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Introduction 
 

In the global context of development of new materials to meet the needs of 
society, but also the requirements of increasingly demanding industry, the study of 
magnetic materials is an important direction of contemporary research. With a wide 
range of properties and possible structures, soft magnetic materials are studied both in 
solid form as well as powders, ribbons, wires, glass coated wires, thin films etc. [1-6]. 
The trend of miniaturization of electronics, and more, requires devices and 
components with complicated forms and reduced dimensions, which is why thin films 
continue to exhibit considerable amount of interest [7-9]. 

Due to the remarkable properties (high magnetic permeability and high saturation 
magnetization, low remanent magnetization and low coercive field, high Curie 
temperature and good thermal stability of the magnetic properties, low saturation 
magnetostriction, low magnetic hysteresis loss and low eddy current loss etc.), 
amorphous and nanocrystalline materials with soft magnetic properties have become 
viable alternatives in many applications of crystalline magnetic materials, representing 
an area of current research [10-19].   

The FeCuNbSiB alloy system (also known under the trade name FINEMET) is 
the first and best known Fe-based nanocrystalline alloy system with soft magnetic 
properties. FeCuNbSiB alloys enjoy a significant amount of attention among 
researchers due to their high potential for a very wide range of applications: cores for 
inductive components, electromagnetic waves absorbers, sensitive elements (presence, 
magnetic field, electric current), actuators, magnetic amplifiers, distribution and signal 
transformers, active filters etc. [11-13, 16] 

The main objectives that we had in mind were: 
 obtaining the amorphous magnetic thin films Fe73,5Cu1Nb3Si15,5B7; 
 study of the composition, structural, topological, magnetic, magnetostrictive 

and mechanical properties and the magnetoimpedance effect of the thin films 
obtained; 

 study the influence of experimental parameters on some of the properties of 
thin films / establish optimal experimental parameters to obtain soft magnetic 
thin films with superior properties; 

 obtaining nanocrystalline thin films of Fe73,5Cu1Nb3Si15,5B7.  
The techniques used to obtain thin films Fe73,5Cu1Nb3Si15,5B7 were: 
• High Power Impulse Magnetron Sputtering – HiPIMS; 
• Radio Frequency Magnetron Sputtering – RFMS. 
The induction of nanocrystalline structure was achieved by suitable thermal 

treatments applied to amorphous precursors. 
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Chapter 1. Soft magnetic materials 
 

Depending on the value of the coercive magnetic field, magnetic materials can be 
divided into two classes: soft magnetic materials and hard magnetic materials. For best 
performance, soft magnetic materials must have a value of the coercive magnetic field 
as low as possible (of the order of A / m), while the hard magnetic materials must have 
a value coercive magnetic field as high as possible (> 100 kA / m). There is also a 
third class of materials called semi-hard materials, with values of coercive magnetic 
field ranging from 1 kA / m to 100 kA / m [5, 6, 20-22]. 

Characteristic properties of soft magnetic materials are: high permeability, high 
saturation magnetization, low residual magnetization, low coercive magnetic field, 
high Curie temperature and good thermal stability of the magnetic properties, low 
saturation magnetostriction, low magnetic anisotropy, low magnetic hysteresis loss, 
low eddy current loss, mechanical resistance to corrosion, ductility and reliability, high 
electrical resistivity [20-22]. 

The main classes of soft magnetic alloys are: Fe-Si alloys, Fe-Ni alloys, Fe-Co 
alloys, soft magnetic ferrites, amorphous alloys and nanocrystalline alloys. 

The most popular Fe-based nanocrystalline metallic alloy systems, with soft 
magnetic properties are: [10, 23, 24] 

 Fe73,5Cu1M3(SixB1-x)22,5 at% (M = Nb, Mo, Yr, Ta, W etc.) – known under 
the trade name FINEMET. In nanocrystalline state, this system shows a net superior 
soft magnetic behaviour compared to the amorphous state, characterized by a unique 
combination of properties [25-27]: high initial permeability (> 100.000 at 1 kHz); low 
values of coercive magnetic field (~ 0,5 A/m); low hysteresis losses (core losses PFe = 
38 W/kg at 100 kHz and 0,2 T, lower than the soft magnetic amorphous alloys based 
on Co); high saturation magnetic induction (~ 1,2 T); low saturation magnetostriction 
(~ 1∙10-6).  

 Fe83-86M5-7B2-6Cu1 at% (M = Zr, Nb etc.) – known under the trade name 
NANOPERM. Higher concentration of the transition metal assures that, in the 
nanocrystalline state, the soft magnetic properties of this alloy system to be superior to 
the properties of FeCuNbSiB alloys, leading to increase the saturation magnetic 
induction up to 1.7 T, and respectively to decrease the saturation magnetostriction 
[16]. 

 (Fe1-xCox)88M7B4Cu1 at% (M = Nb, Hf, Zr etc.) – known under the trade 
name HITPERM. In nanocrystalline state, HITPERM alloys exhibit soft magnetic 
properties particularly attractive: high saturation magnetic induction (~ 1,6-2 T) at 
working temperatures in the range 500-600oC, high Curie temperature, good thermal 
stability of the magnetic properties  (5000 h at 600oC), maximum magnetic 
permeability of approximately 1800 and core losses of less than 480 W/kg (at 5 kHz 
and 500oC) [16, 28]. 
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Chapter 2. Magnetostriction, magnetoimpedance, mechanical 
properties: theoretical aspects and analysis techniques  
 

2.1. Magnetostriction 
 

Magnetostriction is the phenomenon of change in the shape and dimensions of a 
ferromagnetic material when it is subjected to the action of an external magnetic field. 
This phenomenon is caused by the change of the magnetization vectors orientation of 
the magnetic domains, which leads to elongation or contraction of the material in the 
direction of the external magnetic field [4-6, 20-22]. Positive magnetostrictive 
materials will elongate in the same direction as the applied external magnetic field, 
while the negative magnetostrictive materials will shrink in the field direction and will 
elongate in a direction perpendicular to it. During these deformations, the volume of 
the magnetized sample remains constant [4]. The effect is reversible, in the absence of 
the magnetic field the material returning to its original size [5]. If the value of the 
applied external magnetic field produces the magnetic saturation of the material, the 
magnetostriction reaches a threshold value, known as saturation magnetostriction, λs  
(material constant) [30]. In the case of thin films, one of the methods for the 
determination of λs is the cantilever method [29-34]. 

 

2.2. Magnetoimpedance 
 
The effect of magneto-impedance (MI), is the significant variation in both 

components (real and imaginary) of the electrical impedance of a magnetic conductor 
which carry an alternating current (with low amplitude) that is subjected to the action 
of a static external magnetic field, Hdc. Sometimes this change is very high (even up to 
700%), in which case the effect is called giant magnetoimpedance effect (GMI). The 
alternating current, I = I0ejωt, of amplitude I0 and angular frequency ω = 2πf which 
crosses the wire, generates a transverse magnetic field, Hac, which give rise to 
magnetization processes in the conductor`s volume. The MI effect is governed by the 
ability of the body magnetization to respond to the magnetic field generated by the 
alternating current, depending on its transversal permeability. Therefore, in order to 
obtain a significant change in electrical impedance of an object, it is ideal to have a 
magnetic anisotropy in a direction parallel to the magnetic field generated by the 
alternating current [35-37]. 

