
INSTITUT FÜR IONENSTRAHLPHYSIK UND MATERIALFORSCHUNG

FORSCHUNGSZENTRUM DRESDEN-ROSSENDORF eV.

Growth, structure and 
magnetic properties of 
magnetron sputtered

FePt thin films
Dissertation

zur Erlangung des akademischen Grades

Doctor rerum naturalium (Dr. rer. nat.)

vorgelegt der Fakultät Mathematik und Naturwissenschaften

der Technischen Universität Dresden

von

Dipl. Phys. Valentina Cantelli
geboren am 25.02.1970 in Asti, Italien

Dresden 2010





Eingereicht am 22. Februar 2010

1. Gutachter: Prof. Dr. W. Möller

2. Gutachter: Prof. Dr. D. C. Meyer

Verteidigt am 15. März 2010





i

Table of contents
Abstract .............................................................................................I

Symbols ..........................................................................................III

Abbreviations ........................................................................................... V

Motivation ............................................................................................ 1

1. Iron Platinum ....................................................................................... 5

1.1. The FePt A1 and L10 phases ......................................................................................5
1.2. The A1 to L10 phase transformation in FePt ..............................................................7
1.3. Generation of the (001) preferential orientation in FePt L10 layers ..........................10
1.4. Nanoclusters formation ...........................................................................................11

2. The deposition process ..................................................................... 13

2.1. Basic plasma notions...............................................................................................13
2.2. DC glow discharges ................................................................................................15
2.3. Sputtering ...............................................................................................................18
2.4. Energy flux during magnetron sputtering deposition onto the substrate ...................20
2.5. Effects of deposition parameters on layer properties................................................22

3. Experimental set-up........................................................................... 25

3.1. The magnetron deposition chamber.........................................................................25
3.2. The magnetron deposition chamber used for in-situ investigations at ROBL ...........27
3.3. Annealing processes................................................................................................28

3.3.1. Ex-situ vacuum annealing chamber at FZD .................................................28
3.3.2. In-situ vacuum annealing chamber at ROBL...............................................28
3.3.3. Rapid thermal annealing (RTA) at FZD in Ar flow .....................................29

4. Methods of investigation.................................................................. 31

4.1. X-ray scattering ......................................................................................................31
4.2. X-ray scattering geometries.....................................................................................34



Table of contents

ii

4.2.1. X-ray reflectivity, absorption and diffuse scattering.................................... 37
4.2.2. X-ray diffraction......................................................................................... 42
4.2.3. Grazing Incidence Small Angle X-ray Scattering (GISAXS) ...................... 44
4.2.4. X-ray scattering: experimental set-up ......................................................... 46

4.3. Additional methods of analysis............................................................................... 48
4.3.1. Rutherford backscattering spectroscopy (RBS)........................................... 48
4.3.2. Scanning Electron Microscopy (SEM)........................................................ 50
4.3.3. Transmission Electron Microscopy (TEM)................................................. 51
4.3.4. Superconductive Quantum Interference Device .......................................... 52

5. Investigation of the A1 - L10phase transition.............................. 53

5.1. Experimental parameters ........................................................................................ 53
5.2. Results ................................................................................................................... 54
5.3. Discussion.............................................................................................................. 57
5.4. Summary................................................................................................................ 63

6. Preferred c-axis orientation in thin FePt films .............................. 65

6.1. Growths on crystalline substrate ............................................................................. 65
6.1.1. Experimental parameters ............................................................................ 65
6.1.2. Results ....................................................................................................... 66
6.1.3. Discussion.................................................................................................. 72

6.2. Growths on amorphous substrate ............................................................................ 74
6.2.1. Experimental parameters ............................................................................ 74
6.2.2. Results ....................................................................................................... 75
6.2.2.1. As deposited layers ................................................................................. 75
6.2.2.2. RTA at 550°C in Ar flow........................................................................ 78
6.2.2.3. Annealing at 700°C in vacuum ............................................................... 83
6.2.2.4. Summary of the results ........................................................................... 87
6.2.3. Discussion.................................................................................................. 88
6.2.4. Summary and conclusions .......................................................................... 92

