
 

 

Chapter 2 

Experimental methods 
 
 
In this chapter the experimental methods are described. First, the synthesis of the 
samples is treated, and then the basics of the analyzing techniques are explained. 
Special attention is given to two techniques: sputter deposition and curvature 
plus magnetostriction measurements, which were especially developed for the 
research presented in this thesis. 

2.1. Sample preparation 

Two synthesis methods have been used in this work: cold rolling and sputter 
deposition. These techniques were both used in attempts to produce micrometer 
thin metallic samples composed of nanometer sized grains. The outcome of 
these attempts will be described further in the thesis. Here, the basic aspects 
important for understanding of the results are explained. Additional thermal and 
magnetic annealing treatments of the samples were performed in a nitriding 
oven. 

2.1.1. Cold rolling 

Cold rolling is a process by which a metal sheet or strip is introduced between 
two rollers and then compressed and squeezed. 

The foils used in this work were obtained by cold rolling metals or 
alloys in a laboratory cold rolling mill using the principle depicted in Fig. 2.1. In 
order to facilitate their manipulation the samples were placed between two 
stainless-steel sheets. The sandwich was passed several times between the 
rotating cylinders keeping the distance between the cylinders constant. Next the 
distance between the cylinders was slightly reduced and then the rolling 
operation was continued. After reduction of the thickness of the foil by about a 
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factor of 5 the foils were cut in pieces of about 4 cm wide. For further thickness 
reduction such a piece was placed, rotated by 90º with respect to the previous 
rolling direction, between fresh stainless-steel sheets. The operations were 
repeated until the desired thickness was obtained. The initial thickness of the 
metal sheets was typically 2 mm. As a result of repeated cold-rolling steps foils 
with thickness between 1 and 16 µm were produced. The thickness of these foils 
is less than 1% of the thickness of the starting material. 

 

Fig. 2.1. The cold rolling process. 

2.1.2. Sputter deposition 

Sputter deposition is a widely used method for the synthesis of high-quality 
functional films [Kel02]. In the basic sputtering process, a target (or cathode) 
plate is bombarded by energetic positive ions generated in a glow discharge 
plasma situated in the front of the target. The bombardment process causes the 
removal, i.e., “sputtering”, of target atoms, which may then condense on a 
substrate as a thin film. The positively charged atoms from the plasma are 
attracted towards the target by the electric field obtained as a result of applying a 
negative potential on the target. If the applied potential is constant in time, the 
process is called DC sputtering. A high flux of sputtered atoms and consequently 
high deposition rates can be obtained if the sputtering apparatus is characterized 
by high ionization efficiency, i.e., a dense plasma. A dense plasma can be 
obtained if one uses a magnetic field parallel to the surface of the sample. The 
magnetic field traps the electrons in helical trajectories which leads to a 
substantial increase of the probability of the occurrence of ionizing electron-ion 
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collisions. Usually, when a magnetic field is present, this is indicated by using 
the term “magnetron”. If in addition to the inert sputtering gas (typically Ar) the 
sputtering atmosphere contains a reactive component (e.g. N2 or O2) we talk 
about reactive sputtering. The complete name of our sputtering device is then 
“DC reactive magnetron sputtering apparatus”. 

 

 
Fig. 2.2. Schematic representation of the sputtering apparatus 

 
The sputtered films investigated in this thesis have been produced in a 

specially designed device (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 operating pressure (10-3 mbar). 

In a typical deposition experiment, the sputtering chamber is first 
evacuated to a pressure of better than 1×10-7 mbar. Next a flow of a gaseous Ar 
+ N2 mixture is established. The dynamic pressure during sputtering is 3×10-3 
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 of ≈ 
800 Oe is applied parallel to the line connecting the two filaments. The field 
keeps the electrons close to the axis, in a helical motion. 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. 
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Therefore, when a transversal electrical 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 (16 mm 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 of 0.5 mm or Ta chips with a diameter of 2.2 mm as described in Table 
2.1. 
 
 
 
 
Table 2.1. Relevant data for the target materials. 
 

