af van hoeveel stikstof het materiaal bevat; daarbij zijn zowel
magnetische − als niet−magnetische fasen mogelijk. Daartegenover staat dat
er met conventionele groeimethoden slechts twee fasen van kopernitride gesyn-
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thetiseerd kunnen worden, te weten de Cu3N (azide) en de Cu4N fase. De eerste
is een halfgeleider met een smalle bandgap, van de tweede wordt aangenomen
dat het een geleider is. Bij aanvang van dit onderzoek was het nog niet duidelijk
of, uitgaande van koper− en ijzer nitrides, dunne, zuivere kristallijne lagen van
hoge kwaliteit gefabriceerd kunnen worden. Nog minder was bekend of zulke
complexe lagen geintegreerd kunnen worden tot een multilaag, die dan zowel
volledig epitaxiaal is als volledig uit nitrides bestaat.

In het onderzoek beschreven in dit proefschrift wordt daarom getracht om
twee hoofdvragen te beantwoorden:

• Is het mogelijk om kwalitatief hoogwaardige epitaxiale ijzer- en koper-
nitrides als dunne lagen te synthetiseren ?

• Kunnen, op basis van zulke lagen, meerlaags−systemen of ′′multilagen′′

worden geproduceerd die geschikt zijn om er een magnetische tunnel−
junctie (MTJ) mee te maken?

Een MTJ bestaat uit een sandwich van twee geleidende, feromagnetische
lagen−de magnetische electrodes−en een dunne isolerende laag (minder dan
3 nm) daartussen. In zo’n sandwich kan stroom van de ene naar de andere
electrode vloeien, door de isolerende barrière.

Omdat de twee electrodes ferromagnetisch zijn, hangt de sterkte van deze
tunnelstroom af van hoe de magnetisatie in onder− en bovenlaag is gericht (pa-
rallel of anti−parallel; d.w.z., de stroom is hoog als de magnetisaties parallel,
en laag als ze antiparallel liggen). Als de tunnelstroom van de spin afhangt, is
er sprake van een tunnelmagnetisch weerstandseffect.

Tot nu toe zijn de meeste magnetische tunneljuncties gefabriceerd met
magnetische metaallagen en amorfe isolerende oxides. Ondanks de significante
magneto−weerstandsrespons die zulke systemen blijken te hebben, wordt het
begrip voor de fundamentele aspecten van deze niet−epitaxiale systemen be-
moeilijkt door de complexe samenhang van grensvlakken en laagstructuur.
Daartegenover staat dat het voor volledig epitaxiale multilagen wel mogelijk
is om een theoretische beschrijving te geven. In modelberekeningen worden
magnetoweerstands waarden voorspeld tot 2000% (bij lage temperaturen). Dit
soort voorspellingen zetten ons aan om de mogelijkheid te onderzoeken dunne
γ′−Fe4N en Cu3N lagen te integreren in magnetische tunneljuncties. Omdat
de roosters van γ ′−Fe4N en Cu3N bijna volmaakt op elkaar passen, lag het
in de lijn der verwachting dat het inderdaad mogelijk was om een multilaag
te maken die zowel volledig epitaxiaal zou zijn als volledig gebaseerd op deze
nitriden. Het gebruik van uitsluitend nitriden heeft als voordeel dat er scherpe
grensvlakken zullen zijn tussen de fasen, waarbij de menging van Cu en Fe
voorkomen wordt door de Fe−N en Cu−N bindingen. Een scherp grensvlak
is een belangrijke voorwaarde om MTJs te verkrijgen met een hoge magne-
toweerstand respons.
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Bij het toepassen van niet−triviale materialen als nitrides in multilagen zijn
er enkele algemene aspecten waar rekening mee dient te worden gehouden.
Deze zijn: de groei van zuivere fasen, de stabiliteit van elke laag tijdens de
multilaag depositie, scherpe grensvlakken tussen− en passende kristalroosters
van aangrenzende componenten. Verder is het van belang dat elke individuele
(sub)laag vlak genoeg is om verdere epitaxiale groei mogelijk te maken, en dat
elke laag zowel zeer dun is als vrij van gaten.