The MI effect was observed in materials in form of wires, glass-covered wires, 
ribbons and mono-and multilayer thin films [38-45]. This effect can be controlled not 
only by the frequency and intensity alternating electric current, but also by the 
direction and intensity of the applied external magnetic field. The MI effect can be 
measured in three configurations: longitudinal (Hdc field direction parallel to the length 
of the sample), transversal (Hdc field direction is perpendicular to the length of the 
sample) and perpendicular (Hdc field direction is perpendicular to the plane of the 
sample).  
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2.3. Nanoindentation and nanoscratch 
 
Nanoindentation is a technique that allows the study of mechanical properties of 

materials at reduced scale. It involves a sequential pressing and withdrawal of a tip 
(indenter) with known geometry, on a material with plane surface. The data regarding 
the pressing force and the displacement inside the material contain information which 
can be used to determine the hardness and the modulus of elasticity. The principle of 
the method consists in recording the force-displacement curves for a full cycle charge-
discharge. Discharge curve is fundamental in determining the mechanical properties of 
the investigated materials [46-50]. The processing of the data obtained from 
nanoindentation tests applied to bulk materials or thin films/substrate systems, for 
which the thin films have the same mechanical properties as the substrates, can be 
achieved by using Oliver-Pharr model. This model has been developed on the 
assumption that during the loading phase, the stress may contain irreversible inelastic 
or plastic deformations, while at unloading, the characteristic curve is purely elastic 
[50]. If the thin films have different mechanical properties of the substrates that were 
deposited on, the Oliver Pharr model must be completed with one of the relationships 
that take into account not only the properties of the analyzed material and the indenter, 
but also those of the substrates [51, 52]. 

Adhesion of the thin films on the deposition supports, as well as the coefficient of 
friction may be examined with the nanoscratch tests [49]. 
 
Chapter 3. Plasma techniques for obtaining thin films 
 

Plasma techniques are part of the physical methods of vapour phase deposition 
and play an increasingly important role in obtaining thin films [53]. In contrast to other 
techniques for obtaining thin films, plasma techniques and in particular cathodic 
pulverization, offers a wide range of advantages: simplicity of the physical process 
involved, ease of pulverising high melting point materials, maintaining stoichiometry 
in the case of composite targets, good adhesion of the thin film to substrate, the 
possibility of cooling/avoid the heating of targets during the deposition process, 
growth and controlled doping of the thin films, obtaining amorphous thin films        
[53-56].  

In its simplest version, cathodic pulverization takes place in the form of a 
luminescent discharge in an inert gas (mostly Argon) that is at low pressure, in a diode 
type system, in direct current, between a negatively biased electrode (known as the 
cathode) and another electrode (anode) or the walls of the enclosure. The cathode 
should be made of the material to be deposited as thin films, in which case it is also 
known as the target [53, 57]. 
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The conventional sputtering process is extremely inefficient and, therefore 
solutions were searched to optimise this process. One of the configurations mostly 
used for this purpose is the magnetron configuration [58]. 

Magnetron cathodic pulverization was extended and perfected, working in 
different modes: DCMS (Direct Current Magnetron sputtering), RFMS (Radio 
Frequency Magnetron Sputtering), HiPIMS (High Power Impulse Magnetron 
Sputtering) etc. 
 
 

Chapter 4. Fe73,5Cu1Nb3Si15,5B7 thin films: obtaining and 
characterization 
 
4.1. Techniques and methods 
 

 Amorphous Fe73,5Cu1Nb3Si15,5B7 thin films with soft magnetic properties 
were obtained, using as deposition techniques:  

• High Power Impulse Magnetron Sputtering – HiPIMS; 
• Radio Frequency Magnetron Sputtering – RFMS. 
For both deposition techniques, magnetic ribbons with Fe73,5Cu1Nb3Si15,5B7 

composition have been used (Vacuumschmelze GmbH & Co. KG). The thin films 
were deposited on glass and silicon substrates. 

 Thickness and hence the deposition rates of the thin films obtained were 
determined using the interferometric method. 

 Thermal treatments required to obtain the nanocrystalline structure were 
conducted in the thermal treatment furnace, in vacuum (10-6 Torr). 

 The surface chemical composition was analyzed by X-ray photoelectron 
spectroscopy (XPS) using a PHI 5000 spectrometer VersaProbe (Φ ULVAC-PHI, 
Inc.). 

 The microstructure was analyzed by X-ray diffraction method (XRD), 
respectively, scanning electron microscopy method (SEM) using a Shimadzu LabX 
XRD-6000 diffractometer (Bragg-Bretano configuration (θ-2θ) with Kα radiation) 
respectively, a Jeol JAX-840A microscope (accelerating voltage - 20 kV, 
magnification - 30.000X, the distance between sample and gun - 10 mm). Phase 
volume fraction of α-Fe(Si), b.c.c., νcr, the average grain size of α-Fe(Si), b.c.c., D, the 
inter-planar distance, d, and the lattice parameter, a, were estimated from the 
diffraction peaks present in the recorded diffractograms  [59]. The Si percentage of the 
nanocrystalline phase Fe(Si) was calculated using the quantitative dependence of the 
lattice parameter and the percentage of Si of Fe-Si alloys, determined by Bozorth  
[60]. 
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 Surface topology was analyzed by atomic force microscopy (AFM) using a 
scanning microscope NT-MDT Solver Pro-M, in tapping mode. 

 Volume and surface magnetic behaviour were analyzed by the flowmetry 
method, respectively, by magneto-optical Kerr effect [61]. 

 The crystallization kinetics was studied by recording the variation of the 
magnetization on temperature using a Lakeshore 7410 and magnetic field of 1000 
Gauss, as well as by differential scanning calorimetry (DSC) using a Perkin-Elmer 
8000 system and a heating rate of 40 °C/min. The characteristic temperatures can be 
determined either as the abscissa of the intersection point of two tangents to the 
thermomagnetic curve [62], either by the differential method of Tauxe which tracks 
the point of maximum curvature of the thermomagnetic curve [63]. The maximum of 
the second derivative of the thermomagnetic curve occurs at the point of its maximum 
curvature, and may be a reasonable approximation of some of the characteristic 
temperatures.  

 The mechanical properties (Young's modulus, E and hardness, H), adhesion 
of the thin films to the deposition substrates, as well as the coefficient of friction of 
thin films were investigated and determined by nanoindentation and nanoscratch tests, 
using: Hysitron TriboLab® nanomechanical Test Instrument (1 μN - 30,000 μN) and 
Nano Indentation Tester (NHT2) – CSM Instruments (1.000 μN – 500.000 μN) 
equipped with a Micro-Scratch Tester (MST) – CSM Instruments. The indenter used 
was a Berkovich type indenter (in the form of a pyramid with three sides) with 
diamond tip and radius of curvature of 100 nm. Oliver-Pharr method for calculation 
was corrected with the linear formula. 