7. FePt nanoclusters ............................................................................... 93

7.1. The effect of the sputtering gas and the deposition pressure on clusters formation .. 93
7.1.1. Experimental parameters ............................................................................ 93
7.1.2. Results ....................................................................................................... 94
7.1.3. Discussion.................................................................................................. 98

7.2. FePt/Ag nanocomposite layers................................................................................ 99
7.2.1. Experimental parameters .......................................................................... 100
7.2.2. Results and discussion.............................................................................. 101
7.2.3. Conclusion ............................................................................................... 105

8. Conclusions ...................................................................................... 107



Table of contents

iii

Appendix A: The nuclear stopping cross section ...................................I

Appendix B: X-ray scattering from a free electron ............................... II

Appendix C: The equivalence between the Bragg law and the Laue 

condition ............................................................................IV

Appendix D: The order parameter S....................................................... V

Appendix E: Langmuir probe measurements .................................... VII

Appendix F: Dependence of the disorder-order transformation on 

the layer thickness ............................................................ XI

References .........................................................................................XII





I

Abstract
The L10 FePt phase belongs to the most promising hard ferromagnetic materials for high 
density recording media. The main challenges for thin FePt films are: (i) to lower the 
process temperature for the transition from the soft magnetic A1 to the hard magnetic L10

phase, (ii) to realize c-axes preferential oriented layers independently from the substrate 
nature and (iii) to control layer morphology supporting the formation of FePt - L10 self-
organized isolated nanoislands towards an increase of the signal-to-noise ratio.

In this study, dc magnetron sputtered FePt thin films on amorphous substrates were inve-
stigated. The work is focalized on the correlation between structural and magnetic 
properties with respect to the influence of deposition parameters like growth mode (co-
sputtering vs. layer – by - layer) and the variation of the deposition gas (Ar, Xe) or 
pressure (0.3 - 3 Pa).  In low-pressure Ar discharges, high energetic particle impacts 
support vacancies formation during layer growth lowering the phase transition temperature 
to (320 � 20)°C. By reducing the particle kinetic energy in Xe discharges, highly (001) 
preferential oriented L10 - FePt films were obtained on a-SiO2 after vacuum annealing. 
L10 - FePt nano-island formation was supported by the introduction of an Ag matrix, or by 
random ballistic aggregation and atomic self shadowing realized by FePt depositions at
very high pressure (3 Pa).

The high coercivity (1.5 T) of granular, magnetic isotropic FePt layers, deposited in Ar 
discharges, was measured with SQUID magnetometer hysteresis loops. For non-granular 
films with (001) preferential orientation the coercivity decreased (0.6 T) together with an 
enhancement of the out-of- plane anisotropy. Nanoislands show a coercive field close to 
the values obtained for granular layers but exhibit an in-plane easy axis due to shape 
anisotropy effects.

An extensive study with different synchrotron X-ray scattering techniques, mainly 
performed at the ESRF, BM-20 (ROBL-Beamline), pointed out the importance of in-situ
investigations to clearly understand the kinetic mechanism of the A1 � L10 transition and
ordering and to control FePt nanoclusters evolution.
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Symbols 
a acceleration 
a0 Bohr radius (5.29 × 10-3 nm)
MA Atomic mass number
�c critical angle
�i incident angle
�T refractive angle
� imaginary part of the refractive index
� sputtering angle
d target to substrate distance, lattice plane distance
ds sheath thickness
E energy (eV):

� E0 initial energy
� EkT thermal energy
� Eiz ionization energy
� EF energy Fermi level
� E� work function
� Eth threshold energy for sputtering
� Ed threshold energy for displacement

E electric field
e elemental electron charge (1.602 × 10-19 As)

�0 permittivity in free space (8.854� × 10- 12 F/m)