Magnetische en niet−geleidende dunne lagen

In dit onderzoek zijn dunne nitride−lagen en multi−lagen geproduceerd door
depositie (′′gegroeid′′), in een ultra−hoog−vacuum (UHV) systeem met ge-
bruik van moleculaire bundel−epitaxie (MBE). Epitaxie wil zeggen dat de
dunne laag op een kristal gedeponeerd wordt (het substraat) en dat de kristal-
structuur van deze laag dezelfde orientatie als die van het substraat aanneemt.
Het atomaire stikstof werd verkregen met behulp van een zelfgebouwde ra-
diofrequent (rf) atomaire bron. In deze bron wordt een radiofrequent− mag-
netisch veld gebruikt om een plasma te creëren waarin vervolgens molecuul-
bindingen van een stikstofhoudend gas effectief verbroken kunnen worden. De
door deze rf bron geproduceerde atomen worden vervolgens naar het opper-
vlak geleid via een uitschuifbare Teflon buis. De bron kan gevoed worden met
zuivere stikstof, waterstof−stikstof mengsels en zelfs amonniak NH3.

Naast deze MBE methode waarbij atomair N wordt gebruikt, is er ook
gebruik gemaakt van het post−nitreren van kort daarvoor gegroeide epitaxiale
lagen van ijzer of ijzernitride, door toevoeging van stikstof atomen uit de rf
atomaire bron. Verscheidene aspecten van de groei en structurele, magnetische
en optische eigenschappen van de nitriden zijn onderzocht aan enkele, bi− en
multi−lagen, met gebruik van diverse in−situ en ex−situ technieken.

Voorbeelden zijn Röntgendiffractie (XRD), Laag−energetische electronen-
diffractie (LEED), Rutherford terugverstrooiing/′′channeling′′ (RBS), Conver-
sie elektron Mössbauer spectroscopie (CEMS), magnetometrie met de vibre-
rend sample methode (VSM), atomaire kracht−microscopie (AFM), ellipso-
metrie, metingen aan elektronen transport, Kerr Magnetometrie (MOKE) en
Kerr domein observatie (hoofdstuk 2). De meeste bestaande ijzer−en koper-
nitride fasen konden geproduceerd worden met MBE in aanwezigheid van
atomair N en/of post−nitreren (hoofdstuk 3, 4 en 5). Het was bovendien
mogelijk om nieuwe of weinig onderzochte fasen te maken van ijzernitriden of
oxynitriden.

Sleutelfactoren in het groeien van de diverse fasen bleken de depositie-
temperatuur en de stikstof− en waterstofdruk in de rf atomaire bron te zijn.
Niet alle fasen waren even makkelijk te produceren. Kleine fracties van de
α′′−Fe16N2 fase konden alleen worden verkregen door het post−nitreren van
kort daarvoor gegroeide epitaxiale Fe lagen bij een temperatuur van 200◦C.
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Deze α′′−Fe16N2 fase was gemengd met Fe en γ ′−Fe4N of alleen Fe. Een
mogelijkheid voor het groeien van pure α′′−Fe16N2 lagen zou het afwisselend
groeien en post−nitreren van dunne Fe lagen kunnen zijn op een geschikte
temperatuur. In tegenstelling tot de α′′−Fe16N2 fase, konden zuivere en epi-
taxiale lagen van de γ ′−Fe4N fase gegroeid worden d.m.v. MBE. Deze wer-
den gegroeid op mono−kristallijne (001) MgO substraten in een temperatuur-
bereik van 150◦C tot 400◦C, waarbij de rf atomaire bron gevoed werd met een
stikstof−waterstof mengsel. Rond 400◦C waren de lagen optimaal voor wat
betreft gladheid, kristalliniteit en zuiverheid. De aanwezigheid van waterstof
bleek cruciaal te zijn voor de vorming van een zuivere fase; wat echter precies
de rol van dit waterstof is, is nog onduidelijk. De vorming van stikstofrijke
ijzernitride fasen (ε−FexN [2<x<3], γ ′′−FeN, γ′′′−FeN) werd onderzocht door
middel van voornoemde depositie technieken bij relatief hoge stikstofdrukken.
Bij beide technieken (MBE in aanwezigheid van atomair N en post−nitreren)
leidt een lage depositie−temperatuur (50◦C & 150◦C) tot zowel de vorming
van een polykristallijne γ ′′−FeN fase als een secundaire fase. Deze tweede fase
zou de γ′′′−FeN fase kunnen zijn, of een γ ′′−FeN fase met stikstof−vacatures.
Bij een temperatuur van 300◦C wordt alleen de ε−Fe2.108N fase gevormd.