 Saturation magnetostriction was measured by the cantilever method. 
 During thin films deposition, high power impulse magnetron discharge 

diagnosis was achieved by: 
• Optical and spectral methods - laser resonant absorption measurements (TD-

LAS) and laser induced fluorescence (TD-LIF); emission spectroscopy; 
ultra-fast photography. 

• Electrical methods (recording the temporal evolution of the current intensity 
on discharge, respectively, the voltage). 

 

4.2. Fe73,5Cu1Nb3Si15,5B7 thin films obtained by HiPIMS 
4.2.1. The influence of experimental parameters on the deposition rate  

 
The research activities have focused on the study of influence of the experimental 

parameters (deposition time, t, working gas pressure, p, average power, Pmed, voltage 
pulse duration, τ, voltage applied to the target, U) on the properties of the thin films. 
Thus, thin films were obtained for: t = 30 ÷ 180 minutes, p = 8 ÷ 60 mTorr, Pmed = 30 
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÷ 90 W, τ = 4 ÷ 20 μs, U = -0,5 ÷ -1 kV; substrate was either grounded or left floating 
or negatively polarized. 

Optimal deposition conditions were established that allow obtaining thin films 
with uniform surfaces and superior soft magnetic properties: p = 10 mTorr, Pmed = 30 
W, τ = 4 µs, U = -1 kV, grounded substrate. 

The deposition rate of thin films can be controlled by specific parameters of the 
high power impulse magnetron discharge, such as: 

 Working gas pressure. The deposition rate of thin films grows from 3,2 
nm/min to 3,8 nm/min in the range 8-10 mTorr and drops from 3,8 nm/min to                 
1,4 nm/min in the range 10-60 mTorr (working conditions: Pmed = 30 W, τ = 4 µs, U =           
-1 kV). The decrease of the deposition rate with the increase of the working gas 
pressure is due to the strong thermalisation of the flow of particles from the sputtering 
process, as long as the initiation of the self-sputtering regime. 

 Voltage pulse duration and average power. For the same duration of the 
voltage pulse, the deposition rate increases approximately 3 times when the average 
power is increased from 30 W to 90 W, while at the same average power, the 
deposition rate decreases when the voltage pulse duration increases from 4 µs to 20 µs  
(Figure 4.1, working conditions: p = 10 mTorr, U = -1 kV).  

 
Figure 4.1: Deposition rate dependence on average power and voltage pulse duration. 

 

In order to maintain a constant average power value, the frequency of repetition of 
the voltage pulses is reduced by approximately an order of magnitude with increasing 
pulse duration (Table 4.1). 
 
Table 4.1. The values of frequency for different values of the voltage pulse, respectively, the 
average power. 

P  
(W) 

ν  
(Hz) 

τ  
(μs) 

P 
(W) 

ν 
(Hz) 

τ  
(μs) 

P 
(W) 

ν 
(Hz) 

τ  
(μs) 

 30 
575 4 

60 
1250 4 

90 
1900 4 

107 12 280 12 820 12 
51 20 170 20 500 20 
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 The voltage applied to the target. When the voltage applied to the target 
decreases in absolute value from -1 kV to -0.5 kV, the thin films deposition rate 
increases linearly from 3.8 nm/min to 6.2 nm/min (working conditions: p = 10 mTorr, 
Pmed = 30 W, τ = 4 µs, U = -1 kV). 
 

4.2.2. Transport phenomena in plasma magnetron discharge. 
Influence of experimental parameters on transport phenomena  

 
We studied the influence of working gas pressure (8-40 mTorr), voltage pulse 

duration (4-20 µs) and average power (30-90 W) on the phenomena occurring in the 
vicinity of the target and the substrate, as well as those of transport from the plasma 
volume utilised for deposition of Fe73,5Cu1Nb3Si15,5B7 thin films by HiPIMS technique. 

 Working gas pressure. In Figure 4.2 is presented the dependence of average 
density of neutral iron 3d7(4F)4s (calculated on the basis of the measurement TD-LAS) 
and the aria of the LIF signal, on the pressure of working gas (working conditions: 
Pmed = 30 W, τ = 4 µs, U = -1 kV). 

 
Figure 4.2:  Dependence of the average density of neutral iron from the 3d7(4F)4s level and the 

aria of the LIF signal on the working gas pressure. 
 

As can be seen, in the vicinity of the substrate, the average density of iron atoms 
has a maximum value for a working gas pressure of approximately 10 to 15 mTorr. As 
a result, the pressure of argon whose values fall in this range provides optimal 
transport of particles between the target and the substrate. 

The initiation of self-sputtering regime and the compositional changes of the 
plasma in front of the cathode with increasing pulse duration can be highlighted using 
ultra-fast photography. In Figure 4.3 are presented recorded images using the ICCD 
camera for two different durations of the voltage pulse (4 µs and 20 µs) utilising two 
selective optic filters: a red one with a transmission band in the 695-1100 nm range for 
optical emission of argon species and a blue one with a transmission band in the 350-
400 nm range for optical emission of iron species (working conditions: p = 10 mTorr, 
Pmed = 30 W, U = -1 kV). The images clearly show that for short durations of the 
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voltage pulse (4 µs) optical radiation is dominated by emission from excited argon 
atoms, while for high voltage pulse duration (20 µs), due to self-sputtering regime the 
optical radiation is dominated by emission from the excited Fe atoms. 

 
Figure 4.3: ICCD images recorded for voltage pulse durations of 4 µs, respectively 20 µs 

utilising a red selective optical filter (Ar) and a blue one (Fe). 
 

4.2.3. Composition. Structural, topological and magnetic properties 
4.2.3.1. Amorphous thin films 

4.2.3.1.1. Composition, structure and topology. Influence of the 
experimental parameters  

 
 Analysis of the chemical composition of the surface. The results of the XPS 

analysis indicated that the thin films surface contains all of the five elements present in 
the composition of the ribbons used as sputtering targets (Fe, Cu, Nb, Si, B), in atomic 
percentages approximately equal to those of the ribbons (Fe73,5Cu1Nb3Si15,5B7). 

 Structural analysis. The results of XRD and SEM analysis showed that all the 
thin films obtained by the HiPIMS technique are amorphous, continuous and have 
compact surfaces. 

 Analysis of surface topography. The results of the AFM analysis showed that 
the surface topography of the thin films obtained is influenced by certain experimental 
parameters, such as: 

• Working gas pressure. The average surface roughness of the thin films 
increases from 2.6 nm to 4.2 nm in the range of 8-10 mTorr and then decreases to 
approximately 6 times in the range of 10-60 mTorr (Figure 4.4) (deposition conditions: 
Pmed = 30 W, τ = 4 µs, U = -1 kV). Films deposited at low pressures of the working gas 
(8 mTorr) and also at high pressures (60 mTorr) exhibit non-uniform surfaces (Figure 
4.5). 
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Figure 4.4: AFM 3D images for Fe73,5Cu1Nb3Si15,5B7 thin films deposited at:  

(a) 8 mTorr; (b) 10 mTorr; (c) 40 mTorr; (d) 60 mTorr. 
 