F force
� electric potential
G reciprocal lattice vector
F(Q) unit cell structure factor
f(Q) atomic scattering factor
f 0(Q) non-resonant atomic scattering factor
f’ real part of the atomic dispersion correction
f’’ imaginary part of the atomic dispersion correction
�se secondary electron coefficient
h, k, l Miller’s indices
H magnetic field (H0 initial magnetic field)
�H enthalpy of transformation
�Hs heat of sublimation

k Boltzmann constant (8.617� × 10- 5 eV�K- 1)



Symbols 

IV

k wave vector of X-ray
� X-ray wavelength
�p mean free path
�D Debey length
mi ion mass
me electron mass
mg gas atom mass (mi = mg)
mT target atom mass
msp sputtered atom mass (mT = msp)
� linear absorption coefficient
�e electron mobility
�0 permeability of free space (4� � 10-7 H/m)
n particle density (m-3) in the plasma (plasma density), refractive index
ni ion density
ne electron density
NA Avogadro number (6.022 × 1023 mol-1)
p pressure
Q transformation activation energy
Q scattering vector: Qx, Qy and Qz scattering vector components
� Bragg angle, ion incidence angle
R deposition rate
Rn lattice vector in the real space
rce Larmor radius
rg gas atomic radius
rsp sputtered atom radius
�e electron density
�m mass density
� scattering cross section
�a absorption cross section
T temperature
kTi ion temperature (eV)
kTe electron temperature (eV)
kTn neutral temperature (eV)
TT phase transformation temperature
Us surface binding energy
v velocity (m/s)
Vdc applied dc potential
Vpl plasma potential
� angular frequency
Zi Atomic number of ion
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Abbreviations
BSE Backscattered Electrons
DS X-ray Diffuse Scattering
DSRO Directional Short Range Order
FWHM Full Width Half Maximum
GIXRD Grazing Incidence X-ray Diffraction
GISAXS Grazing Incidence Small Angle X-ray Scattering
LRO Long Range Order
MBE Molecular Beam Epitaxy
RBS Rutherford Back Scattering
RT Room Temperature
SE Secondary Electrons
SEM Scanning Electron Microscopy
SRO Short range order
SZM Structure Zone Model
TEM Transmission Electron Microscopy
TTT Time Temperature Transformation
XMCD X-ray Magnetic Circular Dichroism
XRD X-ray Diffraction
XRR X-Ray Reflectivity
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Motivation
In 1898 Valdemar Poulsen obtained the patent for the first telegraphone, the first device in 
history to apply perpendicular magnetic recording to register a sound magnetically [1]. In 
1956, IBM built the first magnetic hard disk drive with the recording density of 
2 kbit/in2[2]. After 110 years from Poulsen’s telegraphone, on July 2008, Hitachi Global 
Storage Technologies announced 610 Gbit/in2 [3] reached using perpendicular magnetic 
recording technology with continuous recording media and writing heads with an ultra 
narrow track pitch of 65 nm.

Market demands for low costs at higher performance had made modern hard disk smaller, 
lighter and faster; forcing a sharp increase of disk drives areal density that is now the main 
factor determining the cost per gigabyte, fundamental for the commercial viability of these 
technologies [4]. However, this increase of areal density, i.e. the amount of bits stored per 
unit area of the disk, has put in evidence the thermal instability in modern longitudinal 
recording media. Reducing the volume of a single switching domain, the magnetic data 
becomes unstable because of thermal fluctuations: this is known as superparamagnetic 
effect. It can be illustrated by the following simple model  considering a longitudinal 
media as a collection of independent particles (every particle as single magnetic domain) 
with volume V having an energy barrier for magnetisation reversal EB(H,V) in presence of 
an external magnetic field H [2]:

0

0

( , ) ( ) 1
n

B B
HE H V E V
H

� �
� �� �

� �
(1)

where EB
0 is the activation barrier for magnetisation reversal EB

0 = KuV in a single domain 
particle and Ku is the magnetic anisotropy density. In equation (1), H0 = 2 Ku/MS is the 
intrinsic switching field (MS is the saturation magnetisation) and n is 1.5, taking into 
account the 2D random anisotropy axis distribution in isotropic longitudinal media [5]. It 
clearly rises up that to increase thermal stability of stored data it is necessary to increase 
the energy barrier EB. It has been indicated [6] that for at least 5 years of stable data 
storage, the condition KuV > 55kBT must be fulfilled, indicating the minimum volume V for 
a magnetic material characterised by a certain Ku.