Zoals eerder werd aangegeven, zijn de ijzer−en kopernitriden veelbelovende
kandidaten voor het produceren van een epitaxiale magnetische tunneljunc-
tie, die volledig is opgebouwd uit metaalnitrides. Het is daarom cruciaal
om zowel de groei van deze fasen onder controle te hebben, als hun eigen-
schappen. In hoofdstuk 4 worden de eigenschappen van γ ′−Fe4N films op
(001) georienteerde MgO−substraten in meer detail bediscussieerd. Bij hoge
depositietemperaturen (400◦C) konden gladde en epitaxiale γ ′ lagen gegroeid
worden d.m.v. stikstof−ondersteunde MBE. Deze lagen vertonen een kubi-
sche symmetrie, waarbij de gemakkelijke richting van de magnetisatie langs
een [100] kristalsrichting in het vlak van de laag ligt. De lagen hebben enkel
domeins remanentie, waarbij de veldomkering gedomineerd word door 180◦

of 90◦ domeingrens−voortplanting, afhankelijk van de richting van het aan-
gelegde veld. Onderzoek aan de magnetische domeinen ondersteunde dit beeld,
met grote domeinen (in het mm bereik) tijdens de veldomkering. Voor de
anisotropie−constante werd een waarde van ∼2.9±0.2×104 J/m3 gemeten.
Uit dit alles blijkt dat de γ ′ fase inderdaad veelbelovend is voor gebruik in
toepassingen. Bij oxidatie van dunne epitaxiale γ ′−Fe4N lagen (in lucht bij
RT en 80◦C, in zuurstof bij 200◦C) werden oxynitriden gevormd. Het stikstof-
gehalte van deze oxynitrides hangt af van de oxidatietemperatuur. Bij een hoog
stikstofgehalte (waarschijnlijk boven 10 at.%) blijken de fasen paramagnetisch
te zijn, terwijl er bij lagere stikstofgehalten sprake is van een magnetische fase.

Analoog aan de γ ′−Fe4N films is de groei van Cu3N lagen op (001) MgO
substraten onderzocht; dit is beschreven in hoofdstuk 5. Ondanks een 10
% afwijking in de respectievelijke roosterconstanten konden dunne lagen van
Cu3N zelfs bij kamertemperatuur epitaxiaal gegroeid worden met behulp van
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MBE in aanwezigheid van stikstof. Als dunne laag vertoont de zuivere fase
de karaktistieke eigenschappen van een halfgeleider met een ′′bandgap′′ van
1.65 eV. Bij lichte verontreinigingen met metallische Cu−deeltjes in de laag
blijft het halfgeleidende karakter in het algemeen behouden, maar neemt de
grootte van de bandgap af. De Cu3N fase lijkt potentieel te hebben als tunnel
barriere, maar meer onderzoek is nodig. Een alternatief gebruik ligt in opti-
sche toepassingen, waarbij het metastabiele karakter en de lage temperatuur
(250◦C) waarbij decompositie optreedt van nut zouden kunnen zijn.

Nitride multi−lagen

De resultaten met betrekking tot de enkelvoudige lagen van Cu3N en γ′−Fe4N
waren veelbelovend; zowel de groei als de eigenschappen van deze lagen kon-
den goed onder controle gehouden worden. Het bleek echter veel bewerke-
lijker te zijn om deze materialen te gebruiken voor multi−lagen van zui-
vere fasen. Desondanks konden dankzij de goede onderlinge overeenkomst
in roosterafstanden, toch epitaxiale [Cu3N/γ′−Fe4N] multilagen gefabriceerd
worden. Zoals verwacht trad er geen menging op van Cu−Fe atomen aan
het grensvlak. Echter, er rees wel een ander probleem: diffusie van stikstof
naar de γ′−Fe4N laag leidde tot een niet−magnetische laag aan het grensvlak.
De dikte van deze niet−magnetische laag nam af bij gebruik van een lagere
depositietemperatuur maar was zelfs bij groei op kamertemperatuur nog aan-
wezig. Bij toepassing van deze componenten in een MTJ kan een dergelijke
niet−magnetische laag nadelig zijn voor de magnetoweerstand.

