
 

 

Chapter 8 

Summary and outlook 
 

 
During the last 15 years thin films of nanocrystalline materials have found 
various industrial applications due to their unique magnetic properties related to 
their microstructure. The objectives of the research presented in this thesis are 
the synthesis and the understanding of the correlation of the structure and 
magnetic properties of new materials for high frequency (HF) applications. In 
Chapter 1 the most important magnetic and structural requirements for a soft 
magnetic material are discussed. Here is also given a number of examples and an 
up to date review of the properties and applications of nanocrystalline magnetic 
materials. 

Two preparation methods were used in this study for production of 
nanostuctured materials: grain refinement of cold rolled iron alloys by phase 
transformation in the presence of nitrogen and reactive sputtering of 
nanocrystalline materials. The properties of these materials were investigated 
using a large variety of characterization techniques. An extensive description of 
the experimental methodology is presented in Chapter 2. Specific for the work 
presented in this thesis is the use of materials with iron (Fe) and nitrogen (N) as 
the main constituents. 

The reduction of the size of the grains to the nanometer range can be 
obtained by modification of the microstructure by repeated phase transitions at 
low temperatures. For bcc materials (Fe based alloys) a possibility to keep the 
transformation temperature at relatively low values is to use thermo-chemical 
nitriding in an NH3/H2-gaseous mixture and by denitriding in a H2 atmosphere. 
By a nitriding and reduction treatments, transitions between bcc (α-Fe) and fcc 
(γ’-Fe4N) or hcp (ε-FexN, 2 < x < 4) structures can be obtained at temperatures 
as low as 300 ºC. 

Two alloys were used for the grain refinement study: Fe + Ni(4at%) + 
Ti(2at%) and Fe + Ni(4at%) + Cr(3at%). During nitriding Ti and Cr form TiN 
and CrN precipitates, respectively. These precipitates can act as nucleation 
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centers for the Fe nitrides to be formed in the following steps or, when formed at 
grain boundaries, they can inhibit the grain growth. The Ni has a role in 
improving the mechanical properties of the Fe nitride phases. 

An extended study of precipitate formation, based on Transmission 
Electron Microscopy (TEM) and X-ray Diffraction (XRD) methods, is presented 
in Chapter 3. It is shown that after α-nitriding (NH3/H2 = 1/3) at temperatures T 
≥ 300 ºC of a FeNiTi alloy and at T ≥ 400 ºC of a FeNiCr alloy, thin (Ti/Cr)N 
precipitates are formed with a thickness of the order of one lattice parameter. 
These platelets are coherent with the {100} matrix planes. Due to the misfit 
between the precipitates and the matrix lattices, a dilation of the matrix occurs 
and nitrogen is absorbed in excess of the amount corresponding to the formation 
of stoichiometric TiN and CrN precipitates. Below 500 ºC the TiN precipitates 
form a fine dispersion, stable against ripening at these temperatures. The 
precipitates grow in size when the sample is heated to temperatures of 500 ºC or 
higher. The CrN precipitates start to be formed at 400 ºC. As the time or the 
temperature of the treatment increases, the small coherent CrN precipitates are 
dissolved and large precipitates are formed at the grain boundaries. In Chapter 4 
it is discussed how these precipitates influence the phase transformations. 

The grain refinement effect is studied in Chapter 4. Here it is shown that 
grain refinement and grain reorientation take place after α↔ε transformations in 
the FeNiCr alloy at 400 ºC. The presence of the continuously transforming CrN 
precipitates promotes the texture reduction. By increasing the number of cycles, 
a progressive grain refinement and reduction of the texture were obtained. The 
α↔γ’ transformation does not produce significant grain reorientation in both Cr 
and Ti containing alloys. 

At low temperatures (≤ 400 ºC) the coherent TiN precipitates can be 
regarded as anchors of the initial texture, i.e. during an α↔γ’ phase 
transformation the formation of grains with new orientations is prevented. The 
same TiN precipitates retard the formation of the ε-phase in a α↔ε 
transformation at 400 ºC, stabilizing the γ’-phase and preventing the change of 
the texture. 