Increasing crystallinity and epitaxy quality together with reducing defects in the magnetic 
media can improve thermal stability. But, the introduction of high magnetic anisotropy 
density materials, like the tetragonal L10 phase of FePt (Ku ~ 5-8 � 107 erg/cm3 [4, 5, 7]), 
can allow to widely decrease the single domain volume V down to ~ 30 nm3. The reduction
of the domain volume will result in an increase of the Signal-to-Noise-Ratio, that is 
proportional to 1/D3, where D is the grain diameter, and to 1/�2, with � the grain size 
distribution [8]. The biggest problem related to high Ku materials and in particular to FePt 
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is the high processing temperature (as shown in the TTT diagrams in paragraph 1.2), which 
may affect grain growth.

Hitachi reintroduced perpendicular recording method in 2006 [3] considering the 
superparamagnetic effect an insurmountable limit, already reached by longitudinal 
recording.

The two techniques differ only in the direction in which the bit is stored (Figure 1):

� longitudinal: the bits are lined up end-to-end along the circular tracks in the disk 
plane (south-pole to south-pole);

� perpendicular: alternating bits stand with north-pole close to the next south-pole. In 
this way the magnetic stability is strongly increased.

The most common perpendicular recording set-up is including a soft underlayer with the 
function to increase the writing procedure by closing the magnetic field lines from one 
magnetic domain, to the next one.

Figure 1: Difference between longitudinal (left) and perpendicular recording (right) [9]

For perpendicular magnetic recording, the magnetic moment M must be parallel with the 
media surface normal. In the FePt L10 phase, because of the particular fct structure 
characterised by alternating monoatomic planes of Fe or Pt stacking along the (001) 
direction, M is naturally aligned parallel to the lattice c-axis: thus, the control of the crystal 
orientation on substrates is fundamental for industrial applications.

A different approach to increase areal density is the application of nanocomposite and 
nanoparticle media. This method does not necessarily imply a technology change from 
longitudinal to perpendicular recording but only requires monodisperse non interacting 
single domain grains, organized in arrays. For these applications, high Ku materials are 
better exploited. Nanocomposite media are realized by annealing of multilayer structures 
then transformed into decoupled hard magnetic FePt clusters in a diamagnetic matrix [10 -
12]. 
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Monodisperse particles are mainly realized by chemical synthesis [13], followed by 
annealing. This last step often leads to particles agglomeration because of the high 
annealing temperature required to obtain the strong ferromagnetic phase [14]. 
Therefore, the general challenge for FePt as a promising candidate for high density 
recording media is to lower the transition temperature to obtain the strong ferromagnetic 
L10 phase at a temperature that prevent grain coalescence and/or to identify the most 
suitable matrix in which may exist dispersed and magnetically decoupled FePt 
nanoparticles. 

The aim of this thesis is to identify solutions to these three main problems:

A. low temperature processing: to understand and control the phase transition kinetics 
to obtain the strong ferromagnetic phase at processing temperature below 400°C

B. c-axis orientation: fundamental for perpendicular recording is the control of the 
layer preferential orientation independently from the substrate nature

C. nanocluster and nanocomposite layer fabrication at low processing temperature.

The FePt films and nanoclusters will be produced by DC magnetron sputtering, a physical 
vapour deposition method (PVD), on amorphous substrates. The choice of a-SiO2 is related 
to the approach to investigate FePt phase transformation kinetic and c-axis orientation 
independently from the nature of the substrate making these results useful for FePt films 
grown by DC magnetron sputtering in general. 