Daarnaast bleek dat de groei van γ ′−Fe4N lagen op epitaxiale [Cu3N/γ′]
onderlagen anders verloopt dan wanneer een dergelijke laag direct op MgO
gegroeid zou worden, dit ondanks de perfecte overeenkomst in roosterafstanden
in het eerste geval. Optimalisatie van de parameters van het groeiproces leidde
op zijn best tot een bovenlaag die bestond uit een mengsel van γ ′−Fe4N en
Fe. Of verdere optimalisatie kan leiden tot een zuiver [γ ′/Cu3N/γ′] systeem
zal verder onderzocht moeten worden.

De onverwachte problematiek bij de fabricage van het [γ ′/Cu3N/γ′] systeem
leidde ons uiteindelijk tot het zoeken naar een alternatief, namelijk de vervan-
ging van γ′−Fe4N door zuiver Fe. Het bleek dat zelfs bij kamertemperatuur de
grensvlakken van [Fe/Cu3N] en [Cu3N/Fe] systemen schoon en scherp waren
(dwz, zonder menging) en dat een volledig epitaxiaal [Fe/Cu3N/Fe] systeem
gemaakt kon worden; dit ondanks de minder gunstige overeenkomst in rooster-
afstanden in vergelijking met het [γ ′−Fe4N/Cu3N] systeem.

De magnetische eigenschappen van [γ ′+Fe/Cu3N/γ′] en [Fe/Cu3N/γ′] struc-
turen werden onderzocht met behulp van VSM. De ferromagnetische lagen
waren anti−ferromagnetisch gekoppeld.

Door een masker toe te voegen aan het UHV systeem was het mogelijk
om magnetische tunneljuncties te maken van verschillende groottes: 1.6x1.6
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mm2 en 0.6x0.6 mm2. Hiermee werden twee soorten MTJ structuren gemaakt:
[Fe/Cu3N/γ′] en [Fe/Cu3N/Fe]. De magnetische lagen (Fe boven en Fe of
γ′−Fe4N onder) hadden een dikte van 15 nm, de Cu3N laag was 5.3 nm dik.
Op deze samples is MOKE gedaan om het magnetisch schakelgedrag te onder-
zoeken. Uit deze metingen bleken alleen de 0.6×0.6 mm2 [Fe/Cu3N/γ′] juncties
een antiferromagnetische koppeling te vertonen. Deze waarneming ondersteunt
de aanname dat de koppeling veroorzaakt wordt door ′′stray′′−velden aan de
randen van het sample. Op deze MTJ structuren zijn transportmetingen uit-
gevoerd. Voor de 1.6x1.6 mm2 [Fe/Cu3N/γ′] samples wijzen de resultaten op
een transportmechanisme op basis van tunnelen.

Uit de aanpassing van parameters in een model aan de gemeten (I−V)
kromme konden we een waarde voor de dikte van de bariere van 4 nm en
een effective hoogte van 1.73 eV afleiden, in redelijke overeenstemming met de
verwachte waarden. Op deze samples werden exploratieve magnetoweerstands
metingen uitgevoerd, maar er werd geen meetbaar effect gemeten van het mag-
netisch veld op de weerstand. Dit is mogelijk te wijten aan een te dikke tunnel-
barriere, of een verontreinigd grensvlak (dwz, een niet−magnetische laag op
het [Cu3N/γ′−Fe4N] grensvlak). In de [Fe/Cu3N/Fe] samples werd kortsluiting
gevonden van boven− en onderlagen.

