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Chapter 1
Introduction
1.1. Magnetic materials for high frequency applications.
The ongoing demand for miniaturization in electronic devices used in
telecommunication and recording industry has stimulated the increase of research in
areas like materials development, device analysis, design and microlithography.
Magnetic materials are used in a large variety of devices like passive circuit
elements (see examples in Fig. 1.1), sensors, reading-writing heads (example in Fig.
1.2), information storage media, etc. The synthesis and understanding of their
properties are essential requirements for their integration in a certain industrial
fabrication process. One class of magnetic materials which is of great interest in
recent years is that of ultra-soft magnetic materials [1]. These materials can be used to
extend the operation frequency range of various passive circuit elements into the GHz
regime.
It is well known that when a highly permeable soft magnetic material is
placed near a conductor carrying an electrical current, the inductance of the conductor
will increase. In the ideal case, if the conductor is enclosed in an infinite magnetic
medium, the inductance is increased by a factor of µr, the relative permeability of the
medium. Additionally, the quality factor Q of such a structure increases if the
magnetic losses are small. This means that if a highly permeable material is
incorporated into an inductor without producing extra losses, a substantially higher
inductance and Q value can be obtained without increasing the size of the device.
Alternatively, for the same inductance a much smaller area is needed. Moreover, the
cross-talk between inductors on the same chip would be reduced because the
magnetic flux is confined within the magnetic core. These issues are particularly
relevant for electronic circuits used in mobile communication systems where
miniaturization and integration of the inductors used in LC (inductor-capacitor) filters
and voltage controlled oscillators are of great interest.
The most commonly used design for making planar inductors is the spiral
(Fig. 1.1a). This is mainly because its inductance is proportional to the number of
turns in the spiral. In practice, typical RF (radio frequency) spiral inductors have only
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(b)

(a)

(c)
(d)
Magnetic material
gap
Magnetic material

Fig. 1.1 Examples of high frequency inductors. a) spiral inductor, b) top view
and cross-section of a planar inductor with two magnetic cores, c) thin film clothstructured inductor with magnetic strip core array, d) geometry of the electromagnetic
model for a magnetic sandwich inductor with variable edge gaps

(a)
Magnetic
material

Coil

(b)

Coil
Magnetic
material
Magnetic
medium

Fig. 1.2. Schematic drawings of a (a) longitudinal writing head and (b)
perpendicular writing head and a magnetic medium with a soft underlayer.
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a few turns, and their inductance is only a factor of 2 or less larger than for a straight
conductor of the same length, width and thickness as the conductor of the spiral. This
is equivalent with the fact that the major contribution to the inductance of the spiral
comes from the self inductance of the conductor and that the spiral is basically a
compact way of placing a long conductor on the substrate. On the other hand
sandwiching a spiral between two magnetic layers can lead to an inductance
enhancement as high as a factor of µr for very thick films [2]. Because the RF field
from the spiral coil is not unidirectional, the biasing of the magnetic films to keep
them in a single domain state is not an easy task. In order to solve this issue a new
design was proposed having the magnetic material in a stripe-like shape and the
conductor oriented perpendicular to it. Recently, many publications were devoted to
the optimization of these designs [3, 4]. As pointed out by Korenivski and Dover [5],
understanding of the physics describing a “magnetically enhanced” stripe inductor is
the straightforward way of approaching the circuit integration. For an example of
such a magnetic sandwich structure see Fig. 1.1d.
As we already mentioned, the soft magnetic materials integrated in high
frequency devices must be characterized by a well controlled magnetic domain
pattern. In the absence of an external magnetic field these domains have their
magnetization oriented perpendicular to the RF field. In this way a relatively
frequency-independent magnetic permeability is obtained because the change in
magnetization is caused by a rotation process and not by domain wall movements [6].
The most important mechanisms which contribute to the total losses in such material
are the eddy currents and the ferromagnetic resonance. Eddy currents are produced in
conductors by the time varying magnetic field. On their turn, the eddy currents
produce a magnetic field which is opposite in orientation to the external field, thus
preventing the field to enter in the conductor. Ferromagnetic resonance (FMR) is a
phenomenon in which the magnetic moments precess coherently around the effective
field. It normally occurs in the GHz frequency range, although for some highly
permeable materials this phenomenon can be observed in the MHz range.
The requirements which must be satisfied by a material used as magnetic
medium in high frequency inductors are:
• High saturation magnetization MS to ensure a large value of
4πM S
permeability µ r ≅
Hk
• Controllable uniaxial anisotropy field Hk=10÷50Oe in order to bring
the FMR frequency f FMR ≅ γ 4πM S H k in the GHz range.
•

The FMR line-width must be small. In a real system, with
dissipation, the FMR line can be broadened by processes like spin
lattice relaxation, nonuniform magnetization modes (spin waves),
eddy currents.
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Sufficiently high resistivity to guarantee that the intensity of the RF
field does not change as a function of depth. In sandwich stripe
inductors no insulation is required if the conductivity of the
nonmagnetic layer is ~102 larger than the conductivity of the soft
magnetic material. This eliminates the unwanted capacitance.
Low magnetostriction is required because in the fabrication process
a stress-induced anisotropy may appear.
Process compatibility. There are several requirements, for instance
the magnetic material should be compatible with the chosen
substrate. In addition, the temperature of processing steps after
deposition of the magnetic layer, should not exceed the maximum
temperature at which the magnetic material is stable.

For applications in the kHz to MHz range the best choice of material is the
ferrite magnetic medium, e.g. NiZn ferrite. This is mainly because of its high
resistivity. The upper limit of such material in absence of a bias magnetic field is
determined by the ferromagnetic resonance frequency, which for these materials was
calculated by Snoek [6]. The Snoek limit [6] is the line µ=f(ω), calculated in the
absence of an external field, above which the permeability can not have values, as
long as a cubic magnetocrystalline anisotropy is present. Furthermore the sintering of
ferrite films requires a high temperature which makes these materials incompatible
with the rest of the elements of a high frequency integrated circuit. Soft metal alloys
films with a well defined in-plane anisotropy may overcome this limitation.
Historically the first alloy investigated for the purpose of use at high frequencies was
permalloy (Ni75Fe25) [7, 8, 9]. This alloy has a resonance frequency below 1GHz.
Almost similar values for the permeability and resonance were measured for CoNbZr
films [10] which are studied because of their very low values of magnetostriction.
Values of the ferromagnetic resonance above 1GHz were obtained with a FeCoB
alloy. Recently nanocrystalline Fe-based oxides and nitrides were investigated as
components of microinductors. The examples presented in Table 1.1 show the
relationship between the composition of the alloys and the magnetic properties of
interest. Remarkable are the results obtained in Ref. 21 which demonstrate that it is
possible to achieve a value of Hk as high as 160Oe in boron-based amorphous alloys.
Other interesting results are obtained in Ref. 22 where the maximum resonant
frequency is obtained if the soft magnetic material is placed between two layers of
permalloy with a much smaller thickness. The explanation proposed by the authors is
based on the coupling of those spins situated at the interface between the Fe-Co-N
alloy and the permalloy. This is yet to be verified.
The most important property which makes the materials presented in Table
1.1 suitable for high frequency applications is their crystalline structure
(nanocrystalline or amorphous). In this way the effective anisotropy contribution of
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Table 1.1 Magnetic properties of materials suited for ultra high frequency
applications. The alloy composition is given in at%.
Material

Hk
(Oe)

4 πM S
(kG)

µr

(relative
units)
Fe-M-N with M=Ta, Cr, Ti, Zr
90
20.2
200
4.5
21.5
1880
10
20
2000
5
18
4000
10
24
3200
14
11
800
Fe-M-O with M=Al, Si
4
18.2
4600
6
10.5
1600
5
12.6
2600

Nitrides:
FeCr4.6Ta0.2N7.4
FeTa3.3N1.6
FeAlN
FeZrN
FeTi(8-10)N(10.5-14)
FeSi10Al5N2
Oxides:
FeAl3.5O8
FeHf17O28
FeSm3.4O13.2
Other materials
FeCo18B15
22
FeCo17B16Si1
160
(Fe0.7Co0.3)95N5
20
Materials used in this thesis
FeZr2N17
26
(Fe0.7Co0.3)83Ta2N15
48

fr
(GHz)

Ref.

3.7
0.8
1.2
0.8
1.3
1.1

11
12
13
14
15
16

0.7
0.7
0.6

17
18
19

17.5
18
24.5

740
110
1200

1.7
4.2
1.9

20
21
22

17
17

680
340

1.8
2.5

23
24

the randomly oriented grains can be reduced by the exchange interactions. When the
grain size becomes smaller than the magnetic correlation length, the magnetization
will not follow the orientation of the local easy axis but will be forced to align parallel
by the exchange interaction. The local anisotropies are averaged out over a large
number of grains [25]. Supplementary, a well defined uniaxial anisotropy has to be
induced in the sample plane, see Fig. 1.3a. For iron-based alloys, the
magnetocrystalline anisotropy can be reduced in some cases up to three orders of
magnitude if the grain size is 10-15nm, ensuring ultra soft magnetic properties. This
was shown by Herzer [26] for materials produced by rapid solidification and
subsequently annealed above crystallization temperature, see coercivity curves in Fig.
1.3.b.

Introduction

(a)

10

(b)

Fig. 1.3. a) Schematic representation of a nanocrystalline structure; left-right arrows
indicate the orientation of the local easy axis and the dashed arrow indicates the
average orientation of the magnetization. b) coercivity HC versus average grain size
[26]
We also point out that Herzer’s materials were almost free of magnetostriction in
order to minimize magneto-elastic anisotropy.
Going back to Table 1.1, we can see that while most of the materials have a
large saturation magnetization due to their high Fe content, only those with a large
induced anisotropy field have also a high resonance frequency. The advantage of
those alloys which contain interstitial nitrogen or carbon is that we can induce
magnetic anisotropy in a certain direction if the deposition is performed in a magnetic
field [27]. Other methods of inducing anisotropy are: oblique deposition [28] and
patterning the substrate [29].
The resistivity of these alloys is related to the concentration and nature of the
non-metallic constituent. While in case of N-containing alloys the resistivity can go
up to 100µΩcm, in those magnetic materials containing oxygen the resistivity may
reach even 1mΩcm [18]. A solution for the resistivity problem is a laminar structure
in which thin magnetic layers are separated by dielectric films. The reason is that the
electromagnetic energy is stored mainly in the dielectric layers. Such structure is also
very convenient for notch filters [30, 31]. The crystalline state may also influence the
resistivity since the number of scattering centers increases with the surface of the
grain boundaries. Annealing at temperatures in the interval 300-500°C leads to grain
coarsening and consequently the disappearance of soft magnetic properties. Although
this is not important for high frequency circuits, in case of applications like hard disk
recording heads the thermal stability is a fundamental issue.

Introduction

11

1.2. This thesis
The aim of this thesis is to contribute to the understanding of the correlation
between the structure and magnetic properties of new nanostructured materials as
potential candidates for high frequency applications. Since our approach was an
experimental one, a substantial effort was made in the area of synthesis and
characterization techniques. Details of the various experimental methods used in this
work are given in Chapter 2.
In Chapter 3 the results concerning the structure and magnetic properties of
nitrided Fe93Ni4Cr3 and Fe94Ni4Ti2 cold-rolled alloys are presented. The idea was to
investigate the possibility of obtaining an ultra-soft magnetic material via phase
transformations in the Fe-N system. First, nitriding in alpha phase is discussed
considering the influence of the CrN or TiN precipitates. The formation of these
precipitates enables us to control the nitrogen concentration and consequently the
magnetic anisotropy. We have also studied the role of an additional magnetic phase in
obtaining soft magnetic behavior. In such biphasic systems containing a mixture of α
and γ’ phases, the coercive field was reduced even more. The next step was to create a
nanocrystalline material by repeated phase transformations. Because of the low
temperatures needed, nitriding/ reducing was an attractive method. The advantage
over similar conventional methods was the effect of grain coarsening. Although a
significant grain refinement can be obtained using this method, it turns out that such
process does not lead to the desired soft magnetic properties. We note in passing that
it may be interesting to investigate the mechanical properties of these fine-grained
alloys.
One of the most successful methods for synthesis of soft magnetic materials
is reactive sputtering. We have applied this method in order to study the Fe-Zr-N
system. In addition some samples having Co and Ta as alloying elements were also
fabricated, see example in Chapter 2. A fine tuning of structural and magnetic
properties was obtained by varying the substrate temperature. In Chapter 4 the study
of magnetization dynamics of soft nanocrystalline Fe-Zr-N films with random
magnetocrystalline anisotropy and induced uniaxial anisotropy is presented. The
parameters which were systematically modified were the composition, the grain size
and the induced anisotropy. We show that the magnetization dynamics is strongly
influenced by the structural parameters. A positive shift of the resonant frequency
with respect to the theoretical prediction for a perfectly homogenous and smooth
layer was present in all samples. The extra field needed in order to have agreement
between experiment and calculations does not depend on the saturation magnetization
and increases significantly when the grain size decreases from 10 to 2 nm. After
discussing a number of effects we conclude that the frequency shift is due to the slight
difference in magnitude of the magnetization in the interior of the grains and the grain
boundaries.
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Another factor which can influence the high frequency permeability response
is the sample roughness. This is shown in Chapter 5 where the magnetization
dynamics of samples deposited on substrates with different roughness is presented.
The analysis is performed for samples having the same composition. The samples
deposited on rough substrates (polymer or Cu) have a much large resonance linewidth
than the one deposited on Si-oxide. Using atomic force microscopy (AFM) we were
able to characterize the topography of the samples and to calculate the demagnetizing
factors. The analysis of the permeability spectra was done introducing a distribution
of the local demagnetizing fields associated with the sample topography. It turns out
that the high frequency behavior can be understood from the rough profile of the film
interfaces.
In Chapter 6 nanocrystalline films with perpendicular anisotropy are
investigated. By changing the power of sputtering, a transition from stripe domain
magnetic structure to in-plane orientation of magnetization was obtained. This effect
is related to the nitrogen content of the samples. Mössbauer spectroscopy
measurements in combination with magnetic force microscopy were performed in
order to determine the magnetization distribution of the samples. This method was
introduced by us for the first time. In addition torque measurements were used for
understanding the magnetization reversal mechanism. The permeability spectra
demonstrate the possibility to use such material for applications in the GHz range.
The summary of this thesis is given in Chapter 7.
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Chapter 2
Experimental methods

In this chapter we describe the experimental methods. The synthesis of the samples is
presented first, and then the basics of the analyzing techniques are explained. Special
attention is given to the frequency-dependent permeability setup, which is especially
developed for the research presented in this thesis.
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2.1. Sample preparation
In this work we have used two synthesis methods: cold rolling and sputter
deposition. Depending on the method, the nanocrystalline structure was obtained
during sample production or after subsequent thermal treatments. The results,
especially from the point of view of magnetic properties, will be presented in this
thesis. Here, the basic aspects of the sample preparation are given.

2.1.1. Cold Rolling procedure
Cold rolling is a process by which a metal sheet is introduced between two
rollers and then compressed and squeezed, see Fig. 2.1. Such treatment can result in
useful combinations of mechanical properties like hardness, strength, ductility and
others. However, in our case the main purpose for the sample preparation was the
thickness reduction. The sheets used for rolling were cut from pure ingots of Fe-NiCr, Fe-Ni-Ti and Fe-Ni-Si. An easy handling of the samples was obtained by placing
them between two stainless-steel sheets. The sandwich was passed a few times
between the rotating cylinders keeping the distance between the cylinders constant.
The rolling was continued after changing slightly the distance between the cylinders.
When the sample surface exceeded half of the stainless-steel sheets, the sample was
cut in two. Only one piece was used for further reduction. Prior to this the sample was
rotated by 90° with respect to the previous orientation; also the stainless-steel sheets
were changed with new ones. The procedure was repeated until the desired thickness
was obtained. A reduction of more than 99% was achieved for foils of 1 to 16 µm.

metal strip

Fig. 2.1 The cold rolling process.

roller
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2.1.2. Reactive sputtering
Sputtering is a deposition technique used in a large range of functional
applications [1] like synthesis of thin films or nanostructures. The process consists in
bombarding a target (cathode) by energetic positive ions extracted from a glow
discharge plasma placed in the proximity. In order to realize the extraction of the
positive ions a negative potential is applied on the target. As a consequence of the
collision of the positive ions with the target, atoms from the target are removed and
will condensate on the substrate, forming a thin film. If the potential applied on the
cathode is constant then the process is called DC sputtering.
The flux of the sputtered atoms or the deposition rate is proportional to the
ionization efficiency, i.e. the density of the plasma. A dense plasma can be obtained if
one uses a magnetic field parallel to the surface of the target. The magnetic field traps
the electrons in helical trajectories which leads to a substantial increase of the
occurrence of ionizing electron-ion collisions. Usually, when a magnetic field is
present, this is indicated by using the term “magnetron”. If in addition to the inert gas
(Ar in our case) the sputtering atmosphere contains a reactive a reactive component
(e.g. N2 or O2) the process is called reactive sputtering. Therefore the complete name
of the technique used by us is DC reactive magnetron sputtering.

Substrate

Electrode
Filament

B
Ar+

Electron gun

N

Plasma

Fe
Target
Sputtering chamber

1 kV

– +

Fig. 2.2 Schematic representation of the sputtering apparatus
The sputtered films investigated in this thesis have been produced using the
device presented in Fig. 2.2. Two electron guns (filaments) are used to ignite and
control the density of the plasma. Consequently, a high sputtering rate (2-6 Å/s) can
be obtained at a relatively low pressure (10-3 mbar). This design was optimized so that
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we can sputter magnetic materials. In most commercial DC sputtering devices this is
impossible because the magnet field is disturbed by the magnetisation of the target
material.
In a typical deposition experiment, the sputtering chamber is first evacuated
to a pressure of better than 1x10-7 mbar. Next a flow of gaseous Ar+N2 mixture is
established. The dynamic pressure during the sputtering is 3x10-3 mbar. The electrons
emitted by the hot W filaments are accelerated by the electrodes to energies between
40 and 80 eV. An external magnetic field B ≈ 600 Oe is applied parallel to the line
connecting the two filaments. The electrons are decelerated and reflected at the
opposite gun by the negative potential applied on the filament. Therefore the electrons
travel back and forth a few times, ionizing the gaseous mixture, and finally they are
absorbed by the grounded electrodes. The result is a ribbon-like low pressure plasma.
The plasma has the property that the axial conductivity is high while the transversal
conductivity is very low. Therefore, when a transversal electric field is applied in
order to extract the ions towards the target or the substrate, the plasma ribbon will
stay in position.
As a target we have used metal plates (16mm x 22 mm) with different
thickness and composition. In addition, in order to obtain samples with different ratio
of metallic elements, the plates were partially covered with Zr wires with a diameter
Table 2.1 Data of the target materials
Target material
Fe
Fe-25at% Ni-75at%
Fe-99at% Zr-1at%
Fe-70at% Co-75at%

Thickness (mm)
1
0.5
0.4
0.4
0.4
2
2

Additional elements
3 Zr wires
7 Zr wires
5 Ta chips

Table 2.2 Substrates used for sputter deposition
Substrate type
Si (100) or (111)
Glass
Si (100)
Si(111)
Si(100)
Si(100) or (111)

Thickness (µm)
300
150
1000
300
1000
300

Top layer
Si3N4
Permalloy
Cu
Polymer
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of 0.5 mm or Ta chips with a diameter of 2.2 mm as described in the Table 2.1. The
samples were deposited on a large variety of substrates which are presented in Table
2.2.
The substrate holder was specially designed in order to facilitate the variation
of the deposition temperature between typically -60 to +200°C. The substrates were
clamped with a stainless-steel frame against the flat end of the holder, a solid block of
Cu, facing the target. The cooling was obtained by bringing the Cu holder in contact
with a reservoir containing liquid nitrogen N2. The high temperatures were obtained
by electrical heating.
The influence of the deposition parameters on the magnetic properties of the
deposited films will be discussed in the next chapters. It is important to mention here
that our sputtering facility enables us to vary all deposition parameters: substrate
temperature, pressure during the deposition, gaseous composition, voltage on the
target or substrate, etc.

2.1.3. Gaseous treatments
Gaseous nitriding and magnetic annealing were performed in a nitriding furnace
presented in Fig. 2.3. The body of the furnace is mainly made of Pyrex glass. No
metal parts are used in the heated region. The surface of the sample was exposed at a
constant gas mixture which flows continuously due to thermal convection. After the
sample was introduced into the cold region of the furnace, the system was flushed
first with N2, evacuated to 2 mbar and then the same procedure was repeated using
cold position

hot position

sample

electrical
heating

glass rod

NH3+
H2

cooled
finger
Na
pumping/
gases

Fig. 2.3 A schematic drawing of the nitriding furnance.

liquid N2
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pure H2. The partial pressures of NH3 and H2 gases were calculated in order to ensure
a certain nitriding potential RN= ln(PNH3/PH23/2) , where the pressures are in Pascal).
First, NH3 is introduced in the furnace and trapped in a finger containing Na frozen
with liquid nitrogen. The system is filled with H2 when the total pressure is 2 mbar.
After this, the cooled finger is heated to room temperature in order to release NH3.
This procedure gives us the possibility to have a highly accurate control of the partial
pressures. We note that the Na has also the role of removing the water or O2 present
in the gas mixture. Next, the sample is moved in the heated region when the total
pressure stabilizes. The partial pressures were checked once again after the nitriding
was over. It turns out that no significant change in the nitriding potential was found.