Magnetron sputtering deposition process has several advantages compared to other PVD 
technologies (e.g. evaporation, pulse laser ablation):

� suitable to deposit almost any elemental, alloy or dielectric (multi)layers using dc, 
rf or pulsed power sputtering with neutral or reactive gases,

� strong variability in the deposition rate (0.01 - 10 nm/s),

� grown films with good uniformity, low roughness and good substrate adhesion,

� the deposition temperature can be varied widely independent from the sputter 
conditions, including the possibility to keep the substrate at room temperature 
during layer growth,

� easy scale-up process with overall low costs.

X-ray scattering investigations will be widely applied to study FePt layer structural
properties. The phase transformation kinetic and clusters formation and evolution will be 
studied by in-situ X-ray analysis carried out with a synchrotron source (ROBL-ESRF). The 
control of FePt thin layer c-axis orientation will be achieved by tuning growth and 
annealing parameters according to the results provided by the X-ray measurements.
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1. Iron Platinum
1.1. The FePt A1 and L10 phases

Room temperature (RT) as-deposited FePt layers always exhibit the soft 
ferromagnetic phase A1, chemically disordered; a subsequent annealing is required to 
obtain the disorder - order transition to the hard ferromagnetic L10 phase [7, 15 - 20]. The 
chemically disordered A1 phase (Figure 1.1) is metastable (� Fe, Pt) in which the atoms are 
statistically arranged in an fcc cell: every site is occupied indiscriminately by an Fe / Pt 
atom. Therefore, no long range order but only the short range one persists since the 
occupancy of one site from Fe or Pt can influence only the first neighborhood sites [21].

The A1 phase, whose prototype is Cu, has space group (SG) mFm3 with a = 3.816 Å [22]: 
a scheme of the unit cell is represented in the following figure, associated to the calculated 
X-ray diffraction pattern at Cu-K� wavelength. The FePt A1 phase is characterized by a 
magnetization along the [111] axis [23]. 
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Figure 1.1: A1 FePt phase, the XRD pattern generated by Cu-K� radiation in a convenient angular 
range [22].

The L10 phase (figure 1.2) is strong ferromagnetic and Fe and Pt are arranged in stacked 
planes in an fct structure with a = b = 3.852 Å and c = 3.713 Å [24].
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Figure 1.2: L10 FePt phase, the XRD pattern generated by Cu-K� radiation, in an opportune 
angular range [24]
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The L10 is obtained from the A1 phase by compression along the c axis of 2.7% and a weak 
dilatation along a of 0.9%: the corresponding decrease of the unit cell volume is 
characteristic for disorder – order transformations. The slight tetragonal distortion leads to 
a shift of the (111) reflection to higher scattering angles because of a shorter interplanar 
distance d(111). The A1 � L10 phase transition is clearly characterized by the appearance, in 
the XRD pattern, of the (001), (110) and (201) peaks and by the splitting of the (200)
reflection into the (200) and (002).

The unambiguous site occupancy by Fe or Pt atom is generating a long range order (LRO) 
that can be quantified by considering the fraction of Fe / Pt atoms sitting in the correct site. 
Indicating with:

� xFe/Pt the alloy stoichiometry, 1�� PtFe xx
� yFe/Pt the fractions of Fe-sites and Pt-sites,
� rFe/Pt the fraction of Fe / Pt sites occupied by the right atom,
� wFe/Pt the fraction of Fe / Pt sites occupied by the wrong atom

and considering that:

1. 1// �� PtFePtFe wr ,

2. PtFeFePtFePtPtFePtFe xwyry ///// �� : the fraction of sites occupied by the 
Fe / Pt atoms must be equal to the amount of Fe / Pt atoms,

it is possible to define a LRO parameter S [21]:

Fe

PtPt

Pt

FeFe
FePtPtFe y

xr
y

xrwrwrS �
�

�
����� (1.1)

obtaining a criterion to judge the quality of the L10 phase.  The S parameter reveals which 
fraction of atoms had occupied the right site: S = 1 is only possible for an equiatomic 
composition having the ideal atom distribution, while S < 1 for non-stoichiometric 
compounds, even in a perfect order arrangement. S will be equal to 0 in a random 
distribution. Experimentally, by XRD, the intensities of the superstructure reflections
(peaks vanishing when the order vanishes) are proportional to the square of the S
parameter. Therefore, the LRO along the c-axis can be evaluated comparing the integral 
intensity of the (001) and the (002) reflections (see appendix D).