Target material Thickness (mm) Additional elements 
Fe 1 - 
Fe-25at% Ni-75at% 0.5 - 
Fe-99at% Zr-1at% 0.4 - 
 0.4 3 Zr wires 
 0.4 7 Zr wires 
Fe-70at% Co-30at% 2 - 
 2 5 Ta chips 

 
Table 2.2. Substrates used for sputter deposition. 
 

Substrate type Thickness (µm) Top layer 
Si (100) or (111) 300 - 
glass 150 - 
Si (100) 1000 Si3N4 
Si (111) 300 permalloy 
Si (100) 1000 Cu 
Si (100) or (111) 300 polymer 
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Fig. 2.3. Si3N4 TEM transparent membrane. 
 
The sputtered samples were deposited on a large variety of substrates 

(Table 2.2). The typical sample size was 8 mm wide and 7 mm long. For planar 
TEM investigations, special Si3N4 windows were used (Fig. 2.3). These 
windows are made by local etching of a Si3N4 covered Si wafer. Also sputtered 
films were obtained by dissolving a Cu or a polymer underlayer (Table 2.2) and 
subsequent floating of the layer on a microscope grid. 

The substrate holder was specially designed in order to facilitate the 
variation of the deposition temperature between typically -60 to +200 ºC. 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 N2. The high 
temperatures were obtained by electrical heating. 

As it will be described in the next chapters, the deposition parameters 
have a strong influence on the properties of the sputtered films. Here it is 
important to mention that our sputtering device is a versatile tool, which enables 
the variation of practically all the deposition parameters: substrate temperature, 
pressure during deposition, gaseous composition, voltage on the target or 
substrate, etc.  

2.1.3. Gaseous treatments 

Gaseous nitriding and magnetic annealing experiments were done in a nitriding 
furnace depicted in Fig. 2.4. The furnace is mainly made of Pyrex glass. To 
ensure a constant gas composition at the sample surface, the gas is circulated by 
thermal convection. The sample is loaded on a glass boat attached to a glass rod. 
During the thermal treatments the sample is placed in the “hot position” after the  
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Fig. 2.4. A schematic drawing of the nitriding furnace. 
 

 
oven was filled with the desired gas mixture (NH3 + H2). The parameters of a 
nitriding treatment are time, temperature and the nitriding potential ln RN (RN = 
pNH3/(pH2)3/2, where the pressures pNH3 and pH2 are expressed in Pa). The exact 
composition of the gas mixture before and after the treatment was carefully 
measured using the following procedure: with the sample in the “cold position” 
the oven was filled with the pre-calculated quantity of NH3. Before the pre-
calculated amount of H2 was introduced, the NH3 was frozen on a cold finger, 
cooled by liquid N2, containing Na. After this, the frozen NH3 was evaporated by 
warming up the finger back to ambient temperature. In this way accurate values 
for the mixture composition can be obtained. The Na removes trace 
concentrations of H2O and O2 that could be present in the gas mixture. After the 
treatment the composition of the atmosphere is checked once again. No 
significant change in the nitriding potential during the nitriding process was 
found. 
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2.2. Analyzing techniques 

2.2.1. X-ray diffraction 

X-ray diffraction (XRD) is a non-destructive technique widely applied for 
structural characterization of materials [Cul56]. Various kinds of micro- and 
nano-crystalline materials can be characterized by XRD patterns including 
inorganics, organics, drugs, minerals, catalysts, ceramics or metals. The physical 
state of the materials can be loose powders, thin films or bulk materials. The 
samples investigated by us are in the last two categories: thin films or foils and 
bulk alloys. 

A rich variety of information can be extracted from XRD measurements. 
From the diffraction line parameters, position and shape of the line, 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. 2.5. An X-ray beam 
(Cu Kα, wavelength λ = 1.5418 Å) 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 [Che92]. In XFIT a de-convolution approach to the X-ray line-profile is 
used, based on the method developed by Wilson [Wil6] and Klug [Klu74]. Three 
functions are used in the fitting procedure for the de-convolution of an 
experimental diffraction line: the Cu Kα emission profile, a function describing 
the diffractometer broadening and a function containing the physical variables of 
the specimen (average grain size and/or 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 effects due to the 
specimen. Moreover, both the rolled foils and the sputtered films were found to 
be highly textured, leading to only a few reflections visible in normal θ-2θ scans. 
Usually these lines could be fitted using Lorentzian functions, suggesting that 
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the main contribution to the broadening of the line 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 width at half 
maximum (FWHM – in rad) of the Lorentzian is given by the formula: 

 

θ
λ

cosFWHM
CS =  

 
where λ = 1.54056 Å. 