2.2. Experimental equipment and principles
2.2.1. X-ray diffraction
A rich variety of information can be extracted from X-ray Diffraction (XRD)
measurements. From the position and shape of the lines, one can obtain the unit cell
parameters and microstructural parameters (grain size, microstrain, etc.) respectively.
By using the flexibility of a four circle diffractometer one can obtain information
about the distribution of the orientation of the crystallites (texture measurements).
Standard θ-2θ scans
The geometry of the XRD measurements is depicted in Fig. 2.4. An X-ray
beam impinges on a sample and the intensity of the scattered beam is measured.
In order to determine the lattice parameter and the average grain size in our
samples we have performed standard θ-2θ scans. The parameters of the diffraction
line: position and width were obtained using the fitting program XFIT [2]. In XFIT a
de-convolution approach of the X-ray line-profile is used, based on the method
developed by Wilson [3] and Klug [4]. Three functions are used in the fitting
procedure for the deconvolution of an experimental diffraction line: the emission
profile of the radiation (Cu Kα in our case), a function describing the diffractometer
broadening and a function containing the physical characteristics of the specimen
(average grain size and/ or the micro-strain). We have checked the magnitude of the
contribution of the instrument to the broadening of the diffraction lines using Si
wafers. We have found that this contribution is much smaller than that of our
nanocrystalline samples. Consequently we have assigned the entire broadening of the
experimental line to the effect due to the specimen. Usually the lines could be fitted
with Lorentzian functions, suggesting that the main contribution to the line-width is
due to the reduced size of the crystallites. Under these conditions the observed profile
was fitted with a convolution of the emission profile of the Cu Kα radiation and a
Lorentzian. The relation between the average crystallite size (CS-in Å) and the full
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width at half maximum (FWHM-in rad) of the Lorentzian is given by the Scherrer
formula:

CS =

λ

(2.1)

FWHM cos θ

where λ=1.54056Å.
In this approach, we have neglected other sources of the broadening like
inhomogenous stress fields. However, we have found a remarkable good agreement
between the CS extracted from XRD and direct Transmission Electron Microscopy
(TEM) grain size determination [5]. The importance of the XRD technique is due to
the fact that by a simple measurement and interpretation we obtain a parameter
describing an average property of the microstructure.
z

Incident beam

φ
N

θ
y

Reflected beam

ω
sample

x

2θ
ψ

Fig. 2.4 Coordinate system and specific angles for XRD measurements.
Texture measurements are used to determine the preferential orientation of
the grains in a polycrystalline sample. The result of a texture measurement can be
plotted in a pole figure. This is often represented in polar coordinates consisting of the
tilt (ψ) and the rotation (φ) angles with respect to a given crystallographic orientation.
A pole figure is measured at a constant scattering angle (constant d-spacing) and
consists of a series of φ-scans (in-plane rotation around the center of the sample) at
different tilt ψ -(azimuth) angles (Fig. 2.4). The pole figure data are displayed as
contour plots or elevation graphs with zero angle in the center.
The texture measurements were performed using a Philips X-Pert
diffractometer.
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2.2.2. Mössbauer Spectroscopy
Mössbauer spectroscopy (MS) is used to get information on the local
environment of nuclei [6]. In contrast to XRD, it also provides information on
compounds that do not exhibit long-range order (poorly crystalline or amorphous
materials). The technique is based on the Mössbauer effect, i.e. for nuclei placed in a
solid there is a certain probability that the emission or absorption of a γ-ray photon
takes place recoilless, i.e. without absorption or emission of a photon. For the MS
measurements presented in this work we used absorption into and emission from the
first excited state at 14.4 keV of the stable isotope 57Fe. The energy distribution of the
emitted radiation can be approximated by a Lorentzian with a FWHM of 4.7 10-9 eV.
In iron at room temperature the recoilless fraction is of the order of 0.80. For the
samples investigated in this thesis the 57Fe isotope is present in its natural abundance,
i.e. 2%. In the case of 57Fe spectroscopy the recoilless 14.4 keV gamma rays are
emitted by an excited 57Fe nucleus obtained from the decay of its parent 57Co (half
life = 270 days). The radioactive 57Co atoms are embedded in a cubic matrix (Rh) to
ensure the emission of a single photon energy. The γ quanta are resonantly absorbed
by the 57Fe atoms present in the sample to be investigated. However, due to
interaction between the nucleus and the surrounding electrons (hyperfine interactions)
small shifts or splittings of the nuclear levels in the absorber are present. The socalled isomer shift reflects the fact that the energy of the nucleus depends on the
electron density at the nucleus and the energy shift is different for the ground and
excited states. The shift depends on the environment of the nucleus and thus on the
type of material. A splitting arises by the interaction between the quadrupole moment
of the nucleus and the gradient of the electric field at the nucleus caused by the
surrounding electrons (quadrupole interaction) or through the coupling between the
nuclear magnetic moment and the magnetic field at the nucleus (magnetic hyperfine
interaction – Zeeman splitting). The shift and/ or splitting due to these hyperfine
interactions are larger than the natural line width of the 14.4 keV line. However, they
are of the same order of magnitude as shifts in the γ-ray energy that can be introduced
via the Doppler effect by moving the emitter with respect to the absorber. By
measuring the resonant absorption as a function of the relative velocity a Mössbauer
spectrum is created. The hyperfine parameters: isomer shift, quadrupole splitting and
hyperfine field can be extracted from the experimental spectra, taking into account the
emission spectrum of the source which consists of a single line. By comparing with
the tabulated data, the environment of the absorbing atom can be determined. Often
nuclei in the sample have different surroundings leading to a complicated spectrum
which has to be decomposed. The spectra presented in this work were analyzed using
a computer code (MCTL) developed in our laboratory.
The Mössbauer spectra were obtained using a constant acceleration
spectrometer in conjunction with a 1024 multichannel analyzer and a 20mCi
radioactive 57Co(Rh) source. The foils were measured in the transmission mode. In

Chapter 2

23

this mode the γ-rays transmitted trough the sample are counted and the recoilless
absorption is observed as dips in the spectrum. The thin sputter deposited layers were
measured by a technique called Conversion Electron Mössbauer Spectroscopy
(CEMS). In this technique the electrons emitted by internal conversion during the
decay of the excited absorber nuclei are recorded. The recoilless absorption is
revealed as peaks in the spectrum.

2.2.3. Rutherford backscattering spectroscopy
Rutherford backscattering (RBS) is a technique used for the analysis of
materials in order to determine the depth distribution of the elements in a given
sample [7]. Usually RBS is used for depth profiling of heavy atoms (Z>10). In RBS a
beam of H+ or He+ ions, with typical energies in the 1-4 MeV range, bombards the
sample. The beam particles backscattered from the sample are detected and their
energy is analyzed. The interaction between an ion from the beam and an atom from
the sample, in the energy range used, is governed by the Coulomb repulsion between
two nuclei. The energy transfer between the particles in this elastic collision is
calculated by applying the principles of conservation of energy and momentum.
While traveling through the sample the beam particles experience an energy loss due
to inelastic collisions with the electrons in the sample. For ions with energies in the
keV range or higher the deflection and the electronic collisions can be treated as
separate problems. An additional approximation is usually applied in the RBS
analysis: the single scattering approximation. In this approximation is assumed that an
ion arriving in the detector has undergone only one large-angle scattering. Since the
propagation of the ion is hardly affected by the collisions with the electrons, the
trajectories of the ions can be considered straight to a good approximation. Based on
this approximation the following calculations can be made:
- the ratio of the energies of the backscattered particle after and before the collision is
given by the kinematic factor and it is determined by the mass ratio of the projectile
and target atoms and the scattering angle.
- the yield of the backscattering atoms is proportional to the Rutherford cross-section.
The yield can be then related to the areal density (atoms per unit area) of the elements
in the sample.
- using tabulated values for the energy and loss of the ions, the energy scale can be
translated into a depth scale for each element.
Near the surface (5nm) the depth resolution is determined by the energy
resolution of the detector. Depending on ion species, energy and resolution, the depth
profiling is possible for ranges extending up to few micrometers. The Si detectors
used in this work have an energy resolution of 15keV, yielding a depth resolution of
about 50Å for a backscattering angle of 165°. At larger depths, the resolution
decreases by the straggling effect. Straggling occurs as a result of the statistical
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distribution in the number of interactions experienced by the incoming and outgoing
particles inside the target.
In the present investigations RBS measurements were done in a high-vacuum
chamber with a base pressure better than 10-8mbar. A He+ beam with energy between
1 and 2 MeV was used. The backscattered ions were detected simultaneously with
three silicon barrier detectors at 105, 135 and 165° scattering angles. The samples
were mounted in a two axis goniometer with long range reproducibility and accuracy
of better than 0.1°. Additionally, the sample holder can perform translation
movements in two perpendicular directions in steps of 0.1 mm. This facility was used
for the detection of the lateral distribution of the thickness of the sputtered samples.
The complete analysis of the RBS spectra was performed using the computer program
“Nuclear Data Furnance” (NDF) developed at the University of Surrey [8, 9].

2.2.4. Transmission electron microscopy
Transmission Electron Microscopy (TEM) is a versatile tool capable of
characterizing the internal structure of a wide variety of materials [10]. This
characterization includes not only the imaging of the microstructure directly but at the
same time, the identification of the phases present in the specimen by either electron
diffraction or spectroscopic chemical analysis. The results obtained from a typical
TEM characterization of materials allow a better understanding of the relation
between microstructure and properties.
There is a rich variety of operation modes of the electron microscope. The
Bright Field (BF) mode is commonly used to image grain and defect structures within
materials. It can also reveal second phases such as precipitates and inclusions. Similar
in purpose to the BF technique, the Dark Field (DF) imaging mode makes use of the
specific Bragg diffracted electrons to image the region from which they originate. The
DF mode enables the link between the crystallographic information and specific
regions or phases in the sample. The primary purpose of the electron diffraction
technique is to identify the crystal structure of the materials under investigation. By
placing an aperture in the image plane, then projecting the diffraction pattern of that
image onto recording plate, one obtains the Selected Area Diffraction technique.
Using the technique called Lorentz Microscopy it is possible to obtain images with
the contrast given by the variation of the direction of the magnetization in the
specimen. Most of the TEM characterization experiments are performed on static
structures. However the modern microscopes have the capability to observe structures
under dynamic conditions. Using an in-situ heating unit (T<800 K) the evolution of
the morphology of the sample during the thermal treatment can be monitored.
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2.2.5. Scanning probe microscopy
Scanning probe microscopy (SPM) [11] represents a group of techniques
oriented towards investigation of the materials surface. The principle of SPM is based
on scanning of the surface with a sharp probe, revealing information regarding
various physical properties from atomic to micrometer level. The detection is
performed measuring the cantilever deflection using a laser beam which is reflected
by the back side on a position sensitive photo-detector. In our work we have used two
SPM techniques: Atomic Force Microscopy (AFM) to reveal surface topography and
Magnetic Force Microscopy (MFM) for imaging the magnetic structure.
We have chosen for our samples the taping mode AFM. In this mode a
cantilever is oscillated at its resonant frequency and scanned across the sample
surface. Typical amplitudes of oscillations are 20-100 nm. The amplitude is changing
when the tip scans over bumps and depressions on the surface. The advantages of this
scanning mode are: i) high lateral resolution (1-5nm), ii) lower forces and less
damage to the soft samples imaged in air and iii) lateral forces are virtually
eliminated.

Fig. 2.5 Basic principle of Magnetic Force Microscopy [12]
In Fig. 2.5 we present the MFM principle. The characteristic feature of this
technique is that a tip covered with a thin magnetic film interacts with the sample
surface via the magnetic stray fields of the sample. The distance between the tip and
the surface is 10-100nm. In order to image the magnetic structure the amplitude, the
frequency and the phase are monitored.

2.2.6. Vibrating sample magnetometry
A popular method for determining the magnetic properties of a wide variety
of magnetic systems is vibrating sample magnetometry. With this technique the
magnetic moment of a sample can be measured with a high accuracy. The
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measurements can be performed in a DC external field. Some of the Vibrating
Sample Magnetometers (VSM) have also the facility of measuring the magnetic
moment at different temperatures increasing even more the area of investigations. In
our work, room temperature measurements of hysteresis loops were performed on a
regular basis in order to establish the suitability of a certain production method for
our objectives and to contribute to understanding of the magnetic permeability
behavior at high frequencies.

Amplitude control unit

Lock-in amplifier

Hall probe

Gauss-meter

Magnet
poles

Pick-up coils

Computer

Magnet power suply

Magnetic sample

Fig. 2.6 Block diagram of the VSM
A schematic representation of the VSM used in our research is given in Fig.
2.6. The magnetization of the sample creates a magnetic stray field which is
frequency modulated by vibrating the sample. As the sample is situated between a
pair of pick-up coils, an AC voltage with the same frequency and proportional to the
sample magnetization is induced in the coils. A lock-in amplifier is used to provide
the frequency of vibrations and to detect the signal. Special attention was given to
obtain constant amplitude of the oscillations over the time interval specific to our
measurements. The system is calibrated with a magnetic material with a known
saturation magnetization, e.g. Ni. A Hall probe was used in order to determine the
values of the applied field. Using the computer interface, the magnetic field and the
signal proportional to the magnetic moment can be simultaneously recorded
(hysteresis loops). The sensitivity of the instrument was sufficient to measure
hysteresis loops of Fe samples with a thickness of only 10nm. It is important to
mention that the absolute values of the saturation magnetization can be determined
only if the density and the amount of magnetic material are precisely known
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(MS=magnetic moment/ sample volume). For very thin films this can be a difficult
task.

2.2.7. Torque magnetometry
The principle of a torque magnetometer is based on the fact that a sample in a
magnetic field experiences a force. The torque exerted on a sample is proportional to
its magnetization and also to the derivative of the anisotropy energy towards the angle
of rotation. We present in Fig. 2.7 a simplified drawing of the torque set-up used by
us. A sample-holder with a sample hanging on a thin wire is shown. At the top end of
the sample-holder, a coil is mounted between a permanent magnet of a known
strength. The torque on the sample can now be compensated by a torque on the coil
when a current flows through this coil. Using a small mirror, a lamp and two photo
diodes to detect the rotation of the sample, the current through the compensation coil
is controlled.
The current through the compensation coil is proportional to the torque exerted on the
sample. Torque magnetometers are often used for determining the anisotropy
(preferential magnetisation) axis in a magnetic material.

Fig. 2.7 Torque magnetometer set-up.
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One of the major problems in torque magnetometry is the fact that the
anisotropy energy is determined by the angle between the magnetization (M) and the
easy axis direction (α) whereas we set the angle between the applied field (H) and the
easy axis (ϕ). The magnetization direction is free to rotate to the equilibrium position
where the torque exerted by the applied field balances the torque exerted by the
anisotropy. Therefore α and ϕ are not equal, see Fig. 2.8. Under these conditions,
there are two possibilities to evaluate the torque given by the anisotropy. One is to
calculate α for every ϕ using the value of M measured with a different technique. The
second approach is to take torque measurements at many different values of H and to
extrapolate the measurement value to the infinite field. Very often the anisotropy
values obtained by both methods are very different. One of the major reasons for this
is the non-uniformity of the anisotropy. Since the non-uniformity in the anisotropy is
unknown beforehand, the extrapolation method is to be preferred.

Fig. 2.8 The orientation of M and H the when the rotation axis is in the plane of the
sample; the sample is oriented perpendicular to the plane of paper.

2.2.8. Field dependent ferromagnetic resonance
Ferromagnetic Resonance (FMR) is a technique which is used for study of
the magnetization dynamics in thin films and bulk materials. Valuable information
regarding anisotropy and saturation magnetization can be also obtained. The principle
consists in measuring the absorbed power of a microwave field applied perpendicular
to the direction of the magnetization. We obtain maximum coupling between the RF
field and the spin system when the frequency ωRF of the incident power is equal to the
frequency of the spins precession ωL given by the effective field on the sample. To
the effective field contribute all magnetic interactions that exert a torque on the spin
system. A description of fields and magnetization orientation is presented in Fig. 2.9.
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In standard FMR, ωRF is kept constant and an external DC field is swept in order to
mach ωL. These are so called field dependent FMR experiments [13] and can be
performed with commercial Electron Spin Resonance (ESR) spectrometers. The RF
power (about 2mW) generated by a klystron is applied to the sample placed in a
resonance cavity. The absorbed power can be measured by means of lock-in detection
techniques and plotted against the values of the external DC field. Because the line
intensity is given in arbitrary units a quantitative estimation of the complex
permeability is not possible. A goniometer with the rotation axis perpendicular to the
applied field allows angle-dependent measurements. This was used for determining
the magnetic anisotropy field. One of the great advantages of the field dependent
FMR is that we can determine the saturation magnetization, regardless the sample
volume. The error bar reduces to just 2-3%. See section 4.4.1. of Chapter 4 for more
details.
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Fig. 2.9 Magnetization and field orientation.

2.2.9. High frequency magnetic permeability
In order to demonstrate that a certain ferromagnetic material is suitable for
high frequency applications it is necessary to have reliable measurements of magnetic
permeability over a large frequency range. Different broad band techniques were
developed in the last 10 years. Permeameters based on two ports [14, 15] or a single
port [16, 17] were produced as part of diverse research projects. Depending on the
shape of the material a certain method can be chosen. For instance, permeability
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measurements in the 50MHz-18GHz range were reported for flexible ferromagnetic
ribbons or wires [18]. In this case the measurement device consists of a coaxial
transmission line in which a toroid obtained by bending the ribbons or the wires was
inserted. Such geometry is not suited for the material presented here. We have used a
single port device in order to measure the permeability of our thin films at a constant
external field. The present design operates up to 6GHz [19]. In the following part we
present the details of this technique developed in our laboratory.
Experimental set-up

The measurement device is based on a copper single coil designed to ensure the
best matching with a transmission line having a characteristic impedance of 50Ω, see
Fig. 2.10. Using an Impedance Analyzer (from 1MHz to 1.8GHz) or a Network
Analyzer (from 130MHz to 5.5 GHz) the reflection parameter S11 of the single coil
device is measured. Prior to this, the reference Π plane has to be determined in order
to make a proper correction for the electrical length (S11=-1). This operation is
required in order to take into account the extra length added due to the device
connector. The impedance is then obtained from the expression:

Zm = Z0

1 + S11
1 − S11

(2.2)

where |S11|2= power reflected from the network input/ power incident on the network
input, Z 0 is the characteristic impedance of the transmission line (ended at the Π
plane).
The samples are deposited on 0.2 ÷ 0.3 mm thick substrates with an area of
4.5x4.5mm. We have chosen these dimensions in order to have a homogenous RF
field acting on the sample. The direction of the RF field will coincide with the axis of
the coil. Important to mention is the nature of the substrate because we observed that
glass and Si(100) give different RF responses, probably due to slightly different
dielectric properties. Even more, we have measured different RF responses for the
same Si(100) substrate which was treated at different temperatures. Therefore the
thinner the substrate the less “parasite” effects due to the substrate are present in the
total measured impedance.
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Fig. 2.10 Permeability measurement set-up. Two Helmholtz coils are used in order to
align the magnetization parallel and perpendicular to the RF field.
Equivalent circuit interpretation
The analysis consists of an evaluation of the magnetic flux perturbation when the
ferromagnetic film is introduced into the coil. The microwave field can be considered
as:

h=

ki
W

(2.3)

where i=i0exp(-jω t) is the high frequency current, k is the calibration constant (which
has to be determined using a known sample) and W is the length of the device. By
inserting the magnetic material into the cell the variation in magnetic flux will be:

∆φ = µ 0 ( µ r − 1 )hWS t S

(2.4)

with tS, WS the thickness and width respectively, of the magnetic thin film. Applying
Faraday’s law the complex change in voltage at the coil entry is given by:

∆ν = jωµ 0 ( µ r − 1 )hWS t S

(2.5)

Substituting the high frequency field from Eq. 2.3 the coil impedance induced by the
flux ∆φ is:

∆Z =

W
∆ν
= jωµ 0 (µ r − 1)k S t S
i
W

(2.6)
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Fig. 2.11 Equivalent electrical circuit of the measurement cell; ∆Z is the change in
impedance due to magnetic material, ZS is the impedance of the substrate and Zr is the
residual impedance.
The direct determination of ∆Z and the determination of the passive elements
constituting the equivalent circuit of the measuring device (see Fig. 2.11) lead to the
calculated values of the permeability. It should be noted that the measurement device
has a more complicated behavior as a function of frequency and the equivalent
lumped circuit used here is just an approximation of the real physical system within
the frequency range of interest. Consequently we have introduced an extra element Zr
in the analysis of the measuring device to account for the effects which can not be
described by a passive circuit element. This complex residual impedance Zr has to be
calculated for each frequency (see next section). Measurements of the complex
permeability using this type of analysis performed on the same sample but using
measurement devices with different parameters lead to the same results. Zr may be
associated with the parasitic impedance supposed to exist at the joint between the
transmission line and the strip coil. In the next section we discuss how we obtain the
parameters of the equivalent circuit.
Calculation of the magnetic permeability
Next we present the steps required in order to obtain the complex
permeability response.
a)
The impedance curve corresponding to the empty cell is fitted according to
the following analytical expression:
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Fig. 2.12 a) Impedance of the empty measurement cell: the line corresponds to the
measurement and the dots are the fit with Eq. (2.7); b) Real and imaginary part of
residual impedance.
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1 
 R +
(Z S + ∆Z + jωL )
jωC 