When the disorder – order transformation occurs, there is a spontaneous re-alignment of 
the magnetisation parallel to the cell c-axis. This effect occurs because of the sequential Fe 
or Pt layer stacking: the FePt strong perpendicular magnetic anisotropy is connected to the 
anisotropy of the tetragonal structure of the L10 phase [25, 26]. This is due to spin-orbit 
interactions: the spin magnetic moment for Fe was calculated at 2.9 �B while for Pt it 
decreased to 0.3 �B. The magneto-crystalline anisotropy is defined as the difference in the 
total energy between the in-plane axis [100] and [110] and the easy axis [001]. By XMCD 
measurements and ab-initio calculations [25, 26] it was found that the energy difference 
between the [100] and the [110] direction is negligible as compared with that one in the 
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[001] axis. The easy magnetisation axis was found to be the [001] with a magneto-
crystalline anisotropy of about 4 meV in FePt.

1.2. The A1 to L10 phase transformation in FePt
The FePt phase diagram is reported in Figure 1.3. The thermodynamically stable 

L10 phase can be obtained, for a wide range of stoichiometry ratio between 33% and 55%, 
from the metastable A1 structure by gradual cooling.

Figure 1.3: Fe-Pt phase diagram [27].

When deposited onto substrates at RT, the alloy films arrange in the A1 phase, thus 
requiring post-deposition annealing to form the chemically ordered L10 phase [7, 15 - 20].
For media manufacturability, it is of interest that the ordering takes place at the lowest
possible annealing temperature, preferably < 400°C [4, 5].

To understand the kinetics of the FePt phase transformation, an exhaustive study has been 
proposed by D. C. Berry et al. [16, 28] based on Differential Scanning Calorimetry (DSC) 
investigations of a freestanding 1 �m thick FePt layer. Correction factors to apply the 
model also to 10 nm films and nanoparticles were derived. According to these 
experiments, the phase transformation is of the first order (with an Avrami exponent 
n = 1.89 [16]), and occurs by nucleation and growth of ordered L10 domains in the A1
matrix. The model proposed is an application of the Johson and Mehl, Avrami and 
Kolmogorov (JMAK). The volume fraction transformed Xv can be expressed as:

1 exp expn n
v

B

nQX v t
k T

� �� �
� � � �� �� �

� �� �
(1.2)

supposing the L10 nuclei growth velocity v given by:

� �2 exp
B

Qv k T
k T

� �
� �� �

� �
(1.3)
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where Q is the transformation activation energy, T is the temperature in Kelvin. k2(T) is the 
rate constant allowed to be temperature dependent and takes into account the growth of a 
constant number of pre-existing L10 nuclei which density is not temperature dependent. 
The formation of L10 nuclei, in the as-grown layer, is supposed to be athermal and occurs 
only by statistical arrangement of the Fe and Pt atoms during deposition.

In Figure 1.4 the Time Temperature Transformation (TTT) diagrams are reported. The
calculations are performed applying the JMAK model.

Figure 1.4: TTT diagrams are comparing the transformation kinetics vs. FePt stoichiometry (a) and 
thickness (b) [16]. The leftmost solid line represents a fraction transformed of 0.05, while the 
dashed line and the following solid line are 0.50 and 0.95, respectively.

The TTT diagrams give the relation between annealing time and temperature to achieve a 
certain L10 fraction in the layer. The FePt alloy composition affects the phase 
transformation kinetics. Figure 1.4-a shows that for Fe-rich layers the phase 
transformation, at a given temperature, starts earlier than for the Pt-rich samples. The 
“nose” position is shifted, for higher Fe concentration, to temperatures close to the steady-
state transformation temperature shown in the binary alloy phase diagram (Figure 1.3) 
indicating lower L10 nuclei density. At 300°C the time required to have 95% volume 
fraction transformed is ~ 103 s for Fe rich specimen and increases to ~ 105 s for Pt rich. 

