
 

 

Chapter 1 

Introduction 
 
 
The tendency to miniaturize the dimensions of electronic devices has created a 
demand for new materials and new methods for their production. The 
miniaturization of integrated circuits followed by the revolution in 
telecommunications and computers is one of the most successful examples. 

During the last 15 years, thin films of magnetic nanocrystalline alloys 
have found various applications in the micro-electronic industry due to their 
unique magnetic properties related to their structure. The term “nanocrystalline 
alloys” is used to describe those alloys that have the majority of grain diameters 
in the typical range from about 1 nm to 50 nm. These materials can successfully 
replace conventional soft-magnetic materials at MHz frequencies applications 
and can be used to extend the operation frequency range into the GHz regime. 

Soft magnetic films with high permeability at ultra-high frequencies 
(UHF) are required in areas like magnetic recording (Fig. 1.1), communication 
devices (Fig. 1.2) and automotive industry. In all these applications, the 
magnetic layers are used as magnetic flux guides. Therefore, the most important 
requirements for such soft magnetic material are a small coercive field (HC) and 
a high value of the relative permeability (µr) over the frequency range imposed 
by the application. Ultra-soft magnetic behavior at GHz frequencies can be 
obtained in thin nanocrystalline films when nanocrystals with a size smaller than 
the ferromagnetic exchange length are coupled by exchange interaction and an 
overall uniaxial magnetic anisotropy is present. Such materials will have a well-
controlled domain pattern with the magnetization, in the absence of an external 
magnetic field, oriented in most of the domains parallel or anti-parallel to the 
direction of the anisotropy axis. The hysteresis loop will be a rectangle in the 
easy direction (domain wall movement) and a straight line in the hard direction 
(spin rotation). When an external AC field is applied perpendicular to the easy 
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Fig. 1.1. Schematic diagrams of a (a) longitudinal head and (b) a perpendicular head and 
a magnetic medium with a soft magnetic underlayer. The nanocrystalline soft magnetic 
material is used as yokes for the writing heads in the two cases and in addition as soft 
underlayer in (b). 
 

Fig. 1.2. Examples of design solution for inductors: (a) top view of a planar rectangular 
metal coil with a soft magnetic underlayer, (b) top view and cross-section of a planar 
inductor with two magnetic cores, and (c) thin film cloth-structured inductor with 
magnetic strip core array [Shi90]. The nanocrystalline soft magnetic material is the 
underlayer in (a), the magnetic core in (b) and strip core in (c). 
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axis, the magnetization oscillates with the field. In this case the permeability is 
given by the ratio between the saturation magnetization (4πMS) and the 
anisotropy field (HK). For sufficiently thin films, where the eddy current losses 
can be neglected, this value can be maintained up to a frequency close to the 
ferromagnetic resonance (FMR) frequency fr = 2πγ(4πMSHK)1/2 (γ is the 
gyromagnetic constant and 2πγ = 2.8 MHz/Oe) [Chi97]. 

For small-size/light-weight communication devices, such as mobile 
phones, inductors operating in the GHz range are required. A widely used 
integrated inductor design is an air-core spiral (Fig. 1.2a). The use of a magnetic 
film, as a top- or under-layer, as flux-amplifying components offers the 
possibility to reduce the size of the inductor while keeping the inductance 
constant. However, such a planar shape is magnetically not very efficient 
because the maximum gain is only a factor of two. Moreover, due to a parasitic 
coupling with the silicon substrate, such integrated spirals perform poorly. 
Planar solenoid type inductors, prepared by patterning (Fig. 1.2b), are 
magnetically more efficient. However, the fabrication is difficult, because two 
metallization and insulating layers, as well as “viases” for the interconnection 
are needed. Sandwiched strip inductors [Kor98] are easier to prepare and exhibit 
a 5–10-fold inductance enhancement over simple air-core values. In these 
structures conductive stripes are simply sandwiched between two magnetic films 
and in some cases separated by insulation layers. A more complex but promising 
inductor design, with cloth-structured magnetic stripes and conducting lines is 
presented in Fig. 1.2c [Shi90]. In the case of magnetic inductors a sufficient 
value for the permeability of the magnetic core material is 100. Consequently the 
ideal combination would be a saturation magnetization of 24 kG and an 
anisotropy field of 240 Oe. This combination gives an FMR frequency of 6.7 
GHz.  