At 500 ºC, the diffusion of Ti and Fe atoms becomes significant and 
helps the strain relief in the material. The strain relief is required for phase 
transformations and leads probably to a reorientation of precipitates. 
Consequently, the diffusion diminishes the anchoring effect of precipitates 
leading to an important reduction of the texture. 

The materials obtained by cold rolling and repeated phase 
transformations did not show the desired soft magnetic properties due to the fact 
that the average grain size obtained was the order of 100 nm, which is still larger 
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Fig. 8.1. Fe bcc lattice with an N filled octahedron (left). The N atom produces an 
asymmetry in the z direction. The tetragonal stress created by the uniaxial anisotropy is 
accommodated in a nanocrystalline material by a cubic expansion. 

 
than the limit imposed by the random anisotropy model. The method can be 
successfully used for obtaining ultra-fine-grain structures in a surface layer of a 
few micrometers. Such a surface layer can exhibit interesting mechanical 
properties like increased yield strength, or improvement of the fracture 
resistance. 

The second part of this thesis is dedicated to the study of the 
nanostructure and magnetic properties of sputtered Fe-Zr-N and Fe-Co-Ta-N 
thin films. In Chapter 5 a method is described for fine tuning the structural and 
magnetic properties of sputtered films. 

Fe-Zr-N films were obtained in an as-deposited nanocrystalline state by 
sputtering Fe-rich alloys in a reactive atmosphere (Ar + N2). The desired 
anisotropy was created by a bias magnetic field applied during deposition. The N 
content and the gain size were controlled by varying the Ar/N2 ratio and/or the 
substrate temperature. In order to improve the magnetic properties, the samples 
were heated (up to 250 ºC) in a magnetic field in a number of cases. 

TEM observations and XRD line broadening confirmed the 
nanocrystalline nature of the films. Cross-section TEM pictures showed that the 
films present a columnar structure normal to the plane of the film (parallel to the 
deposition direction). Films thinner than 200 nm show excellent soft magnetic 
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properties. The coercive field in the easy axis direction and the anisotropy field 
were determined as a function of the N concentration (Chapter 5). 

The origin of the induced anisotropy is studied in Chapter 6. Nitrogen is 
the key component of the Fe-M-N thin films for obtaining excellent soft 
magnetic properties. In order to preserve relatively high values of the saturation 
magnetization MS the films should be composed mainly of an Fe-rich bcc phase 
with N dissolved interstitially. We have found a linear increase of the induced 
uniaxial anisotropy with the interstitial nitrogen content in the sputtered Fe-Zr-N 
films. The induced uniaxial magnetic anisotropy in N-containing materials 
appears as a result of the uniaxial symmetry of the N-filled octahedra (Fig. 8.1). 
In each grain N atoms occupy octahedra oriented in the same crystallographic 
<100> direction. The preferred direction is the one that makes the smallest angle 
with the applied external field during deposition. The anisotropy energy of the 
film is obtained by adding the contributions of all the grains (see Fig. 8.1). The 
magnitude of the macroscopic induced anisotropy suggests that in each grain all 
N atoms contribute to the induced anisotropy. Such a preferred distribution of 
the occupancy of the interstitial octahedra usually produces a tetragonal 
distortion of the grains in polycrystalline materials. Due to the small size of the 
grains in nanocrystalline alloys the driving force for the cubic to tetragonal 
transition is too small to produce the phase transformation. Thus, in 
nanocrystalline materials preferred distributions of N atoms can be realized 
without producing a tetragonal distortion. As a result of the dissolution of N the 
lattice is uniformly dilated. Therefore, redirection of the induced anisotropy can 
be easily obtained at relatively low temperatures (< 200 ºC). The proportionality 
between the N content and the induced uniaxial magnetic anisotropy offers a 
modality of fine-tuning the soft magnetic properties of nanocrystalline Fe-Zr-N 
films. The films with an induced anisotropy in excess of 25 Oe present a 
constant value of the permeability up to 1.8 GHz. 

The optimum deposition temperature for the Fe-Co-Ta-N films was 
found to be -10 ºC. Films produced at this temperature present a saturation 
induction of 17 kG, an anisotropy field of 48 Oe and a FMR frequency of 2.5 
GHz. 