  

  
Figure 4.5: Histograms of the heights of surface peaks for Fe73,5Cu1Nb3Si15,5B7 thin films 

deposited at: (a) 8 mTorr; (b) 10 mTorr; (c) 40 mTorr; (d) 60 mTorr. 
 

• The voltage applied to the target. The decrease in absolute value of voltage 
applied to the target from -1 kV to -0,5 kV leads to films with non-uniform surfaces 
and average roughness of approximately 1,6 times higher. 

• Substrate polarisation. The polarization of the substrate allows obtaining of 
thin films with average surface roughness smaller with approximately 57%, but with 
non-uniform surfaces. 
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4.2.3.1.2. Magnetic behaviour. Coercive magnetic field 

 

 The influence of the thickness and pressure of the working gas. For thin films 
obtained at Pmed = 30 W, τ = 4 µs, U = -1 kV, in Figure 4.6 (a and b) is presented the 
dependence of the volume and the surface coercive magnetic fields , Hcv şi Hcs, on:  

• thin films thickness for two samples deposited at different pressures of the 
working gas: 10 mTorr, respectively 60 mTorr (Figure 4.6a);  

• working gas pressure (Figure 4.6b).  
Thin films of different thicknesses were obtained by varying the deposition time 

from 30 minutes to 180 minutes. 

Analysing the presented results, it can be shown that: 
• for the same deposition time, the thickness of thin films decreases to 

approximately 2.7 times with the increase of  argon pressure from 10 mTorr to 
60 mTorr; 

• for the same thickness, thin films deposited at different pressures of working 
gas have different coercive magnetic fields; 

• the values of volume and surface coercive magnetic fields are approximately 
equal; 

• the values of Hcv şi Hcs decrease with the increase of the thin films thickness. 
For the samples deposited at 10 mTorr pressure, the decrease is approximately 
85% (Hcv) and 80% (Hcs) for a thickness increase from 110 nm to 700 nm. For 
samples deposited at 60 mTorr pressure, the decrease is approximately 75% 
(Hcv) and 73% (Hcs) for a thickness increase from 40 nm to 260 nm.  

  
Figure 4.6: Dependence of the volume and surface coercive magnetic field on:  

(a) thin films thickness; (b) working gas pressure. 
  
In order to describe mathematically the dependence of Hcv on the thin films 

thickness, the curves presented in Figure 4.6a were fitted using the program Origin, 
with the function Hc = C/tn (t – thin film thickness, C and n – constants whose values 
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depend on the state of the thin films and the equipment and conditions used to produce 
them). The obtained values for constants C and n are: 39133 and 0,84 (p = 10 mTorr); 
48286 and 0,67 (p = 60 mTorr). The difference between the decrease rates of the 
volume coercive magnetic field for thin films deposited at different working gas 
pressures may be due to topography, as well as to different mechanical tensions 
induced during the deposition process.  

 The influence of average power and the voltage pulse duration. The volume 
coercive magnetic field decreases by approximately 20% when the average power 
increases from 30 W to 90 W (working conditions: p = 10 mTorr, τ = 4 µs, U = -1 kV) 
and increases with approximately 20% when the voltage pulse duration increases from 
4 µs to 10 µs (working conditions: p = 10 mTorr, Pmed = 30 W, U = -1 kV). 

 The influence of applied voltage on the target. The volume coercive magnetic 
field decreases with approximately 40% when the absolute value of the voltage 
applied on the target decreases from -1 kV to -0,5 kV. 

 
4.2.3.2. Nanocrystalline thin films 

 

In order to obtain nanocrystalline state, and thus, to improve soft magnetic 
properties, amorphous thin films were treated isotherm, for one hour, in a thermal 
treatment furnace, at suitable temperatures, set both by thermomagnetic analysis (the 
study of variation of magnetization with temperature) and by differential scanning 
calorimetry analysis. 

 
4.2.3.2.1. Study of the variation of the magnetization on temperature 

 
In Figure 4.7 are presented for comparison thermomagnetic curves normalised to 

unity : ribbon utilised as target, thin film deposited at 10 mTorr pressure (460 nm 
thickness, silicon support, deposition conditions: Pmed = 30 W, τ = 4 µs, U = -1 kV) 
and thin film deposited at 20 mTorr pressure (700 nm thickness, silicon support, 
deposition conditions: Pmed = 30 W, τ = 4 µs, U = -1 kV), as well as the DSC curve 
which correspond to the thin film deposited at p = 20 mTorr pressure. Also in this 
figure are represented the lengths Li, defined as the vertical distance between the point 
whose abscissa is the Curie temperature of ferromagnetic amorphous phase and the 
horizontal line Lo. The size of Li is directly proportional to the amount of the residual 
amorphous phase. In Figure 4.8 is presented the determination of the Curie 
temperature of the amorphous ferromagnetic phase using Tauxe`s differential method, 
for the three cases mentioned above.  

The values of the Curie temperature of the ferromagnetic amorphous phase, Tc
am, 

the first crystallization temperature, Tx, and the Curie temperature of the ferromagnetic 
nanocrystalline phase α-Fe(Si), Tc

cr, for the ribbon and the two thin films deposited at 
different pressures of the working gas, are presented in Table 4.2. 
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Figure 4.7. Thermomagnetic curves normalized 

to unity for ribbon and thin films deposited at 
different pressure of working gas. 

Figure 4.8. Determination of the Curie 
temperature of ferromagnetic amorphous 
phase using Tauxe`s differential method 

for ribbon and thin films deposited at 
different argon pressures. 

 
Table 4.2. Characteristic temperatures for ribbon and thin films obtained in different conditions 

 Tc
am (oC) Tx (oC) Tc

cr (oC) 
ribbon 402 530 680 

Sample 1 (10 mTorr) 355 460 640 
Sample 2 (20 mTorr) 320 440 – 

 
In the case of the two thin films, all three characteristic temperatures have smaller 

values compared to that of the ribbon. The temperature differences between the ribbon 
and the two thin films are in accordance with the data from literature for FeCuNbSiB 
alloys [64]. 

 
4.2.3.2.2. Composition, structure, topology 

 
 XPS analysis indicated that after the thermal treatment, the surface chemical 

composition of Fe73,5Cu1Nb3Si15,5B7 thin films does not change. 
 Taking into account the results of the thermomagnetic analysis, the obtained 

samples were isothermally treated for an hour in vacuum, in the thermal treatment 
furnace at temperatures in the range 400-525oC. Figure 4.9 presents diffractograms for 
Fe73,5Cu1Nb3Si15,5B7 thin films with 460 nm thickness (deposition conditions:                                 
p = 10 mTorr, Pmed = 30 W, τ = 4 µs, U = -1 kV) recorded before and after thermal 
treatments at high temperatures. After the thermal treatment conducted at 400 °C, the 
alloy is still predominantly amorphous, the result being in accordance with the 
information provided by thermomagnetic analysis. The thermal treatment at 450 oC 
initiates the crystallisation process, resulting in the occurrence of α-Fe(Si) b.c.c. 
grains, immersed in a residual amorphous matrix Fe-Nb-B. This is indicated by the 
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presence of diffraction peaks characteristic to this phase, associated with the 
crystallographic planes (110), (200) and (211). Figure 4.10 presents the SEM image of 
the surface of the thin film heat-treated at a temperature of 475 °C, image that 
indicates the existence of a uniform and ultra-fine grain structure (with an average size 
below 15 nm) embedded in an amorphous matrix. The results are consistent with those 
obtained by estimating the average size of the nanocrystalline grains based on the 
results of X-ray diffraction analysis. 