Zm =
1
R+
+ jωL + Z S + ∆Z
jω C

(2.7)

For the empty cell, ∆Z and the substrate impedance ZS are 0 and the fitting
parameters are R, L and C. We can see in Fig. 2.12a that the fit reproduces the
experimental data reasonably well. The number of points corresponding to the
frequency interval of interest has to be maximized in order to improve the statistics.
Using the values of R, L and C obtained at step (a) we calculate Zr=Zr(f) from the
impedance spectra of the empty cell. This is done by subtracting the calculated
spectra from the experimental one. These values will be further subtracted from the
impedance spectra corresponding to the cell loaded with the substrate and the cell
loaded with substrate plus magnetic thin film. Although Zr is much smaller than Zm,
its magnitude is comparable with ∆Z=∆Z(f). Note that the frequency range over which
we compare these spectra must be below the resonance frequency of the cell.
c)
The values of ZS are calculated using Eq. (2.7) and taking into account Zr. In
this case we can measure Zm either when we insert a bare substrate with exact size
like the sample or when the magnetization is oriented parallel to the high frequency
field. For reasons of system stability we prefer the second alternative.
d)
Calculate µr on the basis of Eq. (2.6) and the following formula derived
from Eq. (2.7):




1 
1
+ jωL + Z S 
 R +
(Z S + jωL ) − Z m  R +
jωC 
jωC

 (2.8)
∆Z = 
1
Zm − R −
jωC
In Fig. 2.13 we present as an example the permeability spectra of a Fe-CoTa-N sample measured in zero applied field.
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Fig. 2.13. Permeability spectra obtained using the method presented in this section.
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Chapter 3
Soft magnetism in nitrided Fe93Ni4Cr3 and Fe94Ni4Ti2
cold rolled alloys

We investigate the possibility to create an ultrasoft magnetic material by phase
transformations after a reduction process of Fe93Ni4Cr3 and Fe94Ni4Ti2 alloys. The
initial idea was that a nanocrystalline structure of a different magnetic phase (γ’) can
be induced by nitriding. CrN or TiN precipitates formed in a preliminary step were
considered nucleation centers for the new phase. This did not work since the
precipitates were coherent with the matrix. The second route to refine the crystalline
structure was cycling through ε -phase. Although grain refinement is observed after
cycling and an almost random orientation of the grains is obtained, the magnetic
properties do not improve. This is due to the fact the grain size is still too large to lead
to averaging out of the magnetic anisotropy. Moreover, the stress/strain distribution
developed during the treatments hampers domain wall motion and leads to an
increased coercivity. Since these two ideas did not have a positive output, the study
was turned towards understanding the influence of phase transformations on magnetic
properties of our alloys considering all aspects related to structure (different magnetic
phases, texture, grain size, nitrogen concentration, stress/strain). This systematic
study allows as obtaining materials with coercive fields HC as low as 0.5Oe (samples
containing TiN precipitates). For the Cr containing samples, a concentration of 14%
(Fe-Ni)4N (γ’) phase decreases HC below values corresponding to the samples
containing only CrN precipitates.
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3.1. Introduction
It is well known that small grains combined with a random orientation can result
in very soft magnetic properties, with coercive force below 1Oe [1,2]. Such a
behavior is due to a reduction of the effect of the intrinsic magnetocrystalline
anisotropy when the average grain size is smaller than the ferromagnetic exchange
length (about 35 nm for Fe). Materials that satisfy these requirements are usually
obtained by crystallization from the amorphous state. In principle, polycrystalline
rolled foils could form an interesting alternative because it would be cheap and
applicable to a large thickness range. Small grains could be obtained by direct and
reverse phase transformations.
Due to their high saturation magnetization and thermal stability, a promising
system is cold-rolled Fe-M-N, where M stands for a few percent of metal with a high
affinity for N like Cr, Ti, Zr, Al etc. The reason for choosing an alloying element is
that in low-temperature nitriding treatments, small MN precipitates are formed and
may influence the formation of an iron nitride phase in a subsequent treatment. This
has been demonstrated in recent publications of our group [3-5].
An important issue, which has to be addressed in order to obtain an ultrasoft
magnetic material via phase transformations, is the initial texture, which is formed
after rolling. Depending on the characteristics of the formation of MN precipitates
and subsequent growth of one or more Fe-nitride phases, this initial texture may
hamper the formation of randomly oriented grains.
The aim of this chapter is to present the effect of low-temperature nitriding
treatments on the magnetic properties of Fe93Ni4Cr3 and Fe94Ni4Ti2 cold rolled alloys.
We show the optimum conditions for obtaining a soft magnetic material and also
what are the consequences of subsequent phase transformations from the point of
view of magnetic and structural properties.

3.2. Magnetic (Fe-M) nitrides – structure and magnetic
properties
In this section we give a succinct description of the significant magnetic iron
nitrides which are subject of the present study. The influence of an alloying element is
also discussed.
When quenched from the γ-Fe-N phase, a mixture of bcc and bct phases is
formed. The newly tetragonal distorted bct matrix is obtained as a result of
accommodation of the nitrogen atoms in the octahedral interstitial positions [6]. This
phase is called α’ and has a metastable character at room temperature because the

Chapter 3

39

equilibrium solubility of nitrogen in the pure bcc iron lattice is only 0.4 at %. The
maximum concentration of nitrogen in α’ is 12.5 at%.
If we introduce a substitutional element in the bcc lattice, the nitrogen
concentration can increase significantly above the solubility limit in pure Fe,
depending on the nitriding conditions, the type and concentration of the alloying
element [7]. In the XRD data an asymmetry of the line-shape together with a shift
towards lower angles is observed, which is the result of an overall dilation of the
lattice.
The saturation magnetization of a (Fe-M-N) alloy containing less than 3 at % of
M and only α’ phase, is very close to the value of nitrogen-free samples. For
nanocrystalline films, thermo-magnetic treatments can lead to a well-defined uniaxial
anisotropy due to a preferred occupation of the nitrogen atoms in planes
perpendicular to the applied magnetic field [8]. The N atoms will be placed in the
octahedral interstitial positions along the most favorable <100> rows breaking the
cubic symmetry and creating a magnetic anisotropy parallel to the orientation of the
magnetization during the treatment.
The Fe4N or γ’ phase has a fcc unit cell with the nitrogen atom placed in the
center of the cube. When extra elements like Mn or Ni are added, these atoms will
prefer to occupy the 1a sites at the corners of the unit cell [9, 10]. At room
temperature the saturation magnetization of γ’ is 1.9 T. Ferromagnetic resonance
measurements on sputtered single-crystal (Fe-Ta)4N films give a value of the cubic
anisotropy constant K1= -1.5x104 J/m3[11].
Another magnetic iron nitride is Fe3-xN or ε with a hexagonal structure. The
compound is ferromagnetic with a saturation magnetization much smaller than that
for bcc iron. With increasing x, the Curie temperature decreases. At room
temperature, the ε phase is nonmagnetic for x > 0.67 [12].

3.3. Experimental
Foils of 2 to 6 µm thick were produced by cold-rolling of 0.5 mm Fe93Ni4Cr3 or
Fe94Ni4Ti2 bulk alloys. By admixing Ni we have increased the plasticity of the
materials. Nitridings were performed in a circulating gas mixture of NH3 + H2 at
temperatures between 300 and 500°C for time intervals from 1 to 34 h, depending on
the estimated kinetics of nitridation. An important parameter is the nitriding potential
RN=ln[p(NH3)/p(H2)3/2], where the pressures of ammonia, p(NH3), and of hydrogen,
p(H2), are in Pa. The plot of RN versus T, called the Lehrer diagram, shows the
stability of the various Fe-nitride phases in the presence of a NH3/H2 gas mixture [13,
14]. In Fig. 3.1 we present this diagram together with the coordinates of the points
corresponding to the nitriding experiments presented in this chapter.
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Fig.3.1. The nitriding parameters in the Lehrer diagram [13].
As standard tools for structural investigations, we have used conventional
Transmission Mössbauer Spectroscopy (MS), X-Ray Diffraction (XRD) and
Transmission Electron Microscopy (TEM). It is important to mention that the use of
Mössbauer Spectroscopy allowed quantitative estimations concerning the precipitates
formation and used also to determine the relative amount of the various phases. In
order to determine the nitrogen concentration, the samples were weighted before and
after the treatments. The magnetic characterization was performed with a Vibrating
Sample Magnetometer (VSM) and a Superconducting Quantum Interference Device
(SQUID) magnetometer.

3.3.1.

Results and discussion

The applied thermochemical treatments in our experiments are summarized in
Table 3.1.

3.3.1.1. Nitriding in the α region.
For as-rolled materials a strong texture dominated by the (002) reflection was
observed in θ-2θ XRD patterns. There is also an appreciable texture in the surface
plane, the rolling direction being a <110> axis. In addition an appreciable fraction of
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Table 3.1. Nitriding conditions
α'

(Fe94Ni4Ti2)xN1-x

Sample Name
T1
T2
T3
T4

Treatment
As rolled
Annealed 300°C / H2 atm. / 21h
Nitrided 300°C / ln(RN ) = -5.08 / 21h
Nitrided 300°C / ln(RN ) = -5.08 / 21h
followed by annealing at 600°C / H2 atm. / 16h

T5
T6
T7

Annealed 400°C / H2 atm. / 21h
Nitrided 400°C / ln(RN ) = -6.78 / 4h
Nitrided 500°C / ln(RN ) = -7.3 / 1h

α’→γ’ (Fe93Ni4Cr3)xN1-x
Sample name
C1
C2
C3
C4
C5
C6

Treatment
As rolled
Nitrided 500°C / ln(RN ) = -7.34 / 1h
Nitrided 500°C / ln (RN ) = -7.34 / 1h
followed by nitriding at 380°C / ln(RN ) = -4.68 / 4h
Nitrided 500°C / ln (RN ) = -7.34 / 1h
followed by nitriding at 380°C / ln(RN ) = -4.68 / 10h
Nitrided 500°C / ln (RN ) = -7.34 / 1h
followed by nitriding at 380°C / ln(RN ) = -4.68 / 22h
Nitrided 500°C / ln (RN ) = -7.34 / 1h
followed by nitriding at 380°C / ln(RN ) = -4.68 / 34h
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Cycling (Fe93Ni4Cr3)xN1-x

Sample name
C7
C8
C9
C10
C11
C12
C13

Treatment
α→/400°C/→ε→/400°C /→α
α→/400°C/→ε→/400°C /→α
α→/400°C/→ε→/400°C /→α
α→/400°C/→ε→/300°C /→α
α→/400°C/→ε→/300°C /→α
α→/400°C/→ε→/300°C /→α
α→/400°C/→ε→/300°C /→α

Nr. of cycles
1
5
12
1
2
5
6

grains was found with a <222> axis perpendicular to the surface. This fraction shows
much less anisotropy in the plane of the sample. TEM measurements revealed a
strongly defected microstructure. We have observed grains presenting a slip plane
system with the distance between the slip planes about 100-300 nm, in agreement
with previous measurements [15]. Complementary Scanning Electron Microscopy
showed crystallites with an in-plane size on the order of microns, but not more than
25 µm, and a thickness on the order of hundreds of nanometers.
After the nitriding treatments in the α region a homogenous precipitation of fcc
CrN or TiN was observed. In both cases, the Bain orientation relationship [16, 17]
with respect to the bcc matrix was observed, i.e. (100)fcc//(100)bcc and
[01 1 ] fcc //[001]bcc . For the Ti alloy, formation of nanometer thin TiN platelets was
identified already after nitriding at 300°C. This is accompanied by an appreciable
nitrogen uptake, 2 at% in the TiN precipitates, plus about 3 at% in the form of
interstitial nitrogen. At 400°C, CrN precipitates grow as platelets with a thickness of
about 1 nm. Even after 24 h the precipitate process is not completed. Another type of
CrN precipitates is formed after nitriding above 500°C. These are bigger and not
coherent with the matrix. Still many coherent precipitates are present even after
nitriding at 600°C, as evidenced by intense streaking of {200} spots of TEM
diffraction patterns (DP) [4].
In the following part we will discuss the results of the magnetic characterization
for the samples nitrided in the α region. The results are given in Table 3.2. Most of
the measurements have been done in two directions, parallel and at 45° with respect
to the rolling direction. We can see in Fig. 3.2. that the approach to saturation is
similar in both as-rolled and α -nitrided samples. The anisotropy reflects the in-plane
texture. In the 45° case, the field is predominantly oriented along a <100> easy axis
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DC magnetization parameters in α nitrided Ti- contained samples
Sample name
T1
T2*
T3**
T4**
T5*
T6**
T7**

Interstitial
Nitrogen
at%
3
0.5
1.5
2

Hc
(Oe)

µi

5.5
4.5
2
1
3
0.5
3

606
940
820
810
1100
1200
890

µi = initial permeability calculated in the region where the hysteresis loops measured
in both directions are superposed.
*) annealed samples.
**) nitrided samples.
for the grains with a <001> surface normal. The remaining tail is due to the fact that i)
the planar texture is not complete for these <001> grains and ii) the <111> oriented
fraction has no significant texture in the surface plane.
Nitriding in the α region does not change this planar texture. However, the
coercive force HC decreases by an order of magnitude for both directions of the
external magnetic field. In principle various factors can contribute to this effect. As
already mentioned, nitriding leads to i) precipitate formation, ii) lattice expansion and
associated uptake of interstitial nitrogen (especially for the Ti-alloy) and iii) partial
annealing of defect structures.
To make a clear distinction between the influence of the defects and of nitrogen,
we have annealed the (Fe-Ti-Ni) samples in a H2 atmosphere at the same
temperatures as used for nitriding. The results show that both effects play a role, but
the lattice expansion/ presence of interstitial N is the dominant factor in the reduction
of HC (compare T2/T3 and T5/T6 in the Table 3.2.). Here, the interstitial nitrogen is
obtained by subtracting the quantity associated to precipitates from the concentration
calculated by weighing.
The effect of annealing is easy to understand: removal of defects decreases the
number of pinning centers for the domain walls. The influence of interstitial nitrogen
may have to do with the change in magnetostrictive properties. It is known [18] that
for pure iron the magnetostriction constant depends linearly on the nitrogen content
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with a zero crossing at about one atomic percent nitrogen. Because our samples have
a different microstructure and a different composition, the zero crossing may take
place at another N concentration. Moreover, it may be different for the Cr-alloy and
the Ti-alloy. A significant decrease of the magnetoelastic constant renders the domain
structure much less sensitive to local stresses. This will lead to a simple domain
structure with larger domains and will decrease HC accordingly.
For any in-plane orientation of the DC field, we have measured values for the
remanent magnetization MR below 50% of the saturation magnetization. A systematic
decrease of MR as a function of increasing N content was observed in both alloys. For
the samples where we expect to have the lowest values of magnetostriction we found
1.0
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0.0
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-1.0

-200

-100

0

100

200

H(Oe)
1.0
45 deg
0.5

T6
Nitrided in α region
Hc=0.5 Oe

HDC|| rolling direction

o

M/Ms

T=400 C
0.0

-0.5
(b)
-1.0

-200

-100

0

100

200

H(Oe)

Fig. 3.2. DC hysteresis loops for (Fe-Ni-Ti) alloy: a) as rolled and b) nitrided at 400°C
/ RN = -6.78 / 4h.
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the lowest values of MR, see Fig. 3.2(b). If we consider the magnetoelastic
coupling between the grains as the possible origin of this effect, then we would expect
an opposite behavior [19]. This statement is based on the experimental observation
that in the case of soft polycrystalline ferrites, when the magnetostriction constant
becomes negligibly small, the remanent magnetization increases close to the MS
value. Another important factor which in principle can influence the remanence is the
grain orientation. For a random orientation of the crystallites, the value of MR is 0.8
MS, assuming a cubic anisotropy. Even more, there is no preferential grain orientation
that can lead to a remanence value below half of the saturation magnetization.
We conclude that in our materials the magnetostriction has an indirect
contribution in lowering the remanent magnetization by decreasing HC. The low MR
has to do with the thickness of the foils (6 µm). The aspect ratio determines an inplane demagnetizing field HD=NMS of around 15 Oe [20], where N is the
demagnetizing factor. In order to minimize the sum of magnetostatic and Zeeman
energy the domain pattern in the sample will try to adjust such that NM=Bext,
implying that

µ=

1
≅ 1400 . This agrees reasonably well with the measured value
N

( see Table 3.2), indicating that the domain walls can move easily.
Using transmission Mössbauer spectroscopy we have estimated the average angle
θ of the magnetization with respect to the plane of the sample [21]; these
measurements were done at the remanence. The calculated θ was between 10 and 30°,
leading to the conclusion that the magnetic domain pattern must contain closure
domains in order to keep a minimum value of the total energy of the system.

3.3.1.2.

Nitriding in the γ’ region

To study the formation of the γ’ phase in samples containing precipitates
formed at 500°C, we performed nitriding at 380°C for different time intervals, see
Table 3.2. The speed of the α→γ’ transformation depends on the nitrogen uptake rate
and is almost linear versus time. In Fig. 3.3. we present the XRD θ-2θ scans of
sample C2, nitrided in the α region and containing CrN precipitates, and C6, a sample
containing 95% γ’ phase. We can see that the γ’ phase develops a texture having
mainly the planes (200)γ’, (220)γ’ and (420)γ’ parallel to the surface. This is in
agreement with the Bain relationship mentioned earlier.

Intensity (a.u.)

Intensity (a.u.)
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Fig. 3.3 XRD patterns for a) sample C2 and b) sample C6.
Each reflection in the XRD spectra of the γ’ phase corresponds to a set of
crystallites which were transformed from the α phase. The γ’ crystallites with the
planes (200) and (220) parallel to the surface can be considered as a result of the
transformation of (200) α- crystallites and the γ’-crystallites with (420) plane parallel
to the surface correspond to (222) α-crystallites. This is obtained roughly by a
rotation of the initial α cell by 45° in the (100) plane.
The widths of the γ’ peaks in the XRD patterns have the same value in the
full range of concentration. This implies that during the growth of the new phase the
combined effect of microstrain and grain size remains constant. The evolution of CrN
precipitates during γ’ nitriding is illustrated in the Figs. 3.4 and 3.5. For the sample
containing 14% γ’- phase, we have observed {200} streaking in the TEM diffraction
pattern (DP), as shown in Fig. 3.4. This indicates that the precipitates in the remaining
α phase are still 2D platelets. When the amount of γ’ phase increases up to 95 %, the
streaking vanishes (Fig. 3.5 (c)). Instead, 3D particles of about 30 nm are observed in
dark field and bright field images (BF), as shown Fig. 3.5(a) and (b). In accordance
with XRD results, γ’ grains have a variety of orientations and the grain size is reduced
to 200 – 500 nm, as illustrated in Fig. 3.5. Note that the bright area in Fig. 3.5 (a) is in
fact a group of many grains of both γ’ and α phases producing the most intense
diffraction spots (Fig. 3.5(c)), selected for dark field imaging.
The magnetization curves of (Fe-Ni-Cr)-N alloys at various stages of
nitriding are shown in Fig. 3.6. A reduction of the coercive force is observed for the
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samples containing less than 20% γ’. Above this concentration HC increases fast up to
45 Oe for a sample consisting of 95% γ’. The same value was observed in singlecrystal-like Fe4N [22], suggesting that this value is related with an intrinsic property
of this phase. In the two-phase region, the behavior of the magnetization is affected
by a combination of intrinsic properties of the two phases, like magnetocrystalline
anisotropy and magnetostriction, and microstructural parameters like crystallite size
and texture. In the following we will discuss how these factors can induce changes in
the magnetic behavior of the samples.

Fig. 3.4. Streaking effect for {200} spots in TEM diffraction pattern of
sample C3.
At low concentrations of γ’ the host α crystallites will have the dominant
effect on the macroscopic magnetic properties. This explains why the shapes of the
hysteresis loops are similar for sample C2 and C3. The smaller coercivity of sample
C3, having 14% γ’, can be a result of two different factors: the magnetostriction of the
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Fig. 3.5 a) A DF image is shown for sample C6, containing 95%γ’ phase and b)
enlarged image of small particles -CrN precipitates. Compared to the as-rolled
foil, the grain size is reduced to 200-500 nm. c) The DP shows a combined
contribution of a number of grains of γ’ and α-phases.
α phase and the magnetic anisotropy of the γ’ crystallites. Due to the strain fields
created at the interface between the phases a local bcc lattice expansion is expected.
As a consequence more nitrogen is absorbed in the α phase and the value of the
magnetostriction constant can be closer to zero. However the interface region can be
significant only for γ’ crystallites on the order of ten nanometers, which makes this
explanation less probable. The second possible explanation is that when averaging
over the entire sample containing two phases with anisotropy constants having
opposite signs, the total free energy is lowered. We mention that a similar decrease of
HC with the onset of γ’ phase formation was obtained by Hoshi and Naoe [23]. The
samples studied by them were thin Fe-N films with a (110)α’ texture. However, no
quantitative estimations of the phases were presented so it is difficult to have a direct
comparison with our samples.
For the samples having a γ’ concentration higher than 20% the linear increase
of HC is mainly because the magnetic contribution of the new phase to the total
energy of the system becomes more significant than that of the α phase.
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Fig. 3.6 Selected DC hysteresis loops of (Fe-Cr-Ni)–N samples:
measurements with the field parallel to the rolling direction.