A film can be used as a magnetic flux amplifier in ultra-high frequency 
applications if it has a simple magnetic domain structure, with the magnetization 
in any point of the film oriented in the same direction. Often the magnetic 
domain structure in thin films is far from such a simple situation. Due to 
magnetoelastic anisotropy, microshape anisotropy and/or magnetocrystalline 
anisotropy complicated magnetic domain structures can appear with a negative 
influence on the soft magnetic behavior of the film. Therefore, determination of 
magnetostriction and stress is very important in the process of optimizing the 



Summary and outlook 131

performance of such devices. The magnetostriction and stresses were determined 
using the curvature-measuring device described in Chapter 2. The 
magnetostriction of the Fe-Zr-N and Fe-Co-Ta-N films is positive and has 
practically the same value in the two materials when the nitrogen content is of 
the order of 15 at%. Stress measurements show that all sputtered films are under 
a state of compressive biaxial stress with a magnitude in the 300 to 600 MPa 
range. We found no systematic correspondence between the magnitude of the 
stress and the deposition parameters. The magnitude of the magnetoelastic 
anisotropy energy estimated from magnetostriction and stress measurements 
indicates that the perpendicular anisotropy visible in magnetic measurements 
cannot be entirely due to the stress state of the film. The perpendicular 
anisotropy can be augmented by the columnar structure found in the films if 
these columns have a reduced magnetic coupling. Such a reduction of the 
coupling can be caused by inter-columnar voids or inter-columnar material with 
different magnetic properties. 

To conclude one can say that we have developed materials with 
excellent properties for applications of the future. The phase transformation 
technique based on a new and original method for microstructure refinement can 
contribute to the development of new coating layers with very attractive 
properties. The sputtered layers have the potential to contribute to an important 
reduction of the linear dimensions of a coil in an integrated circuit while such a 
coil can function over the frequency range used by mobile communications (≤ 2 
GHz). The synthesis of these layers is based also on an original procedure. For 
the first time the deposition temperature was used to control the structure and 
properties of films for ultra-high frequency applications. The films, which 
present the highest value for the uniaxial magnetic anisotropy, have at the same 
time a remarkable nanostructure and composition. They are composed from 
nanocrystalline bcc iron grains containing an unusual large concentration of the 
nitrogen atoms dissolved in the octahedral interstices of the lattice (up to 17 
at%). The theoretical achievements of this thesis consist in the explanation of the 
origin of the induced uniaxial magnetic anisotropy by interstitial nitrogen atoms 
over the whole range of nitrogen concentration (up to 17 at%) and the 
explanation of the effect of the induced anisotropy on the nanocrystalline grains. 

The important application of the soft magnetic films as materials for 
ultra-high frequency devices requires some further considerations. The best 
films resulted from the work described in this thesis have a limited value of the 
induced uniaxial anisotropy and consequently, an upper limit for the frequency 
range. As described in Chapter 6 and 7 this limit has an intrinsic character, i.e. it 
has the maximum value that can be obtained in the film when the source of the 
induced anisotropy is the particular distribution of interstitial nitrogen atoms. 
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Therefore, if higher operation frequencies are required for other types of 
applications, other sources of anisotropy may be used. An immediate solution 
can be found in the films with perpendicular anisotropy. It is easy to see that in 
such films the perpendicular anisotropy can play the role of the uniaxial 
anisotropy required for the high-frequency permeability. The magnitude of this 
anisotropy can be as large as 400 Oe or more and for a saturation magnetization 
of 18 kG the value of the ferromagnetic resonance frequency would be pushed 
above 7.5 GHz. However, such films are expected to have closure domains at 
the surface. The fraction of the layer with closure domains will not have a proper 
high-frequency response. This fact has consequences for the response of the 
layer as a whole.  

Recently it was demonstrated that very high uniaxial anisotropy can be 
obtained in films with inclined columnar structure [Mun02]. In such films 
anisotropy values as high as 600 Oe were reported. The deposition on tilted 
substrates would offer another solution for producing films with the desired 
high-frequency characteristics. If such a material is made with a saturation 
magnetization of 20 kG, the high frequency limit would be about 10 GHz. Such 
a material has not been prepared yet. 

 