Richtingen voor nieuw onderzoek

Dit onderzoek kon omschreven worden aan de hand van twee hoofdvragen; deze
konden beide beantwoord worden: Het blijkt inderdaad goed mogelijk om zui-
vere, epitaxiale dunne lagen van hoge kwaliteit te produceren van γ ′−Fe4N en
Cu3N. Ook konden deze componenten inderdaad geintegreerd worden in een
epitaxiale multilaags−structuur. Echter, het bleek beduidend moeilijker dan
verwacht om onzuiverheden daarbij te vermijden. Nieuwe vragen zijn opge-
worpen die echter wel zicht bieden op interessante en uitdagende richtingen.

Ondanks de uitstekende magnetische eigenschappen van de γ ′−Fe4N fase,
zijn dunne lagen ervan niet stabiel onder nieuwe toevoer van atomair stikstof.
Deze toevoer is nodig voor de groei van de Cu3N tunnelbarriere maar resul-
teert ook in de vorming van een niet−magnetische laag op het [Cu3N/γ′−Fe4N]
grensvlak. Bij het ter perse gaan van dit proefschrift was nog niet duidelijk of
deze tussenlaag verminderd of zelfs vermeden kan worden door middel van een
verdere optimalisatie van de groei−parameters. Verder bleek het zeer lastig
te zijn om een zuivere γ ′−Fe4N laag te groeien op een Cu3N onderlaag. Dit
alles maakt het produceren van zuivere [γ ′/Cu3N/γ′] systemen moeilijk te reali-
seren. Daartegenover staat dat exploratief onderzoek aan [Fe/Cu3N/Fe] multi-
lagen erop lijkt te wijzen dat Fe een goed alternatief kan zijn voor γ ′−Fe4N.
Er is echter meer onderzoek nodig is om uit te maken welke van de twee
systemen−[γ ′/Cu3N/γ′] of het [Fe/Cu3N/Fe]−de betere keuze is.

Er zijn meer parameters dan die welke in dit proefschrift behandeld zijn, die
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invloed hebben op de grootte van het tunnel magneto−weerstands effect. Een
voorbeeld is de spinpolarisatie van γ ′−Fe4N. In principe kan de grootte van
deze parameter afgeleid worden uit spin−gepolariseerde tunnel −metingen.
Daarnaast zou het interessant zijn om te bepalen of een zeer dunne laag van
Cu3N (minder dan 3 nm) bovenop een geleidende ferromagnetische laag nog
inderdaad een halfgeleider is, zoals de dunne−laag metingen eerder lieten zien
voor ∼15 nm. Ballistische Electronen Emissie metingen zouden meer licht
op deze vraag kunnen werpen. Tot slot; het werk zoals beschreven in dit
proefschrift laat zien dat er nog veel te doen is maar dat er ook veel fascinerende
mogelijkheden zijn tot de realisatie van volledig epitaxiale, nitride−gebaseerde
magnetische tunnel juncties.
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Stellingen

Behorende bij het proefschrift
′′Nitride−based insulating and magnetic

thin films and multilayers′′

1. The growth of clean and epitaxial [γ′
−Fe4N/Cu3N/γ′

−Fe4N] mul-
tilayers is not a trivial task despite the excellent lattice match and
the metal (Cu, Fe)−N bonding.
(Chapter 6)

2. Mössbauer spectroscopy is an excellent tool for the identification
of iron nitride phases. However, in some cases ambiguities may
arise when a measured spectrum can be fitted equally well with
two different combinations of sub-spectra.
(Chapter 3)

3. The magnetic properties of epitaxial γ
′
−Fe4N films were found to

be fully consistent with the cubic symmetry, displaying easy [100]
magnetization directions.
(Chapter 4)

4. If low amounts of Cu impurities are present in the Cu3N semi-
conducting matrix, the films still have the overall behavior of a
semiconductor, but with a reduced optical band gap.
(Chapter 5)

5. The shortest path to success lies in a proper balance between se-
lection and optimization.

6. Some of the cultural differences between people cannot be fully
grasped even when specifically explained.

7. The meaning of ′′truth′′ depends on the person using the word.

8. If two persons speak the same language it does not mean they truly
understand each other.

9. An intelligent person is not necessarily intellectual; or vice versa.

10. Improvement does not come chronologically.