All samples containing γ’ grains present tails in the hysteresis loops, see Fig.
3.6. The magnetic anisotropy is not averaged out because i) the grains are still larger
than the ferromagnetic exchange length, and ii) the texture prevents an effective
averaging anyway.

3.3.1.3.

Cycling

We call cycling the nitriding treatment in which the sample is transformed into a
complete iron nitride phase and subsequently reduced in pure H2 to reform the α
phase.
In principle, this procedure may lead to grain refinement and reduction of the
initial texture. Indeed, depending on the intermediate phase during the cycling process
and on the number of cycles, it is possible to reduce the initial texture. This has been
shown in detail elsewhere [5]. While the fine CrN precipitates may lead to a reduction
of the initial texture, the presence of the TiN precipitates has an opposite effect. The
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TiN precipitates act as phase stabilizers and lower the speed of the intermediate
transformation. The removal of the defects induced after rolling may also slow down
the process by increasing the kinetic barrier of the transformation. It is required that
the cycling is carried out at low temperatures so that the grain growth is suppressed,
but at the same time the temperature has to be high enough in order to have a
reasonable speed of nitriding. We have chosen the ε as intermediate phase and for the
reasons mentioned above, the temperature of nitriding was 400°C. No nitriding in the
α region was performed before these experiments.
In Table 3.3 we present the texture evolution of the Cr-alloy. The area ratios
A200/A110 and A211/A110 of (200) / (110) and (211) / (110) XRD lines are to be
compared with the values for a random oriented material, which are 0.13 and 0.22,
respectively. An almost complete disappearance of the texture is obtained after 12
cycles. Extra information on the structural characteristics was obtained by TEM
measurements, see for example Fig. 3.7 (a) and (b). Besides the most pronounced
[311]-pole grains, a number of smaller grains with different orientation contribute to
the diffraction pattern (Fig. 3.7 (a)). The splitting and the arc-shape reflections are
due to the presence of distinct α + α’ regions with different N concentration, formed
during the reduction treatment. In Fig. 3.7 (b), the contribution to the bright area in
the DF image is from a collection of many grains with a size of 100 – 200 nm.
After the first cycle, a sudden increase of the coercive force is observed, followed
by values which are all still bigger than the HC value of the as rolled sample, (see
Table 3.3). This behavior can be understood by the evolution of the microstress and
texture. The first cycle increases the microstress present after the rolling procedure.
This is clearly observed in the XRD measurements: the width of the (200) reflection
doubles after the first cycle and then stays constant for the next cycles. The grain size
of the samples C7 and C10 was not reduced significantly as compared with that of
C1. In this case, the influence of the grain size on the XRD linewidth is only minor.
The relatively large values of the coercivity are associated with the obstruction of
the magnetic domain wall movement. Pinning of the domain walls will preferentially
occur at grain boundaries between crystallites with a large difference in orientation.
An additional contribution to the domain wall pinning is due to the microstress via the
magnetoelastic interaction.
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Table 3.3. Texture and coercive force evolution in cycled (Fe-Ni-Cr)-N alloy
Sample

Nr. of
cycles

Temperature
of reduction
(°C)

Time of
reduction*

A200/A110

A211/A110

HC
(Oe)

C1

-

-

-

-

-

7.2

C7

1

400

2h

3.9

0.7

17.5

C8

5

400

3h10’

0.9

0.3

14.5

C9

12

400

7h

0.2

0.21

42

C10

1

350

3h30’

11

0.7

25

C11

2

350

2h45’

8

0.6

27

C12

5

350

15h40’

1.6

0.3

21.5

C13

6

350

16h

1

0.2

22.5

*) The time of reduction presented here corresponds to the last cycle.

a

b

Fig. 3.7. a) TEM DP for the sample C12 and b) the DF image of the same sample.
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Conclusions

The magnetic properties correlated with the structure of (FeNiCr)-N and
(FeNiTi)-N alloys were studied. A soft magnetic material was obtained via
nitridations in the α' and γ’ region of the Lehrer diagram. Our results show that a
control of the magnetic anisotropy assisted by the precipitates can be achieved via
nitrogen incorporation. The combination of α and γ’ phases can improve the soft
magnetic properties of the samples. A further investigation in samples with a low
concentration of γ’ has to be conducted to clarify the origin of this behavior. For this
purpose, ferromagnetic resonance measurements can give direct information about
the anisotropy fields in the various phases.
Cycling between the α and ε phases leads to a grain refinement in the range of
100-200 nm and the crystalline texture becomes very close to random. However the
grain size is still too large to average out the magnetic anisotropy. The microstress
distribution is another factor that increases the coercivity in the cycled samples. These
last two reasons limit the improvement of soft magnetic properties via the route of
grain refinement by solid state phase transformations.
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Chapter 4
Magnetization dynamics of soft nanocrystalline thin
films with random magnetocrystalline anisotropy
and induced uniaxial anisotropy

Results of frequency-dependent ferromagnetic resonance (FMR) measurements are
presented for thin Fe-Zr-N nanocrystalline films with random magnetocrystalline
anisotropy and induced uniaxial anisotropy. The study is done by changing the
composition, the grain size and the magnitude of the induced anisotropy. We show
that the magnetization dynamics is strongly influenced by the structural parameters of
our samples. Although the frequency-dependent spectra can be analyzed on the basis
of the Landau-Lifshitz equation, an extra field Hshift has to be introduced in order to
have agreement between the experiment and calculations. This extra field does not
depend on the saturation magnetization and increases significantly when the grain
size decreases from 10 to 2 nm. In addition, we observe a nonlinear decrease of the
frequency linewidth with the applied DC field. After discussing various existing
models we conclude that Hshift originates from variations in the magnitude of the
magnetization, related with the nanocrystalline stucture.
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4.1. Introduction
Recently, nanocrystalline ferromagnetic materials with random orientation of
the grains and induced uniaxial anisotropy were recognised as potential candidates for
integration in high frequency applications [1, 2]. In this respect, the most relevant
quantity is the frequency-dependent complex permeability, the real part of which
should be sufficiently high up to GHz frequencies.
In nanocrystalline ferromagnetic materials, the magnitude of the local
anisotropy field Hr determines the nature of the magnetic response of the system.
When Hr is larger than the exchange field Hex the spins are directed along the local
anisotropy axis. In this case, although there is a small magnetic correlation length, the
collective behavior is only of minor importance. If Hr < Hex then the grain size, the
external applied field and the induced anisotropy field will determine the collective
behavior of the system [3]. In this chapter we will discuss only the last category.
A small applied field or a coherent anisotropy field will be sufficient to
nearly align the spins of the system. The magnetic structure is also called ferromagnet
with wandering axis (FWA). The deviation angle from the average orientation of
magnetization is correlated over a certain field-dependent length which depends on
the external applied field and the magnitude of the coherent uniaxial anisotropy, if
present.
As part of our structural and magnetic studies of the Fe-Zr-N system [4-6],
we present here an investigation of the magnetization dynamics as a function of an
external magnetic field HDC, applied in the plane of the samples. The samples were
oriented with the easy axis (EA) parallel or perpendicular to HDC. We discuss the
transversal resonance mode in relation with composition, grain size and magnitude of
induced anisotropy field of our samples.

4.2. Experimental
The samples were obtained by DC reactive sputtering in an Ar+N2 gas
mixture. The targets were prepared in order to have atomic concentration ratios
between Zr and Fe of 0.01, 0.025 and 0.04. A sample holder with a controlled
temperature between –55°C and +220°C was used. By controlling the temperature of
the substrate we can influence structural properties like grain size and nitrogen
content [7]. The sputtering power was 10 W, ensuring a deposition rate of 5 Å/s. A
constant DC field of 600 Oe was applied parallel to the plane of the sample to confine
the plasma and to induce an uniaxial anisotropy. Quantitative estimations of grain size
and nitrogen content were done using X-ray Diffraction (XRD) θ-2θ scans. As we
have found [8] the nitrogen content correlates with the lattice parameter and thus with
the position of the Bragg reflection. In Chapter 2 it was discussed that the grain size
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can be estimated from the width of the Bragg peak. The thicknesses of the samples
were determined using the Rutherford Back Scattering (RBS) technique.
We present in the Table 4.1 the structural parameters of the samples of this
study. As expected, the grain size and nitrogen content correlate with the temperature
of the substrate. When the substrate temperature was low, the grain size was small
and the nitrogen content was high. Samples with larger grains and lower
concentration of nitrogen were obtained at high temperatures. These effects are
related with the mobility of the atomic species during deposition. We note that the
grain size is significantly smaller than the ferromagnetic correlation length (≅35nm),
so that we are in the situation that the direction of the local magnetization, averaged
over an exchange coupled volume, makes small excursions from the average direction
(FWA regime).
The DC magnetic properties were investigated with a Vibrating Sample
Magnetometer (VSM). As a common feature, all samples showed almost rectangular
hysteresis loops measured in the direction parallel to the easy axis, proving that at the
remanence we have a single-domain magnetic structure. The values of the coercive
field were in the range of 1÷10 Oe for the easy axis orientation and 1.5÷5 Oe for the
hard axis orientation.

Sample
name
A1
A2
B1
B2
C1
C2

Zr
at.%
1
1
2.5
2.5
4
4

T
(°C)
-30
200
-55
207
-64
215

<D>
(nm)
2
13
1
11
2
7

t
(nm)
50
60
100
100
100
100

Table 4.1
Characteristics of the sputter-deposited samples. The various columns give
the Zr content, the substrate temperature T, the average grain size <D> and the layer
thickness t.
The magnetization dynamics was studied using a copper single coil
connected to a Network Analyzer (HP8720A and HP8720S). The frequency band for
which we have designed the device was from 130 MHz up to 6 GHz. By measuring
the reflection parameter S11 of the single coil, the complex permeability can be
obtained from an appropriate analytical description of the device [9]. We refer to
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Chapter 2 for details. A proper subtraction of the substrate signal was done by
orienting the sample with the magnetization parallel to the orientation of the RF field.
In this case the magnetic response vanishes. All measurements with this technique
were done with the external applied field and RF field aligned in the plane of the
sample. We have also measured the FMR response in the X band (9.4 GHz) with a
standard electron spin resonance (ESR) spectrometer.

4.3. Frequency dependent permeability
Here we discuss the suitability of the description given by the LandauLifshitz (L-L) equation as a phenomenological approach. Although the equation was
initially written for coherent rotations of the spins, we will show that it describes the
frequency-dependent permeability of our samples fairly well. Because this equation is
nonlinear, it is difficult or impossible to solve it for the general case. Using
reasonable assumptions [10] for the highly permeable films we can approximate the
equation by a linear one. The assumptions are: i) the anisotropy field is small in
comparison with the saturation magnetization; ii) the RF field is small so that the
tipping of the magnetization is negligible, iii) the damping constant α is small; iv) the
film is so thin that eddy currents can be neglected; v) if an external DC field HDC is
applied, then its value has to be large enough so that the magnetization is parallel to
it. This implies that for the case that the RF field is in the direction of HDC (and thus in
the direction of the magnetisation) the RF magnetic response is zero. As discussed in
Chapter 2 we used this in the calibration of our impedance analyser.
Neglecting the terms of order higher than α2, the general form of the L-L is:
 dM α 
dM
α
dM 
= γ(MxH eff ) − Mx 
+  Mx

dt
M
dt
M
dt 



where M is the magnetization, Heff the effective field, γ =

(4.1)

gµ B
is the gyromagnetic
h

ratio (µB is the Bohr magneton). The external RF field is taken as

H RF ( t ) = H RF 0 e iωt . With these considerations, we can write the magnetization

and the effective field as follows:

M = M S + m(t )
H eff = H DC + H RF (t ) − H dem + H k

(4.2)
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where m(t) is the magnetisation due to the RF field, Hdem is the demagnetizing field
and Hk is the anisotropy field. The magnetization is along the OX axis and
Hdem=(0,4πMS,0).
By inserting equation (4.2) in equation (4.1) we obtain the simplified
expression for the component µxx of the complex permeability tensor in two
geometries:
a) HRF||HA (hard axis), which is equivalent to HDC||EA (easy axis), with HRF in the
plane of the sample:

µHrf || HA =

(4πM S )2
(H DC + 4πM S )(H DC

ω2
+ H K ) − 2 + iΓ 4πM S
γ

+1
(4.3a)

b) HRF||EA, equivalent to HDC||HA:

µ Hrf ||EA =

(4πM S )2

(4πM S + H DC − H K )(H DC

ω2
− H K ) − 2 + iΓ 4πM S
γ

+1
(4.3b)

where Γ =

αω
.
γ

We note that formulas (4.3a,b) are valid only if HDC <<4πMS, a proper
assumption for our data on the frequency dependent permeability.
All spectra can be fitted in a good agreement with Eq. 4.3, for an example see
Fig. 4.1. The resonance frequencies follow directly from the resonance condition of
Eqs. 4.3a and 4.3b:

γ
2π
γ
=
2π

f H RF ||HA =

(H DC + 4πM S )(H DC + H K )

(4.4a)

f H RF ||EA

(H DC − H K + 4πM S )(H DC − H K )

(4.4b)

These expressions are also valid for the ferromagnetic resonance at 9.4 GHz, because
here we have HDC>> HK.
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There are three major conclusions of this investigation which will be
discussed in the next sections: (i) for the samples with a well defined induced
anisotropy the line shape is lorentzian, indicating a purely relaxation-type process, (ii)
the ferromagnetic resonance line position is shifted towards higher frequency values
than given by Eq. 4 and (iii) the phenomenological damping parameter has a
pronounced nonlinear behavior as a function of the external applied field.

3000
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0

-1000

0.00E+000

1.00E+009

2.00E+009

3.00E+009

H (Oe)
3000

HDC=4 Oe
6 Oe
12 Oe
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29 Oe
37 Oe
45 Oe
53 Oe
62 Oe
70 Oe

µ"

2000

1000

0

0.00E+000

2.00E+009

4.00E+009

6.00E+009

Frequency (Hz)

Fig. 4.1
a. The permeability spectra for the sample B1: experimental measurement –
circle; L-L fit –line.
b. Imaginary part of the complex permeability of the sample C2; geometry
HRF||EA. The values of HDC correspond to spectra from left to right.
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4.4. Results
4.4.1. X-band ferromagnetic resonance
Before presenting our experimental results concerning the induced
anisotropy field and the shift of the ferromagnetic resonance frequency, it is essential
to determine the saturation magnetization. This is done from the in-plane FMR fielddependent measurements, see results in Table 4.2. In these estimations we have taken
the g factor as for pure Fe, g=2.1 [11]. We could determine the g value for sample C1
(with the highest Zr concentration and nitrogen content) from the FMR with
perpendicular and parallel field orientation with respect to the sample surface. For the
former geometry the resonance frequency is:

f⊥ =

γ
(H ⊥ − 4πM S )
2π

(4.5)

where H⊥ is the corresponding resonant field. The above formula is valid when the
perpendicular component of the anisotropy is insignificant, like in our case.
Combining Eq.4 and 5 we can obtain the g value independent of MS. The
result was g=2.051(±0.003). Unfortunately the maximum value of the field, possible
to reach in our ESR set-up, has limited this type of measurements to only one sample.
Because the sample C1 contained the maximum concentration of Zr, we assume that
the g value for the other samples is closer to 2.10. We conclude that taking g=2.10 for
all samples may underestimate MS by 5% at maximum. Because the samples
contained a high degree of imperfections like vacancies and voids, the evaluation of
their volume has an uncertainty of 10%. Since the magnetization is the ratio between
Sample
A1
A2
B1
B2
C1
C2

<D>
(nm)
2
13
1
11
2
7

N
(at. %)
14
2
11.5
7
12
6

4πMS
(kG)
16.9
19.1
15.7
17.1
13.4
15.9

HK (fr.)
(Oe)
23.8(±0.2)
1.5(±0.2)
16.7(±0.3)
5.3(±0.1)
15.3(±0.2)
6.2(±0.1)

HK (field)
(Oe)
25(±2)
0(±2)
18(±2)
9(±2)
13(±2)
7(±2)

Hshift
(Oe)
7.3(±0.3)
0(±0.2)
6.4(±0.3)
3.3(±0.1)
7.3(±0.3)
1.6(±0.1)

Table 4.2. Saturation magnetization 4πMS, anisotropy field as determined by
frequency-dependent measurements: HK (fr.) and by X-band FMR: HK (field), and the
additional field Hshift acting on the spins. Also average grain size <D> and nitrogen
content are given.
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the magnetic moment and the sample volume the error bar as determined from VSM
measurements is then also 10%.
Standing spin waves (SSW) were excited in spectra measured with HDC
perpendicular to the plane, see Fig. 4.2a. A quadratic dependence of the line positions

 nπ 
H n = H 0 − Db 

 t 

2

on the mode number n is expected if the following

conditions are met: (i) the spins are pinned at the surface, (ii) the exchange coupling
constant, the internal static field and the RF field are homogenous inside the sample,
(iii) the sample is saturated and there is no perpendicular component of the coherent
anisotropy. Db is called the bulk exchange stiffness constant of the film. For our
experimental results, the closest line-indexing to a quadratic dependence is found
when the second line has n=2, the third line n=3 and the fourth line n=4. Although the
resolution should be sufficient, the line corresponding to the mode number n=1 was
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Fig. 4.2 Sample C1: a) Standing spin waves spectra; b) Resonance field versus
resonance mode: squares - experimental points ; line – simulation with the formula

 πn 
H n = H 0 − D 
 t 

2
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not observed. The experimental field ratios are (H 0 - H 2 )/(H 0 - H 3 ) = 0.41 ,

(H 0 - H 2 )/(H 0 - H 4 ) = 0.20 ,

(H 0 - H 3 )/(H 0 - H 4 ) = 0.47 and

have to be
compared with 0.44, 0.25, 0.56 as expected for a quadratic behavior. A fit of Db based
on the above model leads to Db=1.93 10-9Oe cm2, see Fig. 4.2b. This value can be
compared with the experimental value of pure Fe [12] Db-Fe=2.34 10-9 Oe cm2. We
conclude that the standing wave patterns we observe cannot be described accurately
by the simple model given above. The most obvious flaw of this model is the neglect
of the nanocrystalline structure of our material. Within the grains the exchange
constant is probably bigger than in the defected interface regions. This will lead to a
complicated magnon spectrum. We note that other authors have associated the
standing wave parameters with the structural correlation length [13].

4.4.2. Induced anisotropy field
In Fig. 4.3a.b. we present the square of the FMR frequency as a function of HDC
for the samples C1 and C2. Similar data was extracted for all samples. The external
field used (HDC< 70 Oe) as well as the anisotropy field HK are very small compared to
the saturation magnetization and consequentely can be neglected in the first factor
under the square root in Eq. 4a,b. The slope of the graphs is consistent with the values
of MS and g calculated from the ferromagnetic resonance measurements at 9.4 GHz.
Contrary to what is expected from Eq. 4a,b, the lines do not cross the horizontal axis
at the same distance to the origin and the FMR frequency for HRF||EA does not reach
zero value.
From the resonance conditions of both HRF||HA and HRF||EA, we find the
dependence of HK on the difference between the squares of the FMR frequencies:

HK ≅

where c =

c
,
8πM S

(4.6)

2
2
f HA
− f EA
. HA and EA are the indices of the corresponding
(2πγ ) 2

ferromagnetic resonance frequencies as measured for the same applied field. The
values for HK derived in this way for the samples C1 and C2 are given in Fig. 4.3c.
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Fig. 4.3 a,b)The square of the resonance frequency versus HDC of the sample C1 and
C2; c) Uniaxial anisotropy field of samples C1 and C2 measured in an external field
from 0 to 70 Oe.
We see that HK is independent of HDC, apart from the region where HDC is close to
HK. In this case the torque on the spins is very small for the configuration “EA” and
any inhomogeneity in the sample will result in a more complicated behavior of the
local magnetization. These values correlate with the nitrogen concentration and with
the average grain size <D>. The origin of the induced anisotropy lies in the
anisotropic distribution of N atoms in planes perpendicular to the external field
applied during deposition [14]. Similar results for HK were obtained from FMR
measurements done by sweeping the magnetic field. However, the error bars of HK as
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Fig.4.4. The average of the FMR frequencies for the sample C1 (a) and C2(b),
measured at the same external field for two geometries; (c) Hshift extracted from (a)
and (b)

determined with last mentioned technique are larger by a factor of 10 as compared
with the magnitude of HK of the samples with small nitrogen content. We conclude
that the frequency sweep method is more appropriate for anisotropy field
determinations.
For the regime where HDC is sufficiently larger than HK, so that
magnetization is everywhere parallel to HDC we observe that both HK and HShift are
independent of HDC. We present in Table 4.2 the HShift values for this regime. For the
samples produced at low temperature, the grain size D is small, the N concentration is
large, and both HK and HShift are large. For the samples made at ~ 200ºC we have
larger grains, lower nitrogen content and small values for HK and HShift. The best
correlation is between nitrogen content and HShift, see Fig. 4.5. On the other hand, MS
seems to have little influence on HShift (compare samples A1, B1 and C1).
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Fig. 4.5 (a) HShift versus N content and (b) HShift versus HK.