The continuous demand for increasing the areal density in longitudinal 
and perpendicular magnetic recording requires low noise media with higher and 
higher coercivities. To achieve the required overwrite performance for writing 
media with a higher coercivity larger head fields are needed [OGr99]. The 
maximum field, which an inductive head can produce, is directly proportional to 
the saturation magnetization of the material used for the head pole pieces. At the 
same time, the requirements for the data transfer rate nowadays imply operation 
frequencies for the writing head of the order of 500 MHz [Lit01, Ju001]. Thus, 
high-moment soft magnetic materials with large permeability over a wide 
frequency range are needed for the magnetic pole pieces of a write head. In the 
case of perpendicular magnetic recording [Khi02] an efficient writing process 
requires a magnetic medium with a soft magnetic underlayer in order to close the  
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Table 1.1. The most important requirements for UHF materials. 
 

Properties Magnetic head Inductor 
Coercivity ≤ 1 Oe ≤ 1 Oe 
Permeability ≥ 500 ≥ 100 
Operation frequency ≥ 500 MHz 1 – 10 GHz 
Saturation magnetization ≥ 20 kG ≥ 15 kG 
Magnetic anisotropy uniaxial uniaxial, ≥ 10 Oe 

 
Table 1.2. Soft magnetic properties of materials suited for UHF applications. The 
composition of the alloying elements is given in at%. 

 
Material HK 4πMs µr fr Ref. 

 Oe kG - GHz  
“nitrides” = Fe-M-N with M = Ta, Cr, Ti, Zr 
FeCr4.6Ta0.2N7.4 90 20.2 200 3.7 [Jin97a] 
FeTa3.3N1.6 4.5 21.5 1880 0.8 [Via96] 
FeAlN 10 20 2000 1.2 [Zou00] 
FeZrN 5 18 4000 0.8 [Cha96] 
FeTi(8-10)N(10.5-14) 10 24 3200 1.3 [Wan97] 
FeSi10Al5N2 14 11 800 1.1 [Dod97] 
“oxides” = Fe-M-O with M = Al, Si 
FeAl3.5O8 4 18.2 4600 0.7 [Kim00] 
FeHf17O28 6 10.5 1600 0.7 [Hui98] 
FeSm3.4O13.2 5 12.6 2600 0.6 [Yoo01] 
other materials 
FeCo18B15 22 17.5 740 1.7 [Che00a] 
FeCo17B16Si1 160 18 110 4.2 [Fer02] 
(Fe0.7Co0.3)95N5 20 24.5 1200 1.9 [Sun00] 
Materials with the highest fr obtained in this thesis 
FeZr2N17 26 17 680 1.8 [Che02c] 
(Fe0.7Co0.3)83Ta2N15 48 17 340 2.5 [Che02d] 

 
flux path generated by the head (Fig. 1.1b). The soft underlayer must fulfill the 
same requirements as the materials for the pole pieces since in this configuration 
the underlayer is a part of the magnetic circuit of the writing process. The ideal 
material, which can be imagined for such applications, should then present the 
maximum saturation magnetization achievable (24 kG for FeCo alloys) and an 
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anisotropy field of 5 Oe. This combination gives a high permeability of 4800 
and a FMR frequency of 1 GHz, well above the present-day requirements. 