Table 4.3 presents quantitative information on:  
• structural parameters (volume fraction of α-Fe(Si) b.c.c. phase, νcr, The 

average grain size of α-Fe(Si) b.c.c., D, inter-planar distance, d, and the 
lattice parameter, a) estimated from the diffraction peak (110); 

• the diffraction angle , θ, corresponding to the peak (110); 
• the percentage of silicon of nanocrystalline phase α-Fe(Si), Si (at%). 

  

Figure 4.9: Fe73,5Cu1Nb3Si15,5B7 thin films 
diffractograms, recorded before and after the 

thermal treatments. 

Figure 410: SEM image of a 
Fe73,5Cu1Nb3Si15,5B7 thin film heat treated for 

60 minutes at 475 oC. 
 
Table 4.3. Structural parameters, the diffraction angle and the percentage of silicon in the 
nanocrystalline phase α-Fe(Si) for Fe73,5Cu1Nb3Si15,5B7 thin films heat-treated for one hour at 
the indicated temperatures. 

 
 
 
 
 
 
 

The volume fraction of α-Fe(Si) b.c.c phase increases with the increase of the 
treatment temperature. This is confirmed by the results presented in Figure 4.8 (the 
intensity of the diffraction peak (110) increases as the temperature increases, 
indicating the increase in volume fraction of the crystalline phase). The average grain 

t 
(oC) 

νcr 
(%) 

D 
(nm) 

θ 
(grade) 

d 
(Ǻ) 

a 
(Ǻ) 

Si 
(at%) 

450 45.7 11 22.42 2.019 2.855 6.70 
475 53.6 14 22.45 2.016 2.851 10.68 
500 61.1 17 22.47 2.014 2.849 11.63 
525 65.4 18 22.52 2.011 2.844 14.04 
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size of α-Fe(Si) b.c.c. increases gradually with increasing the treatment temperature. 
Another thing that is apparent from the data presented in this table is that with the 
increase of the treatment temperature, the diffraction peaks are slightly shifted to 
higher angles. This is due to the fact that with the increase in the average size of the 
nanocrystalline grains, the silica content increases, thereby leading to a decrease in the 
lattice parameter of the body-centered cubic lattice α-Fe(Si) than that of pure iron (a = 
2,866 Å) and thus to the increase of the diffraction angle value. 

 

4.2.3.2.3. Magnetic behaviour. Coercive magnetic field 
 

Figure 4.11 (a and b) presents for a thin film of 460 nm thickness (deposition 
conditions: p = 10 mTorr, Pmed = 30 W, τ = 4 µs, U = -1 kV): 

• the volume coercive magnetic field dependence on the temperature of the 
thermal treatment (Figure 4.11a); 

• magnetic hysteresis cycles normalised to unity, corresponding to the volume 
magnetisation for the as-deposited state, as well as after the thermal 
treatments, performed at 475 oC and 525 oC (Figure 4.11b).  

  
Figure 4.11: (a) The volume coercive magnetic field dependence on the temperature of the 

thermal treatment; (b) Magnetic hysteresis curves normalised to unity corresponding to  volume 
magnetisation, recorded before and after the thermal treatments performed at 475 oC and 525 oC. 

 

When the thermal treatment temperature increases to the value of 475 °C, the 
coercive magnetic field decreases by approximately 70%. The minimum coercive 
magnetic field value (recorded after thermal treatment at 475 °C) corresponds to the 
situation in which the alloy has ultrafine grain structure α-Fe(Si) b.c.c., with the 
average size of approximately 14 nm and volume fraction of approximately 53.6%, 
immersed in an amorphous residual matrix. Further increasing the temperature to the 
value of 525 °C, Hc presents a rapid growth tendency, up to approximately 750 A/m, 
indicating the degradation of the soft magnetic properties of the thin films. The 
decrease in coercive magnetic field with increasing temperature up to a temperature 
value considerably lower than the first crystallization temperature (Tx ~ 460 °C), is due 
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to the relaxation processes of induced internal stresses during the deposition process. 
The decrease in coercive magnetic field in the range between this temperature and the 
temperature at which it reaches the minimum value, is due to structural changes and, 
respectively, on the occurrence of α-Fe(Si) b.c.c. nanocrystalline grains. 
 
4.3. Fe73,5Cu1Nb3Si15,5B7 thin films obtained by RFMS 

4.3.1. Influence of the electric power on the deposition rate  
 
Research has focused on studying the influence of sample thickness and the 

electric power on the thin films properties. Amorphous thin films were obtained with 
different thicknesses varying the electric power from 50 W to 70 W, for values of the 
deposition time from 30 minutes to 120 minutes. The deposition rate of the thin films 
increases linearly from 1.7 nm/min to 2.6 nm/min when the electric power increases 
from 50 W to 70 W. 

 
4.3.2. Composition. Structural, topological and magnetic properties 

4.3.2.1. Amorphous thin films 
4.3.2.1.1. Composition, structure and topology. The influence of 
experimental parameters 

 
 Analysis of the chemical composition of the surface. As in the case of the 

samples obtained by the HiPIMS technique, at the thin films surface it can be found all 
the five components present in the composition of the ribbons utilised as sputtering 
target (Fe, Cu, Nb, Si, B), in atomic percentages approximately equal to those of the 
ribbons. 

 Structural analysis. XRD analysis results showed that all thin films obtained 
by RFMS technique, are amorphous. 

 Analysis of surface topography. According to the AFM analysis, the thin 
films obtained by RFMS technique present uniform surfaces, with average roughness 
values of less than 2% of their thickness. 

 
4.3.2.1.2. Magnetic behaviour. Coercive magnetic field 

 
 The influence of thin film thickness. In Figure 4.12 is presented the volume 

and surface coercive magnetic field on the thickness of the thin films. The data 
presented were obtained for thin films deposited at a power of 60 W, the deposition 
time varying from 30 minutes to 120 minutes. Hcv and Hcs decrease by the same law, 
by approximately 60% when the thickness of the thin films increases from 60 nm to 
250 nm. The mathematical description of the volume coercive magnetic field 
dependence on the thin films thickness was achieved by fitting the curve shown in 
Figure 4.12 with a function described by the relationship Hc = C/tn. In this case, the 
values of constants C and n are 94026 and, respectively, 0,6. 
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 The influence of electric power. Coercive magnetic field dependence on the 
electric power is presented in Figure 4.12. The data presented were obtained for a 
deposition time of 120 minutes. Hcv decreases with 25% (from 4 kA/m to 3 kA/m) 
when the electric power increases from 50 W to70 W.  