4.4.3. Line broadening
In this section we discuss the ferromagnetic resonance line width as a
function of the external applied field. All samples showed similar behavior to the one
in Fig. 4.6. The largest linewidth is observed for HRF||EA when the external field is
almost equal to the anisotropy field. In these conditions, the resulting torque on the
spins is very small which makes the system very sensitive to fluctuations. As
expected, the fluctuations are most prominent for larger grains. However, we observe
that while HShift goes almost immediately constant when HDC is above this region, the
linewidth decreases more slowly with HDC.
In order to extend this investigation to higher values of HDC we present in
Table 4.3 the maximum value of the frequency linewidth, the value at 60 Oe and the
value derived from the FMR measurements at 9.4 GHz. The line width seems to
approach a constant value at fields higher than HK but in fact a further decrease takes
place going to 9.4 GHz. This is quite different from what is observed in a classical
soft material like permalloy. In that case the damping parameter α is field
independent, leading to a linear but weak dependence of the linewidth with the DC
field in accordance with:

∆ω = αγ (2 H DC+4πM S )

(4.7)

In contrast with these observations we measure a decrease of the line width with HDC,
as is evident from Fig. 4.6. Note that this figure also contains the point at 635 Oe,
corresponding to f= 9.35 GHz. This can only be explained by a non-linear decrease of
the damping parameter α with increasing HDC. A similar nonlinearity of α was
observed by Sun et all [14] on nanocrystalline Fe-Co-N thin films.
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In Table 4.3 we can also see that the linewidth increases with MS. This is
predicted by Eq. 4.7 if we assume that the damping parameter does not depend on
MS. Indeed, for the last two columns of Table 4.3 the calculated values for α do not
show a correlation with MS. Likewise, we do not observe a clear influence of the
grain size on the damping parameter.
From the FMR response measured in the X-band we have calculated the
frequency linewidths ∆ω||,⊥ of sample C1, corresponding to HDC parallel and
perpendicular to the sample surface. The values were ∆ω||=160 MHz and ∆ω⊥=100
MHz. The larger linewidth in the parallel case is usually associated with the presence
of spin waves with energies equal to the uniform ferromagnetic resonance mode
(k=0), enabling a so-called two magnon process. This situation does not occur when
the field is perpendicular to the sample surface[16, 17]. We will return to this point in
the next section.

1.00E+009

Line width (Hz)

8.00E+008

6.00E+008

4.00E+008

2.00E+008

0

20

40

60

635
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Fig. 4.6. The FMR linewidth for sample C2 as a function of the external field, in two
different geometries: HRF||EA (squares) and HRF||HA (circles).
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B2
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Zr
(at.%)
1
1
2.5
2.5
4
4

D
(nm)
2
13
1
11
2
7

4 πM S
(kG)
16.9
19.1
15.7
17.1
13.4
15.9

Wmax
(MHz)
890
1160
630
1000
580
980

W60 Oe
(MHz)
460
560
380
440
330
300

W9.4GHz
(MHz)
327
380
195
205
160
170

Table 4.3 The maximum frequency linewidth (Wmax), the frequency linewidth
measured at 60 Oe (W60 Oe) and the calculated frequency linewidth from the in-plane
field dependent measurements (Wfield) versus grain size and Zr concentration.

4.5.

Discussion

Several effects are present in nanocrystalline films with random anisotropy that
may influence the magnetization dynamics. We will discuss them here in relation
with the present findings: the existence of an extra field HShift acting on the spins and
the peculiar behavior of the FMR linewidth.

4.5.1. Longitudinal stray fields due to magnetization fluctuations
Hoffmann has shown [18] that fluctuations present in the FWA regime are
basically one-dimensional. In a plane perpendicular to the average magnetization
direction (x-axis) the spins are practically parallel, but along the x-axis the direction
of the magnetization fluctuates on a length scale larger than the ferromagnetic
correlation length. This gives rise to a so-called ripple pattern, which has been
observed in some of our samples by Lorentz microscopy [4]. This magnetization
pattern leads to magnetic charge density varying along the x-axis. Coupled to this is a
stray field (demagnetizing field) directed along the x-axis. As we have shown, this
stray field distribution locally influences the magnetization dynamics, giving rise to a
distribution of resonance frequencies [4]. For relatively large sinusoidal
magnetization fluctuations, it leads to a double hump in the FMR response. Note,
however, that our treatment does not lead to an average shift of the resonance
frequency. Although we have observed these effects for samples deposited on rough
substrates, where bumps and pits can lead to additional stray field distributions [19],
this is not the case for the samples presented here.
On the basis of the treatment given by Hoffmann [18] we estimate that
effects of the stray field distribution are negligible even for the samples with
relatively large grains, except possibly for the region close to HK in the EA
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configuration, where the spin system is very susceptible to local inhomogeneities. In
accordance with this estimate we do not see any deviation in the line shape behavior
from the simple Landau-Lifshitz behavior (Eq. 3a and 3b).

4.5.2. Random anisotropy model
Saslow and coworkers have studied a microscopic model applicable to
ferromagnetic systems with random anisotropy [20, 21]. In this model the spins are
subject to various magnetic fields. Apart from a possible external field, one
introduces a random anisotropy field Hr which is directly related to the local
magnetocrystalline anisotropy energy, and an exchange field Hex defined as
Hex=Ja2MS/D2, where J is the exchange constant, a is the interatomic distance and D
the characteristic length of the structural variations (i.e. the grain size). This treatment
does lead to a shift in the dispersion curve of the excitations, implying also a shift in
the ferromagnetic resonance frequency (transversal mode), for which one can write:

H Shift =

H r2
3H ex

(4.8)

i.e. HShift is proportional to D2.
Apart from the fact that numerical estimates give a small value for HShift, the
D-dependence is completely different from what is observed experimentally, namely
HShift increases for decreasing grain size.

4.5.3. Skew effect
The skew effect appears when we deal with a gradual variation in the
orientation of the induced anisotropy, leading to a misalignment of the magnetization
on length scales much larger than discussed before. In principle this can lead to an
extra torque described by an effective field HSkew. We can exclude such an effect in
our samples for the following reasons: i) no magnetic response was observed in a
geometry where HRF was parallel to the average magnetization (easy axis) with no
external field present, ii) the theoretical treatment of the skew effect [18] predicts
HSkew~HDC-1, which is not observed experimentally.
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4.5.4. Variations in the magnitude of the magnetization
Although in our fine-grained samples the variation in magnetization direction
is negligible because it costs too much exchange energy, the magnitude of the local
magnetization will vary, mainly because the atom density in the intergranular region
will be smaller than in the interior of the grains. This will lead to local demagnetizing
fields that vary on a length scale comparable to the grain size. These fields will
average out in the x-direction (parallel to the external field), but this is not the case for
the z-direction (in the plane of the film). Consequently, the perpendicular
magnetization component Mz is associated with a magnetostatic energy density <(Mz
- Mav,z)2 > [22]. This is similar to the term 2πMy2 for the magnetization component
perpendicular to the plane.
Adapting a simple model due to Jamet and Malozemoff [23], we assume that
the magnetization and the exchange stiffness vary as a sine wave in two dimensions,
i.e.: M ( x , z ) = M 0 + M 1 sin(kx ) sin(kz ) and A( x , z ) = A0 + A1 sin(kx ) sin(kz ) ,
where M1<M0 and A1<A0; k is the wave vector corresponding to the magnetization
periodicity. For our case, in which the wavelength 2π/k is much smaller than the
exchange length and the static magnetization lies along the x-direction, the
ferromagnetic resonance condition is given by:
ω = γ [4M0 (Hstatic + Hloc )1/2]

(4.9)

where Hstatic = HDC ± HK and Hloc = 2π M12 / M0 = ½ (4πM1)2 / 4πM0 .
We conclude that we can associate our extra field Hshift with the term Hloc.
With Hshift = 7 Oe and 4πM0 = 17 kOe we arrive at 4πM1 ≈ 5. 102 G, or M1/ M0 ≈ 3%.
Such a variation in the magnitude of M looks very reasonable. We further note that
we can easily extend the model by assuming a distribution in the wave number k. As
long as the corresponding wavelengths of the fluctuations are negligible compared to
the exchange length (which is a reasonable assumption for our nanocrystalline
material), the result is independent of k. The standard deviation of the magnetization
distribution is then given by

M 12 / 2 . The fact that we observe a bigger field shift

for material with smaller grains and more nitrogen suggests that the atomic density
variations between grains and intergranular region are larger in that case than for
material with larger grains. This is understandable, because the volume fraction of the
intergranular region is larger for smaller grains.
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4.5.5. Spin wave excitations
The dispersion relation for spin waves (magnons) in a thin foil can be written as:

ω k2 = γ 2 ( H i + Dk 2 )( H i + Dk 2 + 4πM S2 sin 2θ k )

(4.10)

where D is the spin wave constant in frequency units and θ k the angle between the
magnetization and the propagation direction k/k. This expression assumes a
homogeneous and isotropic material, apart from the small induced anisotropy field.
The effective field Hi is given by H i = H DC ± H K when the external field is in the
surface plane, parallel respectively perpendicular to the induced easy axis. On the
other hand, when the external field is perpendicular to the plane and sufficiently large
to magnetize the system in that direction, we have H i = H DC − 4πM S .
If we compare these expressions with the corresponding FMR frequencies,
i.e. the excitation frequencies for the k=0 (uniform) magnon, we deduce that for an
external field in the plane of the sample the energy of the k=0 mode is at the top of
the magnon band (k→0, θk =0) whereas for the perpendicular geometry the k=0 mode
lies at the bottom of the magnon band. This explains the presence of a two-magnon
relaxation process for the parallel geometry, in which a k=0 magnon is destroyed and
a magnon with the same energy, but k≠0, is created.
While this mechanism accounts for the larger linewidth when HDC is parallel
to the sample plane compared to HDC perpendicular to the plane, it cannot explain the
decrease of the linewidth as a function of HDC, because –at least for the simple case
expressed by eq. 10- the relative energies of the various magnons do not depend on
the external field. Probably this decrease of the linewidth (or alternatively the
damping parameter) is related to the fact that in our nanocrystalline material the
exchange stiffness constant and the spin wave constant D, is position dependent. This
will clearly influence the shape of the magnon spectrum and the possible relaxation
channels.

4.6.

Conclusions

The magnetization dynamics of nanocrystalline ferromagnetic films of the
type Fe-Zr-N have been studied as a function of an in-plane external magnetic field
HDC, applied parallel as well as perpendicular to the easy axis. Grain size and
concentration of Zr and N were varied by changing the deposition parameters. The
complex permeability of all samples is well described by the Landau-Lifshitz-Gilbert
equation. However, apart from the torques due to the external field and the uniaxial
anisotropy, the spins experience an extra torque that can be described by an additional
field HShift, independent of HDC. HShift is larger for the samples with small grains and
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seems to correlate with the amount of N in samples. The linewidth decreases as a
function of HDC, which also deviates from the behavior of classical soft ferromagnets
(Permalloy). After discussing various models for magnetic systems with random
anisotropy we conclude that the extra field is due to demagnetizing fields acting on
the perpendicular component of the magnetization, as was described earlier by Jamet
and Malozemoff. These fields are caused by variations of the magnitude of the
magnetization related with the nanocrystalline nature of the material. The effect of
spin wave excitations is also discussed; we argue that they do not provide an
explanation of the behavior of the linewidth as a function of the external field.
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Chapter 5
The influence of the surface topography on the
magnetization dynamics in soft magnetic thin films

We report on the influence of the surface roughness on the magnetization dynamics of
soft magnetic nanocrystalline Fe-Zr-N thin films. The substrates used in this study
were Si-oxide, a thin polymer layer and a thin Cu layer. We have deposited the
samples under the same conditions. The substrate temperature during deposition was
around -25ºC, ensuring a fine nanocrystalline state in all samples. The demagnetizing
factors Nxx, Nyy and Nzz due to sample roughness were calculated based on AFM
analysis of the surface topography. A clear correlation between sample roughness and
the width of the high frequency response is observed. The local random
demagnetizing field created by the nanocrystalline structure is responsible for the
positive shift of the ferromagnetic resonance (FMR) frequency. Additionally, a
pronounced effect of line broadening is induced by the surface topography at large
wavelength. We have obtained a reasonable agreement between the values of the
average local demagnetizing field N4πMS as calculated from the AFM scans and the
halfwidth of the local field distribution calculated from the frequency-dependent
complex permeability measurements.
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Introduction

The development of new technologies related to magnetic recording industry
and the spread of wireless communication systems is an important incentive to focus
on magnetic materials which can be used in high frequency applications [1, 2].
Depending on the application, the requirements which must be satisfied by these
materials can vary considerably. For instance, in order to improve the design of a high
frequency inductor we can use a soft magnetic material with high ferromagnetic
resonance (FMR) frequency. A narrow FMR line and a high real component of the
magnetic permeability are desirable in this case. Somewhat different properties must
be satisfied by the materials which are used for band stop filters which depend on the
absorption of microwave power at the FMR frequency; the position and the width of
the FMR line must be adjustable depending on the working frequency range.
Therefore it is desirable to obtain a magnetic material which can be used for a large
range of frequencies. The high frequency properties of this material will be artificially
modified by changing the extrinsic parameters of the samples.
One obstacle which must be removed in order to have this “tunable”
magnetic material is the magnetocrystalline anisotropy. This can be done by choosing
a nanocrystalline structure with random orientation of the grains [3, 4]. An important
factor is also the saturation magnetization MS. In almost all high frequencies
applications involving a ferromagnetic material, an increase of MS leads to an
improvement of the physical property of interest. We take the examples above: (i) for
an inductor, a higher MS increases the inductance and the frequency range, and (ii) for
a stop band filter higher MS means higher power absorption.
In this chapter we present a study of the high frequency response of Fe-Zr-N
thin films with a nanocrystalline structure and uniaxial induced anisotropy, where we
concentrate on a variation of the substrate on which the films are deposited. We show
that substrate roughness induces significant changes of the magnetization dynamics.
The FMR frequency distribution is very broad and the average FMR frequency is
shifted upward corresponding to an extra field of about 35 Oe for the sample
deposited on the roughest substrate. We discuss the origin of both the broadening and
the frequency shift.

5.2.

Experimental

The deposition method used for the production of the samples was DC
reactive sputtering in an Ar+N2 gas mixture. We have kept the same sputtering
parameters for all samples used in this investigation. The target was a Fe-Zr alloy
with a Zr concentration of only 1%. This small amount of Zr has the role of
increasing the nitrogen uptake and may act also as a thermal stabilizer in subsequent
treatments. However, only the first Zr-related property was considered for this study
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since no thermal treatments were done. The sample thickness was 110 nm for all
samples. Another important factor in sample deposition was the temperature of the
substrate. All samples were produced at temperatures below -20ºC producing grain
sizes around 2 nm, see Table 1. More details about this deposition technique are given
elsewhere [5, 6]. In order to change the topography of the samples, we have used the
following substrates: (i) Si-oxide, (ii) Si covered with a thin organic layer and (iii) Sioxide covered with a 300 nm Cu layer. The second substrate was prepared by
applying a uniform layer of dinitro cellulose in a solution of amilacetate and acetone
(colodium) with a thickness of 1µm.
In order to measure the average grain size and the nitrogen content, the
structure was investigated by XRD. We have used for these purposes the Scherrer
formula and the relation between lattice constant and nitrogen concentration [5].
Based on the average lattice parameters, the samples A and B had a nitrogen content
of 16%. For the sample deposited on Cu the XRD technique was ineffective because
of the superposition of the diffraction peaks of Cu substrate and sample. Because the
substrate temperature of -24ºC was almost the same as for the other samples, we
expect that the grain size and the nitrogen content will be similar. The surface
topography of the samples was analyzed with an atomic force microscope (AFM).
The DC magnetic properties were studied with a vibrating sample
magnetometer (VSM). We have measured the high frequency magnetic response with
a single-coil system connected to a network analyzer [7]. An electron spin resonance
(ESR) set-up working in X-band (9.4 GHz) was also used.
Table 5.1 Structural parameters of the samples; w is the root mean square
roughness amplitude.
Sample name
Substrate
Dep. Temp. (°C)
Grain size (nm)
N (at%)
w (nm)

A
Si(100)
-27
2
16.1
0.3

B
Organic
-32
2
14.5
2.3

C
Cu (300nm)
-24
~2
~15
5.1

5.3. Results
5.3.1. Surface morphology
The AFM scans of samples B and C are presented in Fig. 5.1.a,b. We have
observed that the film surface roughness increases going from sample A (Si-oxide
substrate, not shown here) via sample B (organic substrate) to sample C (Cu
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substrate). The substrate morphology revealed similar features with those of the film
surface upon 100 nm deposition of Fe, indicating replication of the substrate
topology. This was observed on AFM scans of those regions of the samples which
were not covered by the magnetic material due to the substrate holder shadowing
effect. The orientation of the coordinate system used here is given in Fig. 5.2.
Indeed, the height-difference correlation function g(x)=<[h(x)-h(0)]2> in the
fast scan direction was computed (and averaged along the z-direction or slow scan
direction), where h(x) is the surface height at lateral position x on the surface relative
to the mean surface height. A typical example is shown in Fig. 5.1c. For a self-affine
rough morphology we have [8]:

g( x ) = ρ 2 x 2H for x << ξ
g( x ) = 2 w2 for x >> ξ

(5.1)
(5.2)

ξ the lateral correlation length, w = < h 2 > the rms roughness amplitude,
H
the average local surface slope. Therefore, the rms roughness
and ρ ∝ w / ξ

with

amplitude w can be obtained from the regime of saturation of g(x) (where its
measurement requires a scan size >10ξ), while a double log-plot at shorter length
scales yields the roughness exponent H (Fig. 5.1c). As H decreases, the surface
becomes more irregular (jagged) at short length scales ( x << ξ ).
Finally, the correlation length ξ is given by the intersection of power-law and
2
2 1/ 2H
. Measurement of the roughness parameters
saturation lines by ξ = ( 2 w / ρ )
w, ξ, and H allows further calculation of the demagnetizing factors.
The roughness analysis for the sample shown in Fig. 5.1b-c (Fe/Cu; scan size 3000
nm) yielded H=0.92±0.05, w=5.1 nm, and ξ=78.2 nm. For the sample B shown in Fig.
5.1a (Fe-Zr-N/polymer) the rms roughness amplitude is not yet saturated over scan
sizes of 6000 nm or more due to the presence of the hillocks as Fig. 5.1a, yielding
w=2.3 nm. These hillocks have lateral base dimensions L≈400 nm with average
height ∆≈5nm and are very likely to dominate magnetic film characteristics. Finally,
for the Fe films deposited onto Si-oxide the obtained rms roughness amplitude was
≈0.3nm excluding thus any significant contribution of surface/interface roughness
onto magnetic properties.
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(a)

g(x) ( nm 2 )

(b)

101

(c)

100

101

102

x (nm)

Fig. 5.1. AFM scans of the samples B (a) and C (b); height difference
correlation function corresponding to sample C
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Fig. 5.2 The cross section of the film lying in the x-z plane; d is the film thickness; S
is the film boundary defined by d/2+h(x,z)
For the film shown in Fig. 5.1b-c the demagnetizing factors are calculated as
follows. If we assume isotropic and translation invariant random roughness in two
dimensions, then the (average) demagnetizing factor corresponding to the whole
surface is given by [9]:

N xx

4
(
2π )
=

2
2
2 
(
)
+ h s (k ) − 2e −dk < h f ( k )h s ( k ) >  k (5.3)
d
k
h
k
f
∫

4 dA



with h f (k ) and h s (k ) respectively the two-dimensional Fourier transform of the
film surface and substrate height fluctuations. A is the average macroscopic flat
surface area. The approximation is made that everywhere the spins are parallel. For
conformal to substrate film surface roughness, or h f (k ) ≡ h s (k ) , Equation (5.3)
yields:

N xx =

(2π )4
2 dA

∫d

2

k h f (k )

2

[

k 1 − e −dk

]

(5.4)

In order to calculate the demagnetizing factor we assume a simple Lorentzian model
for the roughness spectrum

h f (k )

|h f (k) |2 =

2

[10]:

A

2
w ξ

2

( 2π )5 (1 + ak 2 ξ 2 )1+ H

(5.5)
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with a = ( 1 / 2 H )[ 1 − ( 1 + aQ c ξ
2

2

) − H ] if 0<H<1 (power-law roughness), and

Q c = π / a o with a o of the order of atomic dimensions. For other self-affine
roughness correlation models see also Ref. 11.
For the roughness parameters H=0.92, w=5.1 nm, and ξ=78.2 nm of the
−3
sample C deposited onto Cu (Fig. 5.1b-c) we obtain N xx = N zz = 3.6 x10 . The
diagonal components of the demagnetizing factor are determined by the relations
N xx = N zz (isotropic roughness) and N xx + N yy + N zz = 1 .
For sample B shown in Fig. 5.1a the demagnetizing factor was estimated
using a different approach since the surface has a different configuration, as we
already mentioned. Here we can approximate the large wave length features with
uniform magnetized ellipsoids having the long axis equal with L and the short axis
equal with ∆. We obtain Nxx=Nzz≅1x10-3 [12].