The requirements for the most important properties of materials for UHF 
applications are summarized in Table 1.1. In addition to the mentioned 
requirements it is desired that the materials present a reasonably high specific 
electrical resistivity in order to have low eddy current losses, a relatively small 
magnetostriction, and appropriate mechanical properties. A material in which all 
these properties are combined is not yet available. Examples of produced 
materials suited for UHF applications are given in Table 1.2. The main purpose 
of this table is to be illustrative rather than exhaustive. It is interesting to see that 
for the first time a boron-based amorphous material was produced with a very 
high induced uniaxial anisotropy of 160 Oe [Fer02]. The material with the 
highest saturation magnetization reported by [Sun00] does not have a well-
defined induced anisotropy if deposited directly on Si wafers. The good soft 
magnetic behavior at high frequency is obtained only if the film is sandwiched 
between two permalloy layers. 

The resitivity of N-containing alloys is typically in the 10 to 100 µΩcm 
range, while “oxides” can present a resitivity as high as 1 mΩcm [Hui78]. All 
materials presented in the table are made by sputtering. The as-deposited 
materials are nanocrystalline or amorphous due to the grain refinement effect of 
the non-metallic element (N, O, and B). Structural changes appear at annealing 
temperatures of the order of 300 ºC, which practically defines the thermal 
stability of these alloys. The processing temperature is mostly room temperature 
(RT) or small variations above or below. In this way the deposition temperature 
is not a problematic issue in the integration process. The anisotropy is obtained 
by applying a magnetic field during deposition. 

Usually for films thicker than about 200 nm a strong perpendicular 
anisotropy component destroys the in-plane soft magnetic behavior. If the 
application requires thicker magnetic media, a solution can be offered by stacks 
of thin magnetic layers decoupled by a non-magnetic film like SiO2 [Clo62]. 

The crucial structural requirement for appearance of soft magnetism in 
nanocrystalline materials is that the grain size is smaller than the ferromagnetic 
exchange length (Lex) over which spins are coupled via the magnetic exchange 
interaction. This length is about 35 nm in Fe80Si20 [Her90]. When the small 
grains are also magnetically coupled, the magnetization cannot follow the 
randomly oriented magnetocrystalline anisotropy axis of each individual grain. 
Consequently, the effective anisotropy is an average over several grains and, 
thus, reduced in magnitude. When the magnetization takes place by coherent 
spin rotation the coercivity is proportional to the effective value of the  
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Fig. 1.3. The real part (µ′) and imaginary part (µ″) of the complex permeability as 
function of frequency for a 100 nm Fe58.3Co25Ta1.7N15 film deposited at -10 ºC 

 
anisotropy [Boz51]. Therefore, the ultra-fine nanocrystalline materials have 
extremely low values for the coercive field [Her90]. 

In addition to the structural requirement mentioned above the magnetic 
film must be present a well-defined in-plane uniaxial anisotropy direction in 
order to have a high value for the high frequency (HF) permeability [Vri96].In 
alloys containing interstitial atoms like N or C induced uniaxial anisotropy can 
be obtained when the materials are produced under the influence of a magnetic 
field. This anisotropy originates from an anisotropic distribution of the 
interstitial atoms in the bcc Fe lattice. It was proved experimentally that once 
such a material is obtained, its induced anisotropy cannot be increased. If larger 
values for the uniaxial anisotropy are desired, there are several other methods 
available, like for example: oblique deposition [Iwa93] or sputtering on pre-
stressed [Gar99] or patterned substrates [Vro02]. 

The objectives of the research presented in this thesis are the synthesis 
and the explanation of the correlation of the structure and magnetic properties of 
new nanostructured materials. For this purpose two synthesis methods and a 
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large variety of characterization techniques were used. An extensive description 
of the experimental methodology is presented in Chapter 2. 