 

Fig. 2.5. Geometry of the XRD measurements. 
 

In this approach, we have neglected other sources of the broadening like 
inhomogeneous stress fields. However, as will be shown in Chapter 5, there is a 
remarkable good agreement between the CS extracted from XRD and direct 
Transmission Electron Microscopy (TEM) grain size determination. 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. 
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The lattice parameter (d) was obtained from the line position using the 
well known Bragg formula [Klu74]. 
 

λθ =sin2d  
 
The XRD measurements were performed in a conventional 

diffractometer. 

Texture measurements 

Texture measurements are used to determine the orientation distribution of 
crystallites in a polycrystalline sample. A material is called textured if the grains 
are aligned in a preferred orientation along certain directions. One can view the 
textured state of a material (typically in the form of thin films) as an 
intermediate state in between a completely randomly oriented polycrystalline 
powder and a completely oriented single crystal. The texture is usually 
introduced in the fabrication process (e.g. rolling of thin sheet metal, deposition, 
etc.) and affects the material properties by introducing structural anisotropy.  

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 rotation (φ) 
angles with respect to a given crystallographic orientation. A pole figure is 
measured at a fixed 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 or 
ψ -(azimuth) angles (Fig. 2.5). 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. 

2.2.2. 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 present in a 
given sample [Han95]. 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 [Tes95]. The interaction between an 
ion from the beam an atom from the sample, in the energy range used, is 
governed by the Coulomb repulsion between the 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 



  Chapter 2 22

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 propagating direction of the ion is hardly affected by the 
collisions with the electrons, the trajectories of the ions can then 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 
only by the mass ratio of the projectile and target atoms and the 
scattering angle. As a consequence the atoms in the target can be 
identified by measuring the maximum energy of the backscattered 
particles; 

• the yield of the backscattered atoms is proportional to the 
Rutherford cross-section. The yield can then be related to the areal 
density (atoms per unit area) of the elements in the sample; 

• using tabulated values for the energy loss of the ions, the energy 
scale can be translated into a depth scale for each element. 

Near the surface the depth resolution is determined by the energy 
resolution of the detector. The Si detectors used in this work have an energy 
resolution of 15 keV, yielding a depth resolution of about 50 Å for a 
backscattering angle of 165º. At larger depths, the resolution decreases by the 
straggling effect. Straggling occurs as a result of the statistical distribution of 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 of better than 10-8 mbar. A He+ beam with 
an energy between 1 and 2 MeV was used. The backscattered ions were detected 
simultaneously with three silicon surface barrier detectors at 105, 135 and 165º 
scattering angles. The samples were mounted in a two-axis goniometer with long 
range reproducibility and accuracy of better than 0.1º. Additionally, the sample 
holder can perform translation movements in two perpendicular directions in 
steps of 0.1 mm. This facility was used for the determination 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 
Furnace” (NDF) developed at the University of Surrey [Bar97, Bar98].  
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2.2.3. Elastic recoil detection 

Elastic recoil detection (ERD) is an ion beam analysis technique for quantitative 
determination of light elements in solids [Han95]. The sample to be analyzed is 
irradiated with an ion beam with an energy of some tens of MeV. Light elements 
(1≤Z≤9) are recoiled in forward directions and are detected with a dE-E 
telescope. With this detector, the specific energy loss that is proportional to the 
atomic number and the total energy loss can be measured. In this way, signals 
due to different elements are separated directly and quantitative depth profiles 
can be made for each element separately. For quantitative analysis standard 
calibration samples (e.g. Si3N4) are used. The combination of RBS and ERD 
offers a unique tool for the complete analysis of the concentration depth profiles 
in thin layers. 