5.3.2. Magnetic characterization
We present in Fig. 5.3 the hysteresis loops of the samples measured with
applied field, HDC, parallel and perpendicular to the easy axis (EA), respectively. In
the coordinate system chosen the Oy axis is perpendicular to the surface, EA is along
the Oz axis and the rf field is along Ox.
All samples measured in the EA orientation had values of the remanent
magnetization almost equal to saturation values. This shows that a stable singledomain magnetic structure is formed even when the external field is zero. The initial
permeability is larger than Nxx-1 = Nzz-1, i.e. the system does not form domains in order
to keep the internal field zero, which would minimize the magnetostatic energy. The
reason for this behavior is that the spins cannot follow all topography variations due
to the strength of the exchange interactions.
In principle the anisotropy field, HK, can be extracted from the hysteresis
loops measured in the hard direction. We could estimate reliably HK in this way only
for sample A, which has a coercive field of about 1Oe. For samples B and C, where
the coercivity is much higher, we estimate that HK does not exceed 25 Oe. A better
estimation of HK was obtained using FMR at 9.4 GHz, see Table 5.2.
For an example of the X-band measurements, see Fig. 5.4. As pointed out by
Oates et al. [17] the output signal of an ESR spectrometer is composed of absorption
and dispersion lines. In the ideal case only the absorption line should be observed.
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Fig. 5.3 Hysteresis loops of the samples A - a, B - b and C - c; measurements
performed parallel and perpendicular to the easy axis.
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Sample
HK-VSM (Oe)
HK-FMR (Oe)
Hr=(Hr1-Hr2)/2 (Oe)
∆HFMR (Oe)
4πMS (kG)
fR (GHz)
HK+HShift (Oe)
H0 (Oe)

αfield

αfrequency
Nxx4πMS (Oe)

A
23
23
625
14.5
15.6
1.95
28
0
0.0023
0.01
-

B
<25
13
613
35
15.4
2.33
39
24.6
0.0054
0.023
15

C
<25
29
578
92
16
2.92
54
44
0.014
0.025
55

Table 5.2 Magnetic parameters: anisotropy field measured with VSM (HK-VSM) and Xband FMR (HK-FMR), Hr the average resonance field and the linewidth ∆HFMR from Xband measurements, the resonance frequency fR obtained from permeability spectra;
the rest of the parameters are explained in the text.
By introducing a dispersion component we can fit the signal correctly and determine
the resonance field HR together with the field line-width ∆H. The analysis can be
performed using the following formula:

H −H 
H −H 
 + 9b − 3b R

a R
∆
∆
H
H
R
R



y= 
2 2
 H −H  
 
3 +  R
  ∆H R  

2

(5.6)

where a and b are the amplitudes of the absorption and dispersion signals,
respectively. An example is presented in Fig. 5.5. As already mentioned, HK was
calculated from the half of the difference between HR obtained with Eq. 5.6 for the
situation when the external field is oriented in the plane of the sample perpendicular
to EA and parallel to EA, see Fig. 5.4. The values of ∆H/2 are included in Table 2.
The values of 4πMS as given in Table 5.2 are calculated assuming g=2.1 [13]
for all samples. In fact, for the estimation of 4πMS we have taken into account not
only the X-band measurements, but also the frequency-dependent permeability (see
later). Since all samples were deposited in almost the same sputtering conditions, it is
to be expected that the saturation magnetization does not vary too much.
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Fig. 5.4 ESR spectra of samples A – a, B – b and C – c measured with HDC in the
plane of the sample, parallel and perpendicular to the EA.
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Fig. 5.5 ESR measurement for sample B: Experimental data is represented by circles,
the absorption and dispersion components are indicated by arrows and the fit of the
experimental data is represented by the continuous line.
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The frequency-dependent permeability of the samples is presented in Fig.
5.6. A clear difference can be observed between the sample deposited on Si and the
samples deposited on the other substrates. While sample A presents a relatively sharp
resonance with a ∆ω≅520 MHz, the resonances in samples B and C were very broad,
with FWHM larger than 1 GHz. This increase of the linewidth is accompanied by an
increase of the average resonance frequency, corresponding to the zero crossing of the
real part of the permeability µ’. It is evident that a correlation exists between the
sample roughness and the high frequency response.
As a first method of analysis, we suppose that in sample B and C the local
demagnetizing field is varying from one region to another and has the following
position dependence: Hdz=H0cos(kz)=H0cos(θ), where θ ∈[0,π] and 2π/k is
appreciably larger than the coherence length ξ. For coherent rotation of spins, the
dynamics of the system can be reasonably well described by the Landau-Lifshitz
equation [14]. Details about how this equation is solved under proper assumptions are
given elsewhere [15, 16]. We note that no eddy current effects are expected because
the chosen thickness is much smaller than the skin depth.
In order to fit our frequency-dependent spectra, we have considered the
following expression for the total local field:

H T = H DC + H RF ( t ) + H K − H dem + H d + H Shift

(5.7)

where Hdem=(0,4πMS,0) is the demagnetizing field in the absence of surface
roughness and Hd=(Hdx,Hdy,Hdz) is the local demagnetizing field, which should not be
confused with the average value calculated on basis of the (Nxx, Nyy, Nzz) coefficients.
HShift is an extra field needed to obtain a good fit of the experimental data. The
frequency-dependent magnetic response of the system is obtained by calculating the
envelope of the permeability µ=µ(θ) over a period of the oscillating Hd. For this
analysis we have chosen n=20 equidistant values of θ and the same damping constant
α for each individual spectrum. Since α does not influence significantly the FMR
frequency, its effect on the simulated spectra is only to modify the FMR linewidth of
individual spectrum. An increase of n did not change the values of α as a free
parameter in the fitting procedure. Fig. 5.6 presents the fits based on this model of Hd.
In Table 5.2 we present the results of this analysis. We see that the amplitude
of the demagnetizing field Hd increases clearly with the roughness. Like H0, HShift
correlates with the roughness of the films and will be subject of discussion in the next
section.
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Fig. 5.6 Measurement and simulation of real and imaginary part of the complex
permeability for sample A – (a), B – (b) and C – (c).
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Method 2. We can also get an idea about the distribution of local
demagnetizing fields by transforming spectra µ=µ(f) into µ=µ(Heff) via the dispersion
relationship:

f H RF ||HA =
where

γ =

γ
4πM S H eff
2π

(5.8)

gµ B
is the gyromagnetic ratio and µB is the Bohr magneton. The
h

effective field acting on the spins is given by Heff=Hk+HShift+Hd. If we neglect the
intrinsic line-width with respect to the inhomogenous broadening of the resonance
line the curve of µ’ versus Heff reflects the distribution of local fields Hd, see Fig. 5.7.
This seems a reasonable assumption, because the linewidth for sample A is much
narrower than for B and C. On the other hand, for a successful fit assuming a sine
wave variation of Hd we had to introduce a much larger homogenous linewidth for
samples B and C. So we may overestimate the width of the distribution by using
method 2.
However, the large homogeneous linewidth used in method 1 may also be
(partly) the consequence of the fact that the local field distribution is forced to be
sinusoidal. We conclude that we have some evidence for an increased homogeneous
linewidth in samples B and C, but no conclusive proof.
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Fig. 5.7 µ”=µ”(Heff) obtained directly from the dispersion relationship for the
samples B-a and C-b.
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Anyway, the two methods give quite comparable results. We see that the
values of the half line widths are very close to those of H0 presented in Table 5.2. We
also notice that the average field is much larger than HK.

5.4. Discussion
Based on the interpretation given in section 5.3, we summarize the effects
observed on the FMR absorption line: i) the line asymmetry, ii) the line position and
iii) the homogenous line width as observed in the damping parameter.
Line shape
Our permeability measurements clearly show that there exists an asymmetric
distribution of resonance frequencies. We ascribe this to a distribution in local
demagnetizing fields, due to roughness of both film interfaces. In comparing with the
AFM analysis, we have to realize that due to the strong exchange interactions, the
spins are coupled over regions with an in-plane area proportional to the square of the
magnetic correlation length ξm. In case of pure Fe, ξm ≈35 nm, and we expect
approximately the same number in our samples. Only the structural irregularities
larger than ξm will lead to variations in the resonance frequency of the local
magnetization, i.e. to inhomogenous line broadening. A proper comparison requires
that we calculate Nxx (Nzz) by limiting the integration in eq. 5.4. to kmax = 2π/ξm.
Although a quantitative comparison is difficult, we expect that the average
demagnetizing field Hzz=Nzz4πMS as calculated from the AFM profiles will be close
to the halfwidth of the local field distribution (method 2) or, alternatively, to the
amplitude of the sinusoidal variation H0 (method 1). For sample B, the size of the
hillocks L≅ 400nm is much longer than the magnetic correlation length, so that
Hzz=Nzz4πMS ≅ 15Oe is the appropriate estimate for the interface roughness. Given the
very rough nature of this estimate, this is in agreement with the permeability
estimates: 25Oe (method 1) and 32Oe (method 2). For sample C we have a lateral
correlation length ξ =78 nm. It turns out that limiting the integration in eq. 5.4 to
kmax= 2π/ξm has a negligible influence on the the value of Nzz. The value Nzz4πMS =
55Oe compares well with the permeability estimates: 44 and 54Oe, respectively.
Line shift
Recently, Arias and Mills [18] proposed a model for thin films, based on
scattering of the normal mode by bumps and pits on the sample surface or the
interface. According to their interpretation, the shift effect may occur only if there is a
preferential orientation of the surface imperfections. Contrary to this, we clearly
observe a FMR line shift but we have no evidence for a preferential orientation of the
surface defects. If we assume that the demagnetizing fields Hxx and Hzz are equal due
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to the random character of the surface imperfections, their contribution in the general
expression of the FMR frequency will cancel out:
fR =

γ
2π

[H k + (N xx − N zz )4πM S ][H k + (N yy − N zz )4πM S ]

(5.9)

We conclude that in this case the surface roughness does not lead to a shift of the
FMR frequency.
As already discussed in chapter 4, the FMR frequency shift can be related to
the variation of the magnitude of the magnetization due to the existence of grains and
intergranular regions. The perpendicular magnetization component Mx can be
associated with a magnetostatic energy density <(Mx-Mav,x)2 >. Applying the simple
model of Jamet and Malozemoff [19], which assumes a sinusoidal variation of the
magnetization with amplitude M1, we estimate M1 ≈ 4. 102 G for sample A and 9.
102G for samples B and C. These values are 2.5%, resp. 6% of the saturation
magnetization. Probably the rougher surface topography of substrates B and C leads
to a rougher film structure, with larger density (magnetization) fluctuations.
Spin wave excitation
The damping constants as determined from the X-band measurements (αfield)
and from the permeability spectra (αfrequency) are presented in table 2. For the same
sample the values calculated from the permeability spectra are larger than those
obtained from the FMR measurements. (In fact the difference is even more
pronounced, because we did not take inhomogenous broadening into account in the
X-band measurements, whereas we did so in the permeability analysis via the
parameter H0). In addition we observe that αfrequency and αfield increase with the sample
roughness.
In the framework of the two magnon scattering process, the homogenous
broadening of the resonance line is associated with the presence of spin waves with
the same energy as the uniform precession mode. The uniform precession mode is
scattered by randomly distributed inhomogeneities into these spin wave modes. As a
consequence the damping parameter α will increase (above its intrinsic value) with
the number and the volume of the magnetic inhomogeneities. This interpretation is
widely accepted [20]. In our case the structural imperfections in the bulk and the
surface can be considered as scattering centers in the two-magnon process. The fact
that for HDC oriented in the plane the uniform FMR mode is degenerate with the
whole spin wave band is reflected in the damping parameter evolution from small
values for sample A to (presumably) very large values for sample C. The decrease of
α when going to higher frequencies (higher effective fields) is similar to what
observed in Chapter 4, but presently not understood. We refer to this chapter for more
details.
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Conclusions

We have demonstrated that the high frequency magnetic response can be
influenced by changing the roughness of the substrate. It turns out that both the shift
and the broadening of the resonance line can be understood from the roughness of the
film interfaces. The estimations of the demagnetizing field as calculated from the
analysis of AFM scans are reasonably close to the values of the halfwidth of the local
field distribution, obtained from the FMR frequency-dependent measurements.
A possible route of further investigations is to continue this study on thin films
deposited on patterned substrates obtained, for instance, by laser interference
lithography [22]. In this way the magnitude of the local demagnetizing field can be
controlled in an easier manner. Complementary, FMR field dependence
measurements, realized with the external applied field oriented perpendicular to the
sample surface would be quite interesting. Because in such a geometry the two
magnon scattering process is absent, it could yield the final proof that we have an
unusual large damping constant in our samples.
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Chapter 6
Thin films with magnetic stripe domains

The purpose of this section is to gain insight into static and dynamic magnetization
processes in nanocrystalline films with perpendicular anisotropy. We present the
transition between a magnetic stripe domain structure and in-plane orientation of the
spins, as a function of nitrogen content, for 500 nm thick Fe-Zr-N films prepared by
DC reactive sputtering on glass substrates. The saturation field decreases and the
saturation magnetization increases with decreasing nitrogen content. For 4 at % N the
magnetic behavior of the films becomes specific for a soft magnetic material. The
magnetic spin distribution was investigated with Mössbauer Spectroscopy to probe
the entire sample and Magnetic Force Microscopy to image the surface. Additional
torque measurements reveal that the mechanism of magnetization reversal is
composed of two separate rotations. In the first one the magnetization rotates
perpendicular to the plane of the sample when the external field is decreased. In the
second one a 180° rotation takes place in the plane of the sample. This is a very fast
process which takes place in a small field region centered on the coercivity value. The
study is completed with experiments on the high frequency permeability of these
samples.
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6.1. Introduction
In the past few years, dense magnetic stripe domains in materials with
perpendicular anisotropy have drawn attention in the magnetism community due to
their great interest from a fundamental and a technological point of view [1]. A
complete model based on energy minimization was given by Murayama [2] who
obtained the exact numerical solutions for the critical conditions under which stripe
domains form and for the domain periodicity as a function of film thickness. This
model was applied by many authors in the approximation of one-dimensional
variation of the magnetization [3, 4] where the spin distribution is given by a trial
function. Recently, more detailed information was obtained from computer
simulations using micromagnetic principles [5, 6]. The dense magnetic stripe domain
structure was investigated experimentally by different methods like Bitter patterns,
Magneto Optical Kerr Effect Microscopy and Magnetic Force Microscopy (MFM).
The limitation of these techniques is that the domain pattern can be visualized only at
the surface of the sample. As we shall see below, we have experimentally detected the
spin distribution throughout the film thickness. The static and dynamic properties of
the films were also investigated.

6.2. Experimental details
Fe-Zr-N films having a thickness around 500 nm were deposited by DC
sputtering at room temperature onto glass substrates which had been cleaned in a HF
solution. For a constant working pressure (3 10-3 mbar) and a fixed N2 partial pressure
of 7% in the sputtering gas, we have changed the input power [7], P, from 9 to 3 W,
leading to a variation in the nitrogen content from 4at% to 8at%. In our sputtering
facility a constant and uniform magnetic field of 600Oe is applied to confine the
plasma. The composition and the microstructure of the films were analyzed with XRay Diffraction (XRD) and Rutherford Backscattering (RBS). The Zr content
determined with RBS was 1 at% in all samples. From XRD data we have estimated
the average crystallite size to be between 10 and 20 nm, depending on the conditions
of deposition. The domain structure at the surface was studied using Magnetic Force
Microscopy (MFM) with soft magnetic tips magnetized perpendicular to the sample
plane. Reproducible image contrast was obtained for the same sample, indicating that
the tip did not influence the local spin structure. Mössbauer spectra were recorded at
room temperature using a standard transmission spectrometer or a conversion electron
spectrometer (CEMS). Hysteresis loops were measured by Vibrating Sample
Magnetometry (VSM). Complementary torque measurements were performed in
order to clarify the magnetization reversal mechanism. Ferromagnetic resonance
techniques (field-dependent and frequency dependent) were used in order to calculate
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the saturation magnetization and in-plane anisotropy fields, but also to reveal the high
frequency behavior specific for this type of spin system.

6.3. Results
6.3.1. Magnetization distribution
It is well known that the critical thickness tc above which the stripe domains
appear depends on the saturation magnetization and the perpendicular anisotropy
constant. The hysteresis loops for films with low anisotropy and a thickness higher
than tc have a specific shape, called transcritical. In Fig. 6.2 we can observe the
transition from stripe domains (A, B, C) to in-plane orientation of magnetization (D).
This last sample has remarkably soft characteristics with a saturation magnetization of
19.6kG and a coercive field of ~1Oe . The characteristics of the layers are given in
Table 6.1.
From the MFM scans, Fig. 6.1, we can see that the surface magnetic structure
is changing depending on the magnetic history of the sample. In the remanence state,
after in-plane saturation, the samples display the smallest periodicity τ, Fig. 6.1 a. The
values of τ increase for the in-plane demagnetization and for sample C the magnetic
contrast seems to decrease too. Still the stripe domain structure is preserved. When
the samples are demagnetized with the alternating field perpendicular to the surface
the domain structure breaks into small irregular domains. The magnetic contrast is the
lowest.
The relatively low values for the remanent magnetization exclude the
existence of stripe domains in which the perpendicular component of the
magnetization displays a sine-wave type of oscillatory behavior. Instead, we envisage
a structure with basically up and down domains in the bulk of the sample and closure
domains at the top and the bottom of the film.
In the case of samples A, B and C we may either define a critical field HS
beyond which the stripes are unstable, or we can define the thickness of the sample as
a critical value tc for a given field below which the film is magnetized uniformly in
the plane. The relation between tc and HS is given by [3]:

t c = 2δ /( 1 − h )

(6.1)

4πM S
1
HS
ku
2

(6.2)

with

h=
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A

B

C

Fig. 6.1 a Remanent state – the letters correspond to the names of the samples

A

B

C

Fig. 6.1 b In-plane demagnetization state

A

Fig. 6.1 c Perpendicular demagnetization state

B

C
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Fig.6.2 Normalized hysteresis loops of Fe-Zr-N samples obtained by DC sputtering
changing the input power, see Table 6.1

Table 6.1.
Sample
A
B
C
D

N
(at.%)
7.6
6.3
5.7
4.3

P
(W)
3
5
7
9

t
(nm)
500
460
480
440

4πMS
(kG)
18.3
19.4
19.4
19.6

HS
(Oe)
440
175
100
-

τ
(nm)
220
280
315
-

ku
(erg/cm3)
4.3x105
2.1x105
1.4x105

δ
(nm)
62
85
103

Characteristics of the samples versus nitrogen content. The symbols are explained in
the text.

Chapter 6
Here δ is the domain wall width, given by
-6

98

δ = π A/ k u , A is the exchange stiffness

(A=1.5x10 erg/cm for pure Fe), and MS is the saturation magnetization. The values of
the perpendicular anisotropy constant ku can be obtained by filling out the HS, MS and
t from the Table 6.1. The resulting values are given together with the values for δ. We
conclude that the domain wall width is not very small compared to the period of the
oscillations so that the magnetization profile is less rectangular as we assumed in a
first instance. In other words, the spins in the domain wall region make an important
1
contribution to the observed remanence. Finally we note that k u << (4πM S )2 , which
2
is a necessary condition for the application of the formula given above.
Fig. 6.3 (a, b) shows transmission Mössbauer spectra of samples A and C.
For all samples, the spectra were taken at the remanence state. All Mössbauer data
were fitted with two sextets, for each sextet imposing the ratio of intensities
3:X:1:1:X:3. The main component was assigned to Fe atoms having only Fe as
nearest neighbors (n.n.) and next-nearest neighbors (n.n.n.). The second component is
ascribed to a superposition of the following effects: 1) Fe atoms with Zr as n.n. or
n.n.n. and 2) Fe atoms having N as nearest neighbors. It is also possible to have a
contribution in the second component from the grain boundaries [8] but due to the
complexity of the spectra we can not estimate the magnitude of such an effect. By
comparing the fitting parameters we find that in all samples the width of the hyperfine
field distribution for the second component is five times larger than the width for the
first one. Because the second component has various origins, such a broadening is to
be expected.
The spin distribution can be calculated assuming the model presented in Fig.
6.3c. In this model it is assumed that the spins in the bulk domains make an angle
θ1≤90° with the surface and the closure domains spins make an angle θ2 with the long
axis of the stripes. First we calculate the closure domain fraction, fc, from the
measured periodicity τ and assuming 90° domain walls between bulk domains and
closure domains. From the Mössbauer data we can derive the angle θ1. This is done
by calculating the ratios between the second and first lines in the main sextet. For
bulk domains we have a ratio, I2/I1= r = 4cos2θ1/3(1+sin2θ1). For closure domains this
ratio is always 4/3. The result is given in Table 6.2 as θ1(MS). We see that for
samples A and B the bulk spins are basically perpendicular to the surface. On the
other hand we can calculate θ1 from the remanent magnetization measured with VSM
under the assumption that the magnetization in the closure domains remains
perpendicular to the direction in which the field was applied (θ2=π/2). These values
are given in the Table 6.2 as θ1(VSM). The discrepancy between two sets of results
shows that θ2 is significantly smaller than π/2. Reliable values of θ2 cannot be
obtained because the Mössbauer data do not yield sufficiently accurate values for θ1.
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Fig. 6.3 a, b) Transmission Mössbauer data for the samples A and C; c) CEMS
spectra of sample A; d) a schematic representation of the magnetic structure
corresponding to samples with stripe domains

Sample
A
B
C

fc
0.22
0.30
0.33

I2/I1

θ1(MS)

θ1(VSM)

.30±.02
.41±.04
.52±.04

(°)
78-90
70-90
55-70

(°)
64
50
35

Table 6.2. Spin distribution analysis. Quantities are explained in the text
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Extra support for our model of closure domains can be derived from
conversion electron Mössbauer spectra. Because the detected electrons originate from
a thin (50 – 100 nm) surface layer, the closure domain contribution must be much
higher. Indeed, the line intensity ratio is twice the value determined from transmission
data, pointing to a more in-plane orientation of the spins.