  
Figure 4.12: Hcv and Hcs dependence on the 

thickness of the thin films. 
Figure 4.13: The dependence of the volume 

coercive magnetic field on the electric power. 
 

4.3.2.2. Nanocrystalline thin films 
4.3.2.2.1. Study of the variation of magnetisation with temperature 

 
Figure 4.14 presents a thermomagnetic curve normalised to unity, recorded for a 

thin film with 380 nm thickness, deposited on silicon support (P = 60 W). In Figure 
4.15 is presented the determination of the Curie temperature of the ferromagnetic 
amorphous phase by Tauxe`s differential method. Also in this case, the characteristic 
temperatures values (the Curie temperature of the ferromagnetic amorphous phase, the 
first crystallization temperature and the Curie temperature of the ferromagnetic 
nanocrystalline phase α-Fe(Si)) of the thin films, are smaller than those of the ribbons 
used as targets. 

  
Figure 4.14: Thermomagnetic curve 

normalised to unity for Fe73,5Cu1Nb3Si15,5B7 
thin film obtained by RFMS. 

Figure 4.15: Determination of the Curie 
temperature of the ferromagnetic amorphous 

phase by Tauxe`s differential method. 
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4.2.3.2.2. Structural characterisation 

 
In order to induce the nanocrystalline phase, taking into account the information 

provided by thermomagnetic analysis, the amorphous thin films were heat-treated for 
60 minutes at temperatures in the range 200-550 °C.  

Figure 4.16 presents recorded diffractograms for Fe73,5Cu1Nb3Si15,5B7 thin films, 
with 250 nm thickness, in the as-deposited state, as well as after they were treated at 
temperatures in the range 250-550 oC. After thermal treatments performed at 
temperatures in the range 250-450 °C, the amorphous structure remains unchanged. 
After treatment at 500 °C, however, in the recorded diffractograms, a peak centered 
around the value 2θ ≈ 45o, appears. Besides this, two other diffraction peaks, with very 
low intensity, appear. Thus, instead of the amorphous phase, the corresponding 
diffractogram indicates through the presence of diffraction peaks associated with the 
crystallographic planes (110), (200) and (211), the existence of a ferromagnetic 
nanocrystalline phase α-Fe(Si).  

 
Figure 4.16: Diffractograms for Fe73,5Cu1Nb3Si15,5B7 

thin films in as-deposited and heat-treated state. 
 

From the diffraction peak (110) were estimated the structural parameters (the 
crystalline fraction of α-Fe(Si) b.c.c. phase, the average grain size α-Fe(Si) b.c.c., the 
inter-planar distance and the lattice parameter) specific to the studied alloy and to its 
current state. For thermal treatment temperatures between 500 oC and 550 oC, the 
volume fraction of α-Fe(Si) b.c.c. phase increases with approximately 24%, and the 
average grain size α-Fe(Si) b.c.c. increases with approximately 33%. Increasing the 
thermal treatment temperature, the angles at which diffraction peaks occur are slightly 
shifted to higher values. 

 
4.2.3.2.2. Magnetic behaviour. Coercive magnetic field 

 
Figure 4.17 presents hysteresis cycles normalised to unity , recorded before and 

after thermal treatments at 300 oC, 450 oC, 500 oC and 550 oC, corresponding  to 
volume magnetisation of a thin film with 250 nm thickness, deposited on glass support 
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(P = 60 W). In Figure 4.18 is presented the dependence of the volume coercive 
magnetic field on the thermal treatment temperature. 

  
Figure 4.17: Hysteresis curves recorded 

before and after thermal treatment. 
Figure 4.18: Dependence of the coercive 

magnetic field on the treatment temperature. 
 
After thermal treatment performed on the temperature range 200-500 oC, the value 

of the magnetic coercive field, presents in general, a tendency to decrease. The 
decrease to a temperature well below the first crystallization temperature (Tx ~ 472 oC) 
is due to internal stress relaxation processes. The decrease in volume coercive 
magnetic field in the interval between this temperature and the temperature at which it 
reaches the minimum value (500 oC), is due to structural changes, and respectively, on 
the occurrence of α-Fe(Si) b.c.c. nanocrystalline grains. The minimum value of Hcv 
(664 A/m) is approximately 5 times smaller than that corresponding to as-deposited 
thin films and corresponds to the situation in which the alloy has ultrafine grain 
structure α-Fe(Si) b.c.c., with an average size of approximately 15 nm and volume 
fraction of approximately 53.5%, immersed in a residual amorphous matrix. When the 
treatment temperature increases from 500 °C to 550 °C, the coercive magnetic field 
increases by approximately 7,8 times, to the value 5,2 kA/m, indicating the 
degradation of soft magnetic properties. 

 
4.4. Determination of the saturation magnetostriction of 
Fe73,5Cu1Nb3Si15,5B7 thin films 

 
The saturation magnetostriction of thin films deposited using both techniques was 

determined by the cantilever method. The values obtained are approximately 23∙10-6 
for the amorphous thin films and an order of magnitude lower (~1·10-6) for the 
nanocrystalline thin films. 
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4.5. Determination of the mechanical properties of 
Fe73,5Cu1Nb3Si15,5B7 thin films 

4.5.1. Modulus of elasticity and hardness 
 
Using the procedure of nanoindentation, the hardness, H, the reduced modulus of 

elasticity, Er, and the effective modulus of elasticity, E, of amorphous 
Fe73,5Cu1Nb3Si15,5B7 thin films, deposited on glass supports by HiPIMS technique, as 
well as RFMS technique, were determined. The mechanical properties of the 
substrates on which the deposit were made, were also analysed. 

Figure 4.19 (a and b) presents a force-displacement curve (Figure 4.19a) and the 
dependence of the effective and reduced modulus of elasticity and of hardness, on the 
penetration depth of the indenter (Figure 4.19b), for glass utilised as deposition 
support. The average value of the effective modulus of elasticity an of hardness is 
approximately 60 GPa and, respectively, 5,5 GPa (not depending on the penetration 
depth of the indenter). 

  
Figure 4.19: (a) Force-displacement curve; (b) Dependence of the effective and reduced 

modulus of elasticity and of hardness on the penetration depth of the indenter for glass substrate. 
 
Figure 4.20 (a and b) present force-displacement curves (Figure 4.20a) and the 

dependence of the reduced modulus of elasticity and of hardness on the normalised 
penetration depth (penetration depth, h, normalized to the thickness of the analysed 
thin film, t) (Figure 4.20b) for Fe73,5Cu1Nb3Si15,5B7 thin film with 410 nm thickness 
deposited by HiPIMS technique on glass support (p = 10 mTorr, Pmed = 30 W, τ = 4 µs, 
U = -1 kV). As the penetration depth of the indenter increases, both Er and H present a 
trend of rapid growth to maxim values of approximately 140 GPa and 9 GPa. These 
values remain constant for a very small displacement of the indenter, between 8% and 
15% of the analysed thin film`s thickness. According to the literature, these values are 
those that describe the most accurate the intrinsic properties of the analysed thin film, 
without being affected by the existing imperfections on its surface or by the presence 
of the substrate on which it was deposited [49]. When the glass substrate begins to 
make its presence felt, the modulus of elasticity and the hardness start decreasing. At 
first this decrease is very rapid, and when the indenter penetrates into the glass support 
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(h / t > 1), it becomes more and more slowly, showing a tendency to saturation at 
values approximately equal to the ones previously determined for the glass substrate. 