2.2.4. Mössbauer spectroscopy 

Mössbauer spectroscopy (MS) is used to get information on the local 
environment of nuclei [Gre71]. 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 phonon. 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 Fe at RT the 
recoilless fraction is of the order of 0.75. For the samples investigated in this 
thesis the 57Fe isotope is present in its natural abundance, i.e. 2%. In the case of 
57Fe spectrometry the recoilless 14.4 keV quanta are emitted by an excited 57Fe 
nucleus obtained from the decay of its parent 57Co (half time = 270 days). The 
radioactive 57Co atoms are embedded in a heavy matrix (Rh) to ensure a high 
recoilless fraction. 

The γ quanta could be 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 so-called 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 
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nucleus and the gradient of the electric field at the nucleus (quadrupole 
interaction) caused by the surrounding electrons or through the coupling 
between the nuclear magnetic moment and the magnetic field at the nucleus 
(magnetic hyperfine interaction). 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 
experimental Mössbauer spectra, taking into account the emission spectrum of 
the source, which consists of a single line. By comparing with 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 where 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 20 mCi 
radioactive 57Co(Rh) source. The foils were measured in transmission mode. In 
transmission γ-rays 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 exited 
absorber nuclei are recorded. The recoilless absorption is revealed as peaks in 
the spectrum. 

2.2.5. Scanning electron microscopy 

The morphology of the films in cross-section was investigated using the 
scanning electron microscopy (SEM) technique. In SEM a finely focused 
electron beam scans the sample along closely spaced lines. As a result of the 
interaction between the electron beam and the specimen secondary plus 
backscattered electrons and X-rays are produced [Wel74]. Using special 
detectors, a variety of signals can be generated giving specific information about 
the irradiated volume. The maximum lateral resolution can be obtained by using 
secondary electrons. These electrons have a low energy (1-50 eV) and 
consequently only the electrons generated close to the surface (<10 nm) will 
escape and contribute to the signal. Under these conditions, the resolution is 
practically given by the electron beam size at the surface of the specimen (5-10 
nm). 
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2.2.6. Transmission electron microscopy 

Transmission Electron Microscopy (TEM) is a versatile tool capable of 
characterizing the internal structure of a wide variety of materials [Wil96]. 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 allows a better 
understanding of the relation between the microstructure and properties. 

Three types of electron microscopes were used for investigation of the 
samples: JEOL 200 CX, JEOL 4000 EX/II and JEOL 2010 FEG. 

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 
or 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 originated. 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 the 
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 done 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 a thermal treatment can be 
monitored. 

The JEOL 2010 FEG can be used also as an Orientation Imaging 
Microscope (OIM). The OIM is based on a special operation mode called 
Circular Scan (CS) [Tsl02]. Circular Scan combines DF imaging, hollow cone or 
conical scan microscopy and automated interrogation of DF images. This 
automated procedure replaces traditional tedious and time-consuming manual 
methods for obtaining nanocrystalline grain size information. Areas analyzed 
can include hundreds of grains, depending on the TEM magnification selected. 
In the CS mode, multiple dark field images are collected by rotating the beam 
around the diffraction rings arising from the sample. Each dark field image is 
then recorded along with the beam conditions. The resulting data can be used to 
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reconstruct a spot pattern for any given point in the field of view. Once a 
reconstructed spot pattern is formed, the orientation can be calculated. 

 

Fig. 2.6. Block diagram of the VSM  
 

2.2.7. Vibrating sample magnetometry 

The suitability of a magnetic material for a particular application is determined 
principally from its magnetic hysteresis loops [Chi95]. The loops can be 
measured by using a Vibrating Sample Magnetometer (VSM). A schematic view 
of such a device is shown in Fig. 2.6. A DC magnetic field is used to magnetize 
the sample. The magnetization of the sample creates a magnetic stray field. As 
the sample vibrates between a pair of pick-up coils, an AC voltage with the same 
frequency and proportional to the magnetization of the sample is induced in the 
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coils. A lock-in amplifier is used to provide the oscillation frequency and to 
detect the signal. The DC magnetic field is varied in steps. For each value of the 
applied field, the magnetization of the sample is measured resulting in the so-
called magnetization or hysteresis loops. The applied field is measured using a 
Hall probe. The system is calibrated using magnetic materials with known 
saturation magnetization, e.g. Ni. The sensitive instrument is well suited for 
studies of soft magnetic films, and allows measurements of the magnetization of 
films with a thickness as low as ~ 10 nm. 