6.3.2. Magnetization reversal process
Switching can occur by various mechanisms in films with perpendicular
anisotropy, depending on the structure and magnetic properties [10, 11]. A few
examples to be mentioned are: single-domain Stoner-Wolfahrt (SW) switching,
curling and domain wall motion. These models are specific for magnetic media
materials used for perpendicular recording. In stripe domain structures the reversal
process must be characterized by the evolution of τ with the external field and in the
same time a continuous change of the cross-section magnetization distribution. This
subsection is reserved for discussion of the magnetization reversal mechanism of our
samples as reflected in torque and VSM measurements.
In Fig. 6.4 we present some of the torque measurements of sample A. The
rotation axis of the external applied field H is perpendicular to the sample plane.
When the external field is high enough to saturate the sample, all torque curves are
almost identical (see example in Fig. 6.4a) and show the following dependence:

Γ = Vk sin(2φ M )

(6.3)

where φM is the angle between the direction of the magnetization and the easy axis, V
is the volume of the sample and k is the in-plane uniaxial anisotropy constant. If we
estimate the values of k based on the volume calculated using the thickness from
Table 6.1, we obtain an in-plane anisotropy field Hpl=6.5Oe. This result is in close
agreement with Hpl values obtained from FMR field-dependent measurements. A
similar analysis was performed for the other samples giving values of Hpl between 5
and 10Oe. We mention here, that this technique gives the best evidence (for materials
with this type of magnetic domain structure) that in-plane magnetocrystalline
anisotropy is averaged out due to the very small grain size. In case of larger grains,
much larger fields would be necessary to saturate the samples and the shape of the
torque measurement will be influenced by the four fold anisotropy specific for iron
based crystallites.
When H<HS a rotational hysteresis is measured for all samples with stripe
domains, see Fig. 6.4bc. The lower branch of the pattern corresponds to rotation of
the external field from 0 to 180° and the upper one corresponds to the rotation back to
0°. This new shape of the torque measurements will be determined by the magnetic
coercivity and by the tipping of the magnetization out of the sample plane.
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Fig. 6.4 Sample A: in-plane torque measurements. The field values are included.
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Generally:

Γ=V[M||H sin(φM-φH)+k sin(2φM)]

(6.4)

where φH is the angle made by H with respect to the in-plane anisotropy direction and
M|| is the in-plane component of the magnetization. Although the torque due to the
last term is still visible, the pattern is dominated by the frictional torque necessary to
rotate the stripe domain pattern to a new position. This torque is associated with the
first term in eq. (6.4). Starting from θ=0°, the angle ∆φ=(φM-φH) increases till the
frictional torque becomes roughly constant. According to Fig. 6.4c, this happens
when φH≅70° for H=250Oe. Rotating in the reverse direction this behavior repeats
with the sign of the torque reversed.
The difference ∆φ shows up as a horizontal shift of the elastic part of the
torque, which is measured as a function of φH. Inspection of Fig. 6.4b,c shows that
∆φ must be rather small. A reliable estimation for ∆φ in the interval [70°,180°] can be
obtained by inserting the following parameters in equation 6.4: Γ(first term) =
0.7x10-4Nm, V=0.4x10-10m3, M||=0.5MS (from the VSM measurement), H=125Oe
(Fig. 6.4c). We find sin∆φ=0.18, so ∆φ≅10°. For the torque measured at 270Oe, we
find in the same way ∆φ=9°.
Combining the results from the in-plane torque measurements and the hysteresis
loops, we obtain the following reversal mechanism of the magnetization: i) when
H<HS the stripes start to form along the H direction and θ1 increases with the decrease
of H, ii) the in-plane switching of the magnetization is realized when θ1 reaches a
critical value and the magnetic system rotates very fast from φH-φM=180° to φHφM=0°. Very close values of |M/MS| are recorded before and after switching. The
mechanism proposed here has to be considered in the interpretation of others types of
measurements like anisotropic magnetoresistance of similar samples [12, 13].
In Fig. 6.5a,b we present perpendicular torque measurements on sample A. The
rotation axis of the field H⊥ is in the sample plane and perpendicular to the in- plane
easy axis. Because the shape anisotropy is much bigger than ku, when H⊥ is close to
the saturation value the magnetic system will rotate almost coherently. Although a
very small rotational hysteresis loss is observed in all Γ(θ) curves with H⊥ smaller
than the saturation value, a significant change in shape can be observed only at low
fields, starting with H⊥=1.9kOe. The field angles θ0 where the switching takes place
versus H⊥ are plotted in Fig. 6.5c. These angles correspond to the out-of plane
direction of the average magnetization, for which the torque values are zero [13]. It
can be seen that when H⊥ decreases to 0 the switching angle increases towards the
value specific for the magnetization at remanence corresponding to the in-plane
hysteresis loops. Since the values of H⊥ corresponding to the onset of stripe domain
structure are given by the angle between magnetization and the field, as well as the
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Fig. 6.5 Torque measurements of the sample A – perpendicular to the plane orientation.
The values of the external applied field are: a) [17kOe; 14.5kOe; 12kOe; 6.9Oe; 1.9kOe]
and b) [1.3kOe; 1kOe; 750Oe; 500Oe; 250Oe] c) switching angle θ0 versus applied field
H.
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Fig. 6.6 Sample A: a) normalized hysteresis loop measured with the external field
perpendicular to the plane of the sample; b) region around the coercive field.
field magnitude, H⊥= H⊥( θ0) can be much larger than HS (the saturation field for the
in-plane geometry) . We do not exclude that when the external field is perpendicular
to the sample plane the stripe domains can form for all fields smaller than the value
required for the saturation of the sample.
The VSM measurements in combination with above observations can be used in
order to describe the magnetization reversal for the situation when the external field is
applied perpendicular to the sample surface, see Fig. 6.6. As expected, we see that the
overall shape of the loop is given by the shape anisotropy. However, at small values
of the field, a hysteresis is obtained characterized by a coercive field HC⊥= 250Oe,
higher than HC||=50Oe as measured for the in-plane situation, see Fig. 6.6.b. If we
would consider only a simple coherent rotation of the spins the system will always
have higher coercive field along the easy axis (situated in plane of the sample). The
situation is different in our case due to the stripe magnetic domain pattern. Because of
the relatively large volume fraction of the magnetic domain walls we can assume that
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the coercive field is determined by the density of the pinning centers and the stripe
periodicity. Since the density of the pinning centers does not depend on the
orientation of the magnetization, HC⊥> HC|| can be equivalent to a higher stripe
periodicity.

6.3.3. Dynamics of magnetization
In Fig. 6.7 we present data on the frequency dependent permeability of our
nanocrystalline films. The radiofrequency field hRF was applied in the sample plane,
oriented perpendicular or parallel to the stripe direction. For all samples the
magnetization distribution corresponds to the remanent state. The spectra of sample A
in the geometry hRF ⊥ stripes is characterized by a single resonance at a frequency
fR=2.1 GHz, much higher than for a sample with the same MS and Hpl but without a
perpendicular component of the anisotropy (fR=0.9 GHz). Such behavior is related
with the micromagnetic structure of the samples. This resonance frequency decreases
for the next two samples; additionally we observe a long tail up to 6GHz. At the same
time, the samples B and C show a clear evidence of absorption for the orientation
hRF|| stripes. Similar investigations were performed for samples with a stripe domain
magnetic structure consisting of Fe-Co-Zr [14] or Permalloy [15]. For the geometry
hRF ⊥ stripes those results show a second resonance situated at higher frequencies,
whereas in case of samples B and C only a long tail is observed. The spectrum of
sample D is characterized by an absorption line which clearly extends beyond the
lower limit of our measurement range. Although this sample does not have a
micromagnetic structure characterized by large changes in magnetization orientation,
the spectrum is very different from what we would expect from a uniformly
magnetized sample. In the next part we discuss the principal mechanisms which may
account for the observations mentioned above.
The dynamics of magnetization in films with a stripe domain magnetic
structure can be governed by two type of excitations [14, 15, 16]: i) the domain mode
(DM) ferromagnetic resonance corresponding to spins situated inside of the core
magnetic domains and also from the Bloch domain walls between them, ii) the
domain wall resonance which corresponds to collective modes of domain wall
vibrations. In the DM case, depending on the orientation of the internal field and hRF,
two other types of resonances were considered: an acoustic one excited when hRF ⊥
stripes and an optical one for hRF || stripes [16], see the drawing in the Fig. 6.8. For
better visualization we consider only the closure domains fraction. It is important to
mention that as long as the total dynamic moment mtot has a component parallel to the
pumping field, a part of the pumping energy will be always absorbed, mtot hRF ≠ 0 .
In the acoustic resonance mode (Fig. 6.8a) the magnetization is in phase when it has a
dynamic component perpendicular to the domain walls - positions 1 and 3 in the
topview picture. The out of phase condition is realized for position 2 and 4.

Chapter 6

106

2000

2000

A

1000

0

0

-1000

-1000
3000

3000

B

2000

1000

A

1000

B

2000

1000

0

0

-1000
-1000

3000

3000

C

2000

1000

1000

0

0

-1000

-1000

8000

8000

D

6000

4000

2000

2000

0

0
2.00E+009

4.00E+009

Frequency (Hz)

6.00E+009

D

6000

4000

0.00E+000

C

2000

0.00E+000

2.00E+009

4.00E+009

6.00E+009

Frequency (Hz)

Fig. 6.7 Permeability spectra - samples A, B, C and D. Left column
corresponds to HRF⊥ stripes and right column corresponds to HRF|| stripes.
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Fig. 6.8 A representation of the (a) acoustic and (b) optic domain resonance modes;
↑ ,↓

the topview images indicate the precessional motion of the dynamic moments m .
The plus and minus indicate the dynamic charges which determine the dipolar
coupling fields, hz and hx. The magnetization rotates counterclockwise with respect to
the internal field direction.
The last situation may lead to variation of the domain surface charges which give rise
to an additional coupling field hz. In consequence a supplementary torque is created
leading to an increase the precession frequency. A similar treatment can be applied
for the optical mode (Fig. 6.8b). The dipolar coupling field hx is created when the
magnetization in neighboring magnetic domains is in the positions 2 and 4. Although
this field lays in the sample plane, its orientation is perpendicular to the hRF direction;
also an additive effect is expected for the resonance frequency. According to the
above description, the narrow resonance line we observe in the frequency-dependent
spectra (left column) is associated with the acoustic resonance mode. The broad
resonances observed for the samples B and C are discussed next.
Based on micromagnetic simulations, a qualitative interpretation of the
permeability spectra of samples with a weak stripe domain structure was given by
Vukadinovic et al [17, 18]. It turns out that the experimental spectra on Co63Fe26Zr11
– 300nm monolayer are very well reproduced by their calculations even without any
fitting parameters. The contribution of each magnetic region of the sample was shown
for each resonance frequency. Since the magnetic structure of their sample was close
to those of sample B and C we can compare their results with our measurements. In
this way we may assign the broad resonance with the contribution given by the
closure domains. Such an interpretation seems to work if the spins from the closure
domains have a large angular distribution.
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In the hRF || stripes geometry the resonance attributed to spins inside of the
core magnetic domains corresponds to the optical domain resonance mode;
additionally closure domains may also give a resonance at higher frequencies
(compare the modes (4) and (5) in Ref. [17] with the corresponding spectra of
samples B and C). However, in this geometry the intensity of the resonances is one
order of magnitude smaller than for the other geometry. This is reflected in the
experimental data. In view of the limited precision we do not discuss them in any
detail.

6.4. Conclusions
We have studied Fe-Zr-N thin films with a dense stripe magnetic domain
structure. A continuous transition to in-plane spin orientation was observed in films
with the same thickness and a variable composition. The sample without stripe
magnetic domains has a small coercive field and high saturation magnetization.
By combining magnetic force microscopy, VSM measurements and
Mössbauer spectroscopy we have detected the spin distribution perpendicular to the
plane of the sample. This method can be used as an alternative to the much more
“expensive” investigations using x-ray resonant magnetic scattering [9], for samples
with a thickness from a few nanometers to one micrometer.
The stripe domain structure has a magnetization reversal mechanism which
consists of two separate rotation processes. First the spins in the stripe domains turn
out of the plane. When the out of plane angle θ1 reaches a critical value θ1C the entire
spin pattern rotates 180° keeping the average magnetization in plane of the sample.
We have proven that the materials with stripe domain magnetic structure are
potential candidates for high frequency applications. The sample with the highest
perpendicular anisotropy has a high initial permeability, a FMR frequency higher than
2 GHz and a linewidth of 500MHz. These properties are adjusted by changing the
perpendicular anisotropy component via nitrogen concentration. Depending on the
micromagnetic structure the permeability spectra show the influence of the different
magnetic regions in the sample.
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Chapter 7
Summary
Ultrasoft ferromagnetic materials can be incorporated in high frequency
devices due to their distinctive properties. A control of the structure at the nanoscale
range is the key element in obtaining the right parameters for such material. The
objective of this thesis is to contribute to the understanding of the correlation between
the structure and magnetic properties of new nanostructured materials as potential
candidates for high frequency applications. In the first chapter, the principal
requirements which have to be considered for the synthesis of a magnetic material
used in high frequency applications are introduced together with a justification from
the experimental point of view.
The samples investigated in this study were obtained by two different
methods: nitriding treatments of cold rolled alloys and reactive sputtering. A detailed
description of the experimental methods is given in Chapter 2. Here special attention
is given to the measurement technique of permeability spectra. The operating
bandwidth of the spectrometer extends up to 6GHz. This was high enough to measure
complete resonance lines of our iron based nanocrystaline films.
A characteristic of our materials is that most of them have nitrogen as
constituent element. The use of nitrogen was motivated by the following reasons: i)
control of the various phases of iron nitrides, ii) grain size dependence on nitrogen
concentration in case of reactive sputtered samples, iii) possibility to reduce the
magnetostriction constant and iv) possibility to induce a magnetic anisotropy. In
Chapter 3 a study of the effect of low temperature nitriding on the magnetic
properties of Fe93Ni4Cr3 and Fe94Ni4Ti2 cold-rolled alloys is presented. Low
temperature nitriding in the α region leads to formation of fcc CrN and TiN
precipitates uniformly distributed within the grains. This process is accompanied by
an increase of the interstitial nitrogen concentration which in case of the Ti
containing alloy is about 3 at.%. From the structural point of view, these precipitates
can act as nucleation centers for Fe nitride phases formed in subsequent steps and can
also restrict the grain growth when formed at the grain boundaries. The role of
interstitial nitrogen dissolved in the α phase is demonstrated by annealing a (Fe-TiNi) sample in a H2 atmosphere at the same temperature as used for nitriding. We
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suggest that the lower coercive field measured in nitrided samples has to do with a
decrease of the magnetostriction constant, which changes with nitrogen concentration.
Nitriding in the γ’ region yields another important result concerning the
magnetic properties of our samples. We show that a combination of α-γ’ phases can
lead to a soft magnetic behavior. The most probable mechanism is the reduction of
the total free energy of the system when averaging over regions containing both
phases. This is possible since the signs of the magnetic anisotropy constants of the α
and γ’ phases are opposite.
Although both nitriding techniques mentioned above yield positive results
related to the coercive fields, still the structural aspect have to be improved in order to
obtain a material suitable for high frequency applications. The reasons are the
following: i) the samples have grains too large as compared with the magnetic
correlation length Lm and ii) the initial texture of the as rolled samples is not removed.
Our approach in solving these problems was to perform α↔ε transformations. In this
respect, the best results were obtained for the (Fe-Cr-Ni) alloy. An almost complete
reduction of the texture was obtained after 12 cycles, accompanied by reduction of
the grain size to 100-200nm, still larger than Lm. Further phase transformations did
not improve the structure or magnetic response. A secondary structural effect was
also identified as a distribution of microstress. In consequence we conclude that in
these systems soft magnetic properties cannot be obtained via solid state phase
transformations.
In Chapter 4 the investigation of the magnetization dynamics in
nanocrystalline soft magnetic materials is presented. The samples were produced by
reactive sputtering on a SiO2 substrate. The parameters which have been
systematically varied in this study were the sample composition (different Zr or N
concentrations), the grain size and the magnitude of the induced anisotropy. The
highest resonance frequency in zero external field was 2.1 GHz for a sample with
14at.% N and a saturation magnetization 4πMS=16.9kG. These values make this
material suited for high frequency applications.
All permeability spectra could be analyzed using the Landau-Lifshitz
interpretation. Furthermore, the measurements of permeability spectra in constant
external fields HDC up to 70Oe reveal the following new findings: i) the ferromagnetic
resonance frequency is shifted towards higher frequency values than expected on
basis of measured anisotropy field HK and ii) the phenomenological damping
parameter has a pronounced nonlinear dependence on the external field. These
experimental observations were supported by ferromagnetic resonance measurements
at 9.4GHz which yield saturation magnetization values.
The anisotropy fields were calculated from the permeability measurements
performed at the same external field, subtracting the resonance values specific for
HRF||HA and HRF||EA. We conclude that this method is more appropriate for such
magnetic systems than DC hysteresis loops or field-dependent ferromagnetic
resonance. Combining the resonance values in both orientations of the sample at the
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same HDC we obtain the equivalent field HShift responsible for the FMR line shift. In
the regime in which the spins precess coherently this field is independent of HDC or
saturation magnetization and increases with decreasing grain size. Discussing this
effect we arrive at the conclusion that HShift originates from the variations of the
magnitude of the magnetization, associated with atomic density fluctuations in the
nanocrystalline structure. These variations lead to local demagnetizing fields acting
on a length scale comparable to the grain size. Since the local demagnetizing fields
are averaged-out in the direction of HDC (Ox axis), only the local in-plane
demagnetizing fields along the Oz axis contribute to the effect observed by us.
Assuming a sinusoidal variation of the magnetization and exchange stiffness, we
estimate a variation of the magnitude of the magnetization of about 3%. The effect of
spin wave excitations is also discussed; we argue that they do not provide an
explanation of the behavior of the linewidth as a function of the external field.
The influence of the substrate roughness on the magnetization dynamics of
soft nanocrystalline thin films is presented in chapter 5. For this purpose we have
chosen (Fe99Zr1)xN1-x as material of study with a saturation magnetization
4πMs≅15.5kG and an induced anisotropy field Hk≅20Oe. The substrates used in this
study were: a) Si covered with Si-oxide (like the one used in Chapter 4), b) Si covered
with a thin organic layer and c) Si covered with a Cu layer. The morphology of the
samples was analyzed using atomic force microscopy. The highest root mean square
roughness amplitude w=5.1nm was obtained for the sample deposited on the Cu
covered substrate. Computing the height-difference correlation function in the fast
scan direction we were able to calculate a lateral correlation length ξ of 78.2nm for
this sample. The demagnetizing factors were calculated assuming an isotropic and
translation invariant random roughness in two directions. A different morphology has
the sample deposited on polymer, where the root mean square does not yet saturate
over the scan sizes of 6000nm. This sample is characterized by hillocks with a lateral
base size L≈400 nm and an average height ∆≈5 nm. The demagnetizing fields for this
sample were estimated based on the dimensions of these hillocks. For the sample
deposited on Si-oxide, the surface roughness does not contribute to the magnetic
properties.
The magnetic structure in the remanent state was single-domain as shown
from the hysteresis loops. This is because the spins do not follow all imperfections
due to the strength of the exchange coupling and are aligned by the induced uniaxial
anisotropy obtained during sputtering in a magnetic field. The permeability spectra of
these samples show a clear influence of the substrate morphology. While for the
sample deposited on Si-oxide the resonance line-width was ∆ω≅520 MHz, the
resonance lines of the other samples were much broader, with ∆ω>1GHz. In the
same time the average resonance frequency is characterized by a positive shift which
increases for the samples with a rougher morphology. The spectra were analyzed by
using two different approaches: i) we consider that the local demagnetizing field
follows a simple periodic position-dependence (a reasonably good fit of the spectra
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was obtained) and ii) transforming the spectra µ=µ(f) into µ=µ(Heff) via the
dispersion relationship. A good agreement between these interpretations was
obtained.
In the discussion part of this chapter we refer to the line asymmetry, the line
position and the homogenous linewidth as observed via the damping parameter. We
show that the line shape and the line position can be understood from the rough
profile of the film interfaces. The values obtained for the halfwidth of the local field
distribution compare well with the average demagnetizing field calculated from the
AFM measurements. Like we did in chapter 4 we attribute the line shift to atomic
density fluctuations in the fine grained material, which increase when the interfaces
become rougher. For the same sample we have some evidence that the homogenous
damping parameter α is much larger in the permeability measurements (νFMR≈2GHz)
than in the X-band measurement (νFMR≈9.4GHz). In the same time α is increasing
with the sample roughness. Our point of view regarding the last effect is that probably
the two magnon process can be responsible.
The static and dynamic magnetic properties of Fe-Zr-N nanocrystalline films
with perpendicular anisotropy are given in Chapter 6. Here we study a set of samples
in which a transition from stripe domains to in-plane orientation of the spins is
observed. Once again the nitrogen is the element which correlates most with the
magnetic behavior. While the sample with a nitrogen concentration of almost 8at.%
shows a stripe periodicity of 220nm, the stripe domain pattern disappears for a
nitrogen concentration of approximately 4at.%. This behavior corresponds to an
increase of the saturation magnetization from 18.3kG to 19.6kG and a decrease of the
perpendicular anisotropy constant from 4.3 105erg/cm3 to an insignificant value. The
magnetization distribution in the cross-section of the films was determined assuming
a model with two types of magnetic domains: i) bulk magnetic domains characterized
by an orientation of the magnetization out of the sample plane and ii) closure domains
with an orientation of the magnetization in the sample plane. Quantitative estimations
were done combining Mössbauer spectroscopy to probe the entire sample and
magnetic force microscopy to image the sample surface.
Torque measurements combined with DC hysteresis loops were used in order
to determine the magnetization reversal mechanism of these samples. The in-plane
magnetization reversal is a two-step process. First the spins turn out of the sample
plane. When a critical value of the out of plane angle is reached, a 180° in-plane
rotation of the stripe pattern takes place over a very small field interval. If the external
field makes an angle close to 90° with respect to the sample plane, the reversal
mechanism is mostly determined by the shape of the sample. The influence of the
perpendicular anisotropy can be observed when this external field has relatively small
values as compared with the saturation magnetization and is associated by a rotational
hysteresis behavior in the torque measurements.
The permeability spectra of the samples were measured for the magnetic
structure at the remanence state. In this way we have shown that these materials are
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also potential candidates for high frequency applications. The FMR frequency of the
sample with the highest perpendicular anisotropy is higher than 2GHz and the linewidth is about 500MHz. It is clear that a control of the magnetization dynamics can
be achieved by controlling the perpendicular anisotropy and the thickness of the
samples.