  
Figure 4.20: (a) Force-displacement curves; (b) Dependence of the reduced modulus and 

hardness on the normalised penetration depth for a Fe73,5Cu1Nb3Si15,5B7 thin film. 
 
The value of the reduced modulus of elasticity of Fe73,5Cu1Nb3Si15,5B7 thin films 

(calculated using the linear formula for the case in which the penetration depth of the 
indenter is between 8% and 15% of the thickness of the film) is 146 GPa. 

 
4.5.2. Substrate adhesion and the coefficient of friction 
 
Adhesion to deposition substrates, as well as the coefficient of friction of 

amorphous Fe73,5Cu1Nb3Si15,5B7 thin films deposited by HiPIMS technique, as well as 
by RFMS technique on glass supports, were studied by nanoscratch tests.  

During the study of the adhesion of thin films on glass substrates, the force on the 
indenter was progressively increased from 0,03 N to 12 N, with a rate of 12 N/min. 
Scratch length was 4 mm.  

Figure 4.21 (a, b and c) presents the surface morphology of the thin film, along 
the scratch, at different times of the nanoscratch test: the first cracks of 
Fe73,5Cu1Nb3Si15,5B7 thin film, occurred at F = 3,48 N, (Figure 4.21a), first 
delamination occurred at F = 8,16 N (Figure 4.21b) and the complete delamination of 
the thin film occurred at F = 10,13 N (Figure 4.21c). 

   
Figure 4.21: The results of the thin films adhesion to glass supports analysis. 
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The coefficient of friction of the thin films was studied by carving a number of 
scratches on the sample on a distance of 6 μm, using a force of 1 mN. The results 
obtained indicated a mean value for the coefficient of friction of about 0.11. 

 
 

Chapter 5. Fe73,5Cu1Nb3Si15,5B7 thin films: study of the 
magnetoimpedance effect 
 

5.1. Study of the magnetoimpedance effect of mono-layer 
Fe73,5Cu1Nb3Si15,5B7 thin film and                                                  
Fe73,5Cu1Nb3Si15,5B7/Cu/Fe73,5Cu1Nb3Si15,5B7 sandwich 

 
MI effect has been studied in longitudinal configuration (LMI) and transverse 

(TMI) for mono-layer (Fe73,5Cu1Nb3Si15,5B7) thin films, as well as for sandwich 
systems (Fe73,5Cu1Nb3Si15,5B7/Cu/Fe73,5Cu1Nb3Si15,5B7). The data to be presented 
below belong to mono-layer and sandwich thin films, with the thickness of the 
Fe73,5Cu1Nb3Si15,5B7 thin films of 600 nm, deposited by HiPIMS technique (deposition 
conditions: p = 10 mTorr, Pmed = 30 W, τ = 4 µs, U = -1 kV). 

 
5.1.1. Mono-layer Fe73,5Cu1Nb3Si15,5B7 
 
Figure 5.1 (a and b) and Figure 5.2 (a and b) present the dependence of the ratio 

ΔZ/Z (%) (LMI and TMI) on the frequency of the alternating current and the intensity 
of the applied external magnetic field for a mono-layer thin film, before (Figure 5.1 (a 
and b)) and after the thermal treatment carried out for an hour at the 475 oC 
temperature (Figure 5.2 (a and b)). The chosen thermal treatment conditions 
correspond to the situation in which the volume coercive magnetic field has minimum 
value. For the LMI measurements (Figure 5.1a and Figure 5.2a) are also presented the 
hysteresis cycles normalised to unity.  

As can be seen:  
 Both before and after the thermal treatment:  
• LMI profiles present two peaks of equal intensity, symmetrical with respect 

to the applied external magnetic field. The value of the magnetic field which 
corresponds to the maximum of a peak, it`s the value of the anisotropy 
magnetic field, Hk, which can be determined from the magnetic hysteresis 
curves (Figure 5.4a and Figure 5.5a) [36]. After the thermal treatment, the 
value of Hk decreases with approximately 40%, because of tension 
relaxations, as well as the structural changes inside the material`s volume. 
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• TMI profiles show a single peak, centered around 0 Oe value. Thermal 
treatment leads to narrowing the TMI peaks. 

 Both in longitudinal configuration, and in transversal configuration, before 
and after the thermal treatment, the value of ΔZ/Z (%) ratio increases with the increase 
of the alternating current frequency. Thus: 

• in longitudinal configuration: 
– for the as-deposited state, the value of ΔZ/Z (%) ratio increases rapidly when 

the frequency of the alternating current increases from 200 MHz to 300 MHz 
and, much slower, from 300 MHz to 500 MHz;  

– for the heat-treated state, the value of ΔZ/Z (%) ration increases slowly when 
the frequency of the current which crosses the sample increases in the 200-
500 MHz range; 

– for frequencies lower than 200 MHz, both before and after the treatment, the 
recorded profiles are not well defined. 

• in transversal configuration 
– increasing the frequency of the alternating current from 200 MHz to 500 

MHz leads to a very small increase of the ΔZ/Z (%) ratio, for both the as-
deposited samples and the heat-treated samples.  

 According to existing data in the literature, it can be assumed that the value of 
ΔZ/Z (%) ratio will increase also for frequencies above 500 MHz (frequency limited 
by the utilised measured system) [36]. The MI effect becomes increasingly significant 
as the penetration depth (inversely proportional to the square root of the alternating 
current frequency) decreases compared to the thin film thickness investigated. 

 Thermal treatment leads to improving of the MI response. The value of ΔZ/Z 
(%) ratio (for measurements performed both in longitudinal configuration, and in 
transversal configuration) increases by approximately 2 times (for a frequency of the 
alternating current of 500 MHz).  

  
Figure 5.1: Dependence of the ΔZ/Z (%) ratio on the alternating current frequency and on the 
intensity of the external magnetic field (mono-layer Fe73,5Cu1Nb3Si15,5B7 in as-deposited state). 
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Figure 5.2: Dependence of the ΔZ/Z (%) ratio on the alternating current frequency and on the 

intensity of the external magnetic field (mono-layer Fe73,5Cu1Nb3Si15,5B7 treated an hour at  
475 oC). 

 

5.1.2. Sandwich Fe73,5Cu1Nb3Si15,5B7/Cu/Fe73,5Cu1Nb3Si15,5B7 
 
Figure 5.3 (a and b) and Figure 5.4 (a and b) present the dependence of the ΔZ/Z 

(%) ratio (LMI and TMI) on the alternating current frequency and of the intensity of 
the applied external magnetic field, for a sandwich Fe73,5Cu1Nb3Si15,5B7/Cu/ 
Fe73,5Cu1Nb3Si15,5B7 before (Figure 5.3 (a and b)) and after the thermal treatment 
(Figure 5.4 (a and b)). The thermal treatment was conducted in the thermal treatment 
furnace, in vacuum for 30 minutes, at the temperature of 290 oC, in the presence of a 
uniform external magnetic field of 500 Gauss magnetic induction, applied in the plane 
of the sample, in the transverse direction. The choice of a treatment temperature with a 
lower values than in the case of mono-layer thin films, is due to the fact that, at higher 
temperatures, there is the risk that the copper to diffuse into the ferromagnetic layers. 
The value of the applied external magnetic field didn’t produce the magnetic 
saturation of the sample and, in these conditions, the value of ΔZ/Z (%) ratio was 
calculated for Z(Hdc) and Z(Hdc = 0). 