2.2.8. Impedance analysis 

The frequency dependence of the magnetic permeability of the thin films was 
determined using a Vector Impedance Analyzer with a strip-loop fixture similar 
to that described in [Kor96]. The sample (4.5 mm x 4.5 mm) is placed in the 
copper strip-loop fixture connected to the reflection port of an impedance 
analyzer. The loop is used both to generate the excitation field and to detect the 
response of the sample. The impedance of the loop is measured and converted 
into spectra giving the complex permeability as a function of frequency of the 
sample using the procedure described in [Cra03]. 

2.2.9. Curvature and magnetostriction measuring device 

Stress and magnetostriction are two important phenomena influencing the 
behavior of thin magnetic films [Nix85]. Via the magnetoelastic coupling 
stresses can produce additional anisotropy while via the inverse magnetoelastic 
effect external magnetic fields can produce macroscopic stresses on the films. 
Usually the magnetoelastic effects produce undesired losses and, consequently, 
the soft magnetic materials should be characterized by low magnetostriction and 
reduced levels of stresses. However, there are applications based on the 
magnetoelastic effects like magnetoelastic sensors. In this case, it is desired that 
the magnetostriction and stresses are quantified. Therefore, the quantitative 
characterization of stresses and magnetostriction is a very important issue in 
understanding the behavior of thin magnetic films. 

When deposited on a relatively thin substrate the stress in the film 
produces a small curvature of the substrate. The film stress σS is then calculated 
from the sample curvature R by applying Stoney’s formula [Web94]: 
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Fig. 2.7. Ray paths for the curvature determination. A motion of the reflected beam 
indicates substrate curvature. 
 
where ES, νS and tS represent Young’s modulus, Poisson ratio and the substrate 
thickness respectively, whereas tF is the film thickness. 

The technique proposed in this thesis for measuring the stress of thin 
films is based on the determination of the associated curvature of the substrate 
(Fig. 2.7). A laser beam, transmitted via a rotating mirror and a lens, sweeps the 
surface of the sample and is reflected back to a split photodiode (position 
sensitive photodetector). The rotating mirror and the detector are placed in the 
focal plane (FP) of the lens. Therefore, if the sample is flat, the reflected beam 
will stay on the same spot on the detector. If the sample is curved the beam will 
sweep the surface of the detector. For determination of stresses the sample 
simply lies on a horizontal flat surface. 

If the same sample is fixed as a cantilever and a rotating magnetic field, 
large enough in order to saturate the sample, is applied in the plane of the film 
the magnetostriction will produce periodic stress variations in the film leading to 
periodic deflections of the end of the cantilever. The magnetostriction is 
calculated using the formula [Web94]: 
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Fig. 2.8. Schematic representation of the cantilever principle. 
 
 

 
Fig. 2.9. Schematic representation of the principle of measuring the deflection of the 
cantilever. 
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where EF and νF represents Young’s modulus and, respectively, the Poisson ratio 
of the film, l represents the distance between the clamping point and the laser 
spot on the cantilever and ∆ is the maximum deflection of the sample at the 
position of the laser beam (Fig. 2.8). 

The relationship between the focal distance (F) of the lens, the 
displacement (D) of the spot on the detector due to the magnetostriction, the 
distance clamp-spot (l) and the end deflection (∆) of the cantilever is given by 
(Fig. 2.9): 
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D

l
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∆4  

 
We have used a lens with 0.5 m focal length. The rotating mirror was 

driven by a piezo crystal. Calibration relating the voltage applied on the piezo 
and the sweeping distance was done before the stress measurements. The usual 
sweeping distance used was about 200 µm. We have used a split photodiode as a 
position sensitive detector. The detector was mounted on a micrometer screw for 
calibration purposes. 
 
 
 