Samenvatting

Ultrazachte magnetische materialen kunnen vanwege hun gunstige
eigenschappen worden toegepast in hoogfrequent devices zoals mobiele telefoons.
Magnetisch materiaal voor hoge frequenties moet voldoen aan de volgende eisen:
•

Een hoge verzadigingsmagnetisatie MS is nodig om een hoge waarde van
de magnetische permeabiliteit te krijgen. Als het hoogfrequent veld
loodrecht op de gemakkelijke richting wordt aangelegd zullen de spins
engszins in die richting uitbuigen. De bijbehorende relatieve magnetische
4πM S
.
permeabiliteit is dan: µ r ≅
Hk
• Het materiaal moet een uniaxiale anisotropie vertonen met een
anisotropieveld Hk=10÷50Oe. Dit is nodig om de ferromagnetische
resonantie (FMR) frequentie f FMR ≅ γ 4πM S H k in het GHz gebied te
brengen.
• Speciaal als het materiaal voor een zelfinductie wordt gebruikt moet de
FMR lijnbreedte niet te groot zijn. In de praktijk kan de lijn worden
verbreed door diverse processen zoals spin-rooster relaxatie, spingolven en
wervelstromen.
• De specifieke weerstand van het materiaal moet zo hoog zijn dat de
intensiteit van het hoogfrequent veld niet afneemt als functie van de diepte
ten gevolge van het skin effect. In zelfinducties bestaande uit een sandwich
van magnetisch materiaal met daaromheen een geleidende laag is er geen
extra isolatie nodig als de weerstand van de magnetische laag minstens
een factor ~102 groter is als de weerstand van de geleidende lagen. Op deze
manier hebben we geen last van een extra capaciteit tengevolge van de
isolatie.
• De magnetostrictie moet relatief laag zijn omdat in het fabricageproces
onvermijdelijk stappen zitten die spanning in de magnetische laag
introduceren.
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Process compatibiliteit. In het algemeen geldt dat het materiaal moet
geschikt moet zijn voor het beoogde fabricageproces. Dit betekent
bijvoorbeeld dat het materiaal op een geschikte manier verbonden moet
kunnen worden met een substraat en dat het stabiel blijft bij de
temperaturen die bij het fabricageproces optreden.

Het gewenste magnetische gedrag van dit soort materialen wordt verkregen door het
manipuleren van de structurele eigenschappen op de nanometerschaal. Door het
materiaal nanokristallijn of zelfs amorf te maken kunnen we de anistropie van de
individuele korrels onderdrukken via de invloed van de exchange interacties tussen de
magnetische momenten. Als de korrelgrootte kleiner wordt dan de correlatielengte
van de exchange interactie kan de lokale magnetisatie niet meer de orientatie van de
lokale voorkeursrichting volgen omdat dat teveel exchange energie kost. Hierdoor
wordt de lokale anistropie uitgemiddeld over vele korrels en zal de magnetisatie nog
slechts een klein beetje in richting varieren. Voor legeringen met ijzer als het
magnetische element wordt de magnetokristallijne anisotropie met ruwweg een factor
duizend onderdrukt als de korrelgrootte 10-15 nm is. Dit levert ultrazacht magnetisch
materiaal, maar voor gebruik bij hoge frequenties moet nu nog een extra uniaxiale
anisotropie worden geintroduceerd in het vlak van het preparaat, zie Fig. 8.1.
In dit proefschrift wordt een bijdrage geleverd aan onze kennis van de
correlatie tussen structuur en magnetische eigenschappen van dunne lagen met een
dergelijke nanostructuur, met het oog op hoogfrequent toepassingen. In hoofdstuk 1
worden enkele relevante toepassingen van ultrazachte magnetische materialen
behandeld inclusief een aantal voorbeelden uit de recente literatuur.
De hier bestudeerde materialen zijn geproduceerd met twee verschillende
technieken: het nitreren van gewalste ferromagnetische folies en het deponeren van
dunne lagen door middel van reactief sputteren. In hoofdstuk 2 wordt een

Fig. 8.1 Schematische representatie van een nanokristallijne structuur. De
dubbele pijlen geven de richting van de lokale anisotropie en de gestreepte pijl geeft
de richting van de geinduceerde anisotropie.
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gedetailleerde beschrijving gegeven van deze methoden en wordt speciaal aandacht
besteed aan de opstelling voor het meten van de magnetische permeabiliteit van het
materiaal als functie van de frequentie. Onze eigenbouw-spectrometer werkt tot 6
GHz, hoog genoeg voor het meten van de complete ferromagnetische resonantiecurve
in onze nanokristallijne films met ijzer als magnetisch element.
Karakteristiek voor de gebruikte materialen is dat ze vrijwel altijd stikstof
bevatten. Stikstof wordt gebruikt voor de volgende redenen: i) het is mogelijk
verschillende ijzernitride fases te maken, ii) gesputterde ijzernitride lagen laten een
interessant verband zien tussen de korrelgrootte en de concentratie van stikstof, iii) de
magnetostrictie wordt gunstig beinvloed door het nitreerproces en iv) manipulatie van
de positie het atomaire stikstof maakt het mogelijk magnetische anisotropie te
introduceren.
Hoofdstuk 3 is gewijd aan de magnetische eigenschappen van Fe93Ni4Cr3 en
Fe94Ni4Ti2 legeringen waaraan stikstof is toegevoegd door bij lage temperatuur te
nitreren in een NH4/H2 gasmengsel. Nitreren in het α-gebied van het fasediagram
leidt tot de formatie van kleine CrN en TiN precipitaten met de fcc structuur, die
uniform in de korrels van het materiaal aanwezig zijn. Bovendien wordt atomair
stikstof op interstitiële posities ingebouwd; in het geval van de Ti legering tot een
concentratie van ongeveer 3%. Uit structureel oogpunt zijn deze precipitaten
interessant omdat ze kunnen fungeren als kiemen voor de vorming van ijzernitride
fases in de volgende stap. Bovendien kunnen ze de korrelgroei beinvloeden indien ze
aan de korrelgrenzen vastzitten. De rol van interstitiëel stikstof in de α-fase wordt
gedemonstreerd door te vergelijken met een (Fe-Ti-Ni) monster dat in puur waterstof
is behandeld bij dezelfde temperatuur die voor de nitrering werd gebruikt. Het
genitreerde materiaal blijkt een veel lager coërcitief veld te hebben. Wij suggereren
dat de incorporatie van atomair stikstof leidt tot een verlaging van de magnetostrictie,
waardoor magnetische domeinen veel minder gehinderd worden door spanningen in
het materiaal.
Nitreren in het γ'-gebied van het fasediagram leidt tot een ander belangrijk
resultaat. We demonstreren dat een combinatie van α- en γ'- fasen tot een magnetisch
zeer zacht materiaal kan leiden. Waarschijnlijk wordt de vrije energie gereduceerd
door middeling over gebieden met twee fases die een verschillend teken van de
kubische magnetische anisotropie hebben.
Hoewel beide methoden van nitreren bij lage temperatuur leiden tot kleine
coërcitieve velden, is de structuur toch nog niet geschikt voor magnetische
hoogfrequent toepassingen. Hiervoor bestaan de volgende redenen: i) de korrels zijn
nog groter dan de magnetische correlatielengte en ii) de bij het walsen aangebrachte
textuur van het materiaal verdwijnt niet tijdens het nitreren. Hierdoor komt de vereiste
middeling van de kristallijne magnetische anisotropie niet tot stand. Ter verbetering
van de structuur is het materiaal blootgesteld aan herhaalde transformaties van de αnaar de ε- fase en terug. Op dit punt werden de beste resultaten behaald met de Fe-CrNi legering. Na 12 cycli was de oorspronkelijke textuur vrijwel verdwenen en was de
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korrelgrootte verkleind tot 100-200 nm, helaas nog steeds groter dan de magnetische
correlatielengte. Het magnetisch gedrag was echter niet verbeterd, hetgeen
waarschijnlijk te wijten is aan de opbouw van een ingewikkelde spanningsstructuur in
het materiaal tijdens de vaste-stof fasetransformaties. We moeten concluderen dat in
dit soort materialen vaste-stof transformaties niet de goede weg zijn voor het bereiken
van zachte magnetische eigenschappen.
In hoofstuk 4 wordt het magnetisatiegedrag als functie van de frequentie
onderzocht aan dunne nanokristallijne Fe-Zr-N lagen die door middel van reactief
sputteren op een SiO2 substraat werden gedeponeerd. Op systematische wijze werden
gevarieerd: de samenstelling (verschillende concentraties van Zr en N), de
korrelgrootte en de grootte van de magnetische anisotropie in het vlak van de laag. De
hoogste ferromagnetische resonantiefrequentie zonder de aanwezigheid van een
magneetveld was 2,1 GHz, voor een sample met 14% N en een
verzadigingsmagnetisatie 4πMS = 16,9 kG. Een dergelijk materiaal is geschikt voor
hoogfrequent toepassingen.
Alle frequentieafhankelijke metingen van de permeabiliteit konden succesvol
worden geanalyseerd met de Landau-Lifshitz vergelijking. Metingen van de
permeabiliteitsspectra als functie van een uitwendig magneetveld tot 70 Oe, parallel
aan of loodrecht op de voorkeursrichting, leidden tot de volgende nieuwe resultaten:
i) de waarden van de ferromagnetische resonantiefrequentie zijn hoger dan verwacht
op basis van het magnetische anisotropieveld HK en ii) de fenomenologische
dempingsparameter hangt sterk en op een niet-lineaire manier af van het uitwendige
magneetveld. Additionele ferromagnetische resonantiemetingen in de X-band (9,4
GHz) zijn hiermee in overeenstemming en leverden de beste bepaling van de
verzadigingsmagnetisatie.
De anisotropievelden HK werden berekend uit het verschil in
resonantiefrequenties bij een bepaald uitwendig veld HDC parallel aan respectievelijk
loodrecht op de voorkeurs-richting. Dit komt overeen met de configuraties HRF//HA,
resp. HRF//EA, waarbij HA en EA staan voor "hard axis" en "easy axis" en HRF het
hoogfrequentveld is. Voor deze systemen blijkt deze methode beter te werken dan
metingen van de hysterese bij lage frequentie of veldafhankelijke X-band FMR. Door
optellen van de waarden van de ferromagnetische resonantiefrequenties in beide
configuraties voor dezelfde waarde van HDC bepalen we het equivalente "extra"veld
HShift dat geassocieerd is met de verschuiving van de resonantie-frequentie. Zolang we
in het regime zitten waarin de magnetische momenten coherent roteren blijkt HShift
onafhankelijk te zijn van HDC en van de verzadigingsmagnetisatie. Wel zien we een
toename wanneer de korrels kleiner worden.
Na een discussie van de mogelijke oorzaken komen we tot de conclusie dat
HShift wordt veroorzaakt door variaties van de grootte van de lokale magnetisatie,
geassocieerd met atomaire dichtheidsfluctuaties in de nanokristallijne structuur. Dit
leidt tot variaties van het lokale demagnetiserende veld op de lengteschaal van de
nanostructuur. Deze variaties middelen uit in de richting van het uitwendige veld,
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maar niet in de richting loodrecht hierop in het vlak van de film. Als we simpele
sinusvormige variaties van de magnetisatie (en de exchange-stijfheid) aannemen
hebben we voor deze variatie een amplitude van slechts 3% van de
verzadigingsmagnetisatie nodig om de gemeten HShift te verklaren. Verder analyseren
we het effect van de spingolf dispersierelaties; we concluderen dat deze in hun
simpelste vorm niet in staat zijn om het gedrag van de lijnbreedte
(dempingsparameter) als functie van HDC te verklaren.
In hoofdstuk 5 wordt het effect van een ruw substraat op de
magnetisatiedynamica van gesputterde dunne nanokristallijne lagen gepresenteerd.
Als studieobject is fijnkorrelig (Fe99Zr1)xN1-x genomen , met 4πMS = 15.5 kG en HK ≈
20 Oe. Als substraten dienden a) Si bedekt met SiO2 (zoals in hoofdstuk 4), b) Si
bedekt met een dunne organische laag en c) Si bedekt met een Cu laag. De
morfologie van het substraatoppervlak en van het oppervlak van de laag werden
bestudeerd met een atomaire-kracht microscoop (AFM). De hoogste gemiddelde
(RMS) ruwheid w = 5,1nm werd gemeten aan de laag gedeponeerd op het Cu
oppervlak. Uit de correlatiefunctie voor het hoogteverschil in de richting van de snelle
scan van de AFM werd voor deze laag.een laterale structurele correlatielengte ξ = 78
nm bepaald. Verder werd een effectieve demagnetisatiefactor parallel aan het
oppervlak berekend, aannemende dat de ruwheid translatieinvariant en isotroop in het
vlak is. De laag gedeponeerd op de organische ondergrond vertoonde geen
verzadiging van de oppervlakteruwheid voor een scan van maximaal 600 nm. De
morfologie van dit sample wordt gekarakteriseerd door lokale heuveltjes met een
grootte van ≈ 400 nm en een hoogte van ≈ 5 nm. De demagnetiserende factor voor dit
sample werd geschat op basis van deze afmetingen. De laag op SiO2 was zo vlak dat
er geen invloed op het magnetisch gedrag te verwachten is.
De hystereselus laat zien dat bij remanentie de magnetisatie vrijwel 100% is.
Door de sterkte van de exchange wisselwerking kunnen individuele spins niet alle
structurele onregelmatigheden volgen; ze staan gericht langs de anisotropie-as die
door het magnetisch veld tijdens het sputterproces is bepaald. De
permeabiliteitsspectra zijn duidelijk afhankelijk van de morfologie van het substraat.
De resonantiebreedte van de laag op SiO2 is ∆ω = 520MHz, maar de breedte van de
resonantiecurves van de andere lagen is veel groter, ∆ω>1 GHz. Bovendien is de
gemiddelde resonantiefrequentie naar boven opgeschoven, waarbij de verschuiving
groter is naarmate het substraat ruwer is. De resultaten zijn geanalyseerd op twee
verschillende manieren: i) we nemen aan dat het lokale demagnetiserende veld een
sinusvormig patroon volgt als functie van de positie, en ii) de spectra µ = µ(f) werden
getransformeerd naar µ = µ(Heff) via de dispersierelatie. Deze laatste aanpak gaat er
van uit dat de homogene lijnbreedte verwaarloosbaar is ten opzichte van de lokale
variaties van de resonantiefrequentie. Beide methoden geven ruwweg dezelfde
resultaten.
In de discussie wordt aandacht besteed aan de asymmetrie van de resonantie,
de gemiddelde positie van de lijn en de homogene lijnbreedte zoals volgt uit de
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dempings-parameter. We laten zien dat de lijnvorm en de verschuiving worden
bepaald door de ruwheid van de grensvlakken. De halfwaardebreedte van de
distributie van lokale magnetische velden komt redelijk goed overeen met het
gemiddelde demagnetiserende veld berekend uit de AFM metingen. De verschuiving
van de gemiddelde resonantiefrequentie wordt net zoals in hoofdstuk 4 toegeschreven
aan atomaire dichtheidsfluctuaties in het materiaal, die toenemen wanneer de
grensvlakken ruwer zijn. Verder lijkt bij elk preparaat de homogene
dempingsparameter α veel groter in de permeabiliteitsmeting bij HDC = 0 (2 GHz)
dan bij de X-band FMR meting (9,4 GHz).
De statische en dynamische magnetische eigenschappen van Fe-Zr-N
nanokristallijne films met loodrechte anisotropie zijn het onderwerp van hoofdstuk 6.
In een serie preparaten kunnen we de overgang zien van beurtelings op en neer
gemagnetiseerde domeinen ("stripe domains") naar de orientatie van de spins in het
vlak van de laag. De overgang hangt samen met de hoeveelheid stikstof in het
preparaat. Voor 8% N is de periode van het streeppatroon 220 nm (uniaxiale
anisotropieconstante 4,3 x105 erg/cm3), terwijl bij 4% N de magnetisatie in het vlak
ligt. Tegelijkertijd gaat de verzadigingsmagnetisatie van 18,3 kG naar 19,6 kG. De
distributie van de magnetisatie in een doorsnede van de film is bepaald aan de hand
van een simpel model: bulk domeinen waarin de magnetisatie een grote hoek met het
oppervlak maakt en sluitdomeinen waarin de magnetisatie in het vlak ligt.
Kwantitatieve informatie werd verkregen door combnatie van Mössbauer
spectroscopie voor het materiaal als geheel en magnetische krachtmicroscopie voor
het oppervlak.
Metingen
van
het
magnetische
koppel
gecombineerd
met
magnetisatiemetingen demonstreren het mechanisme waarmee de magnetisatie van
teken verandert gedurende een magnetisatiecyclus. De component van de
magnetisatie evenwijdig aan het oppervlak verandert in twee stappen: als het veld
parallel aan het oppervlak wordt verlaagd draaien de spins eerst naar de normaal op
het oppervlak. Bij een kritische waarde van de hoek met het oppervlak klapt de
component parallel met het oppervlak van teken om in een zeer klein veldinterval.
Als het uitwendig veld loodrecht op het oppervlak staat groeien de parallel domeinen
geleidelijk ten koste van de antiparallel domeinen; de toename van de magnetisatie
wordt bepaald door de demagnetiserende factor loodrecht op het oppervlak. De
invloed van de loodrecht anisotropie is zichtbaar wanneer het loodrechte uitwendig
veld klein is; in dit geval zien we een hysteresisgedrag in de metingen van het
magnetische koppel.
De permeabiliteit als functie van de frequentie is gemeten in de remanente
toestand. De FMR frequentie van het preparaat met de grootste anisotropie is hoog
(meer dan 2 GHz) en de lijnbreedte ∆ω ≈ 500 MHz, wat deze films interessant maakt
voor hoogfrequent toepassingen. Het feit dat de loodrechte magnetische anisotropie is
te manipuleren door een verstandige keuze van de stikstofconcentratie en de laagdikte
is een attractief aspect van dit type lagen.
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