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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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8 2 Experimental details

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.
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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-
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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.