  
Figure 5.3: Dependence of the ΔZ/Z (%) ratio on the alternating current frequency and on the 

intensity of the applied external magnetic field 
(sandwich Fe73,5Cu1Nb3Si15,5B7/Cu/ Fe73,5Cu1Nb3Si15,5B7 in as-deposited state). 

 28 



  
Figure 5.4: Dependence of the ΔZ/Z (%) ratio on the alternating current frequency and on the 

intensity of the applied external magnetic field  
(sandwich Fe73,5Cu1Nb3Si15,5B7/Cu/ Fe73,5Cu1Nb3Si15,5B7 heat-treated for 30 minutes at the 

temperature of 290 oC, in the presence of a magnetic field, applied in the plane of the sample, in 
transverse direction). 

 
It is found that: 
 Thermal treatment leads to decreasing the value of the magnetic field which 

corresponds to the maxima of the two peaks present in the LMI profiles and, 
respectively, narrowing the TMI peaks. 

 For the as-deposited state (LMI and TMI), the values of ΔZ/Z (%) ratio 
increases with the increase of the alternating current frequency. When the value of the 
alternating current frequency is increased from 50 MHz to 500 MHz, the value of 
ΔZ/Z (%) ratio increases 14 times in longitudinal configuration and, respectively, 6 
times in transversal configuration.  

 For the heat-treated state, both in longitudinal configuration, and in 
transversal configuration, the value of ΔZ/Z (%) ratio increases in the frequency range 
30-100 MHz, reaching the maximum value for the frequency of 100 MHz and 
decreases in the frequency range 100-500 MHz. 

 After the thermal treatment, the value of ΔZ/Z (%) ratio, corresponding to the 
frequency of 100 MHz increases 60 times (LMI) and, respectively, 13 times (TMI). 
 
 
General conclusions 
 

• We obtained amorphous soft magnetic Fe73,5Cu1Nb3Si15,5B7 thin films, with 
thicknesses from 40 nm to 1500 nm by radio frequency magnetron sputtering (RFMS) 
and, respectively, by high power impulse magnetron sputtering (HiPIMS). The 
HiPIMS technique was utilised for the first time for the production of thin films of 
amorphous iron based composite materials. 

• To establish a set of optimal experimental parameters, specific to each 
technique, which can allow the production of amorphous thin films with superior soft 
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magnetic properties, and uniform surfaces, we studied their influence on the deposition 
rate, surface topology and the volume and surface magnetic properties of the obtained 
thin films. For the HiPIMS technique, the optimum set of values of the experimental 
parameters is: p = 10 mTorr, Pmed = 30 W, τ = 4 µs, U = -1 kV, grounded substrate. 

• In order to understand the influence of the experimental parameters values 
specific to HiPIMS technique on the dynamics and kinetics of plasma and the thin film 
growth process, we used optical, spectral and electrical technique for plasma 
diagnostics. The obtained results showed that with the increase of the voltage pulse, 
the composition of the plasma in front of the cathode undergoes major changes, 
leading to the initiation of the self-sputtering regime and, implicitly, to the decrease of 
the deposition rate of the thin films. 

• The volume coercive magnetic field values of the thin films obtained by both 
techniques, vary according to the law Hc = C/tn (t represent the thin film`s thickness, 
and C and n are constants whose values depend on the state of the thin films, as well as 
the technique and utilised conditions for their obtaining). 

• For the same thickness of the thin films, the minimum value of the volume 
coercive magnetic field of the samples deposited by HiPIMS technique is 2 orders of 
magnitude lower than that of the volume coercive magnetic field corresponding to thin 
films deposited by RFMS technique. 

• The results of the thermomagnetic analysis and the differential scanning 
calorimetry showed that for both techniques used, the characteristic temperatures (the 
Curie temperature of the ferromagnetic amorphous phase, the first crystallisation 
temperature and the Curie temperature of the ferromagnetic nanocrystalline phase α-
Fe(Si)) of the obtained thin films are up to 70 oC lower compared to those of the 
ribbons utilised as targets. The characteristic temperatures values of the samples 
obtained by HiPIMS technique are up to 50 oC lower than those of the samples 
obtained by RFMS technique. 

• By suitable thermal treatments applied to the amorphous material, we 
obtained nanocrystalline Fe73,5Cu1Nb3Si15,5B7 thin films. For the thin films obtained by 
HiPIMS technique, as a result of thermal treatments performed at temperatures in the 
range 450-525 oC: 

 the volume fraction of α-Fe(Si) b.c.c. phase increases from 45,7% to 65,4%; 
 the average grain size α-Fe(Si) b.c.c. increases from 11 nm to 18 nm; 
 the silicon content of the grains α-Fe(Si) b.c.c. increases from 6,7% to 14%. 
• The minimum value of the volume coercive magnetic field of thin films in 

nanocrystalline state is approximately 3 times (HiPIMS) and, respectively, 5 times 
(RFMS) smaller compared to that of the volume coercive magnetic field 
corresponding to amorphous state. 

• We built and experimental stand for measuring the saturation 
magnetostriction of the thin films, utilising the cantilever method. The values are 
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approximately 23∙10-6 and 1∙10-6 for amorphous thin films an, respectively, 
nanocrystalline thin films. 

• We studied the mechanical properties (modulus of elasticity, hardness, 
adhesion to substrate, coefficient of friction) of the thin films obtained by HiPIMS 
technique, by nanoindentation and nanoscratch tests. For amorphous thin films with 
410 nm thickness, the values of the hardness and of the effective modulus of elasticity 
are approximately 9 GPa and, respectively, 146 GPa, and the  average value of the 
coefficient of friction is approximately 0,11. 

• We studied the magnetoimpedance effect for both mono-layer 
Fe73,5Cu1Nb3Si15,5B7 thin films (600 nm), and sandwich systems 
Fe73,5Cu1Nb3Si15,5B7/Cu/ Fe73,5Cu1Nb3Si15,5B7 (600 nm/600 nm/600 nm) in the 
frequency range 50-500 MHz. The maximum value of  ΔZ/Z (%) ratio (17.1%, LMI) 
was obtained for the case of sandwich type systems, thermomagnetic treated at the 
temperature of 290 oC, in the presence of a uniform external magnetic field (magnetic 
induction of 500 Gauss), applied in the plane of the sample, in transverse direction. 
This value is 5 times larger than the maximum values of ΔZ/Z (%) ratio recorded for 
mono-layer thin films, heat-treated for an hour at the temperature of 475 oC. 
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