In the first part of this thesis, we propose a new method for obtaining 
structural refinement of iron alloys. The method is based on phase 
transformation of Fe alloys in the presence of nitrogen. In Chapter 4, we report 
on the manipulation of the microstructure of Fe94Ni4Ti2 and Fe93Ni4Cr3 alloys via 
phase transformations in the Fe-N system. In these systems TiN, respectively 
CrN, precipitates are formed during nitriding (Chapter 3). The influence of these 
precipitates on the phase transformation is discussed. In contrast to other 
methods for grain refinement where the phase transitions are triggered 
exclusively by temperature the use of nitriding/reducing enables a significant 
decrease of the temperature at which the phase transformations takes place. 
Consequently, in this last case the recovery effect of the temperature is 
diminished. Repeated phase transformation in the presence of nitrogen can lead 
to significant grain refinement in a layer with the thickness of several 
micrometers at the surface of a metallic sample. Such a surface layer can exhibit 
interesting mechanical properties like an increased hardness or improvement of 
the fracture resistance. 

The second part of this thesis is dedicated to the study of the 
nanostructure and magnetic properties of reactively sputtered Fe-Zr-N and Fe-
Co-Ta-N thin films. In Chapter 5 a new method is described for fine-tuning the 
structural and magnetic properties of sputtered films. It is shown that the 
reduction of the deposition temperature below RT enables the synthesis of films 
with excellent soft magnetic properties. The best film obtained in this way was 
an Fe58.3Co25Ta1.7N15 film deposited at -10 ºC. The film has a saturation 
magnetization of 17 kG, an anisotropy field of 48 Oe and an FMR frequency of 
2.5 GHz. The HF response of the film is presented in Fig. 1.3 and the hysteresis 
loop in Fig. 7.4. The best Zr-containing film has a saturation magnetization of 17 
kG, an anisotropy field of 27 Oe and an FMR frequency of 1.8 GHz. The film 
was obtained by deposition at -50 °C. The stoichiometry of the film can be 
expressed as Fe81Zr2N17. This film has a similar behavior of the permeability as a 
function of frequency like the one that presented in Fig. 1.3. The hysteresis cycle 
is given in Fig. 7.3. These values of the resonance frequency are sufficiently 
high to make these films good candidates for wireless communication 
applications. Using the deposition temperature as a parameter for controlling the 
grain size and composition of sputtered films leads to an improvement of the 
reproducibility of the soft magnetic properties of the layers. The method offers a 
modality to control the crucial parameter responsible for the high frequency 
response: the induced magnetic anisotropy. 
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The origin of the induced anisotropy in nitrogen containing films is 
discussed in Chapter 6. A quantitative relationship between the nitrogen content 
and the magnitude of the induced anisotropy was found. This relationship can be 
used to predict the maximum value of the induced anisotropy that can be 
obtained in a nanocrystalline film for a given nitrogen concentration. For the 
first time the influence of the presence of induced magnetic anisotropy by 
interstitial nitrogen atoms on the structure of the nanocrystalline materials is 
discussed. The quantitative determination of the magnetostriction and the 
influence of stresses on the soft magnetic behavior of the sputtered films are 
presented in Chapter 7. The relative high values of the magnetostriction (~10-5) 
restrict the applicability of the materials with high induced anisotropy to 
applications where the external variable magnetic field is much smaller than the 
saturation field (<< 50 Oe). Fortunately the materials with lower anisotropy have 
also a lower saturation magnetostriction (~10-6) and because the HF 
requirements of the magnetic recording applications are less restrictive (HK < 10 
Oe at MS = 18 kG) these films are important competitors for the materials used 
presently for pole pieces of writing heads and/or magnetically soft underlayers. 
In Chapter 7 it is shown that also in this type of materials stresses, in addition to 
the effect of the columnar structure, promote a perpendicular magnetic 
anisotropy. This perpendicular anisotropy is usually considered as detrimental. 
However, it requires a closer investigation in order to clarify whether this effect 
can be turned into an advantage by using it as a source of uniaxial anisotropy for 
HF applications. This final observation provides a transition to Chapter 8, where 
a summary of the results is given and a number of conclusions are drawn. In 
addition, possible future extensions of the present research are proposed. These 
could lead to even better materials than presently obtainable. 

 
 