The model transfer to thin films is done by introducing surface constraints. The medium is 
not anymore infinitely large and the surface causes a reduction of the growth 
dimensionally forcing the L10 domain growth in the direction parallel to the film surface.
Thus, the phase transformation is much slower than in the bulk case (see Figure 1.4-b): at 
300°C the time required for 95% transformed fraction increases to ~167 h and to ~ 108 s 
(~3 years and 2 months) for Fe rich and Pt rich layers, respectively. A similar approach is 
applied to calculate the TTT diagrams for FePt nanoparticles. Supposing the nanoparticles 
isolated, the disorder-order transformation will occur only in nanoparticles having a L10

nucleus, resulting in a partial magnetic media transformation.
The long time required for annealing conditions close to industrial manufacturing 
temperatures can be explained considering the value for the activation energy

1.7 eVQ � [17, 29] for the ordering transformation, expressing the diffusivity D(T) by:
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� � 0 exp
B

QD T D
k T

� �
� �� �

� �
(1.4)

where D0 is a characteristic of the material. Rennhofer et al. [29] measured a value of 
(3.45 ± 0.44) × 10-13 m2/s for D0 for Fe diffusion along the c-axis. It is possible to estimate 
an annealing temperature of 630°C (for an annealing time tA = 600 s) to obtain a diffusion 

length � �diff Al D T t� for Fe of 3.7 Å, close to the unit cell dimension

The annealing conditions before described are clearly not applicable to a real industry 
production. Thus, intensive studies were performed to lower the transition temperature 
without losing the peculiar magnetic properties of the L10 FePt phase.

Copper doping is one of the most investigated methods to decrease the ordering 
temperature [16, 28, 30 - 33]. Cu is supposed to form a solid solution with FePt. Maeda et 
al. [ 32] claimed that the addition of 15 % of Cu, during deposition at RT, caused a strong 
decrease of the transformation activation energy giving highly ordered layers after 
annealing at 300°C for 1h with coercive field HC = 0.5 T. Cu doping revealed to have the 
same effect as Fe in reducing the transformation temperature in equiatomic FePt layers [16, 
30]. In particular, Wierman et al. [30, 33] attributed the decrease of the ordering 
temperature and rate to the formation of in-plane residual stress caused by Cu/Fe doping. A 
similar approach is investigated by Lai et al. [31] with the addition of a Cu underlayer 
(100 nm), forming Cu3Si during annealing that is introducing in-plane tensile stress in the 
FePt layer supporting the formation of the hard ferromagnetic phase at 300°C.

As another approach, ion irradiation [34 - 39] was performed in order to create vacancies 
in as-deposited layers. He ions were implanted at energies between 30 and 130 keV and 
fluences of 1 to 4 × 1016 ions/cm2, during irradiation the sample was heated at 280°C. The 
irradiation parameters were chosen in order to minimize displacement cascades, limiting 
recoils formation to 1 – 3 interatomic distances and ensuring that all He ions will stop into 
the substrate. The formation of the L10 phase in MBE grown FePt layers is obtained at the 
irradiation temperature and justified with an increase of atom mobility because of 
vacancies creation during irradiation. 

In order to reduce the atomic rearrangement path, during annealing, to an atomistic scale 
sequential depositions of multiple Fe/Pt stacks [10, 35, 40 - 42] were investigated. It is 
fundamental to notice the crucial importance of the growing process based on the 
increasing of the probability to realize a structure that emulates the desiderate L10 phase 
already during layer growth. The annealing temperature to achieve the L10 phase was, in 
most cases, around 550°C.

Our study related to the A1 to L10 phase transformation phase is described in chapter 5.
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1.3. Generation of the (001) preferential orientation in FePt
L10 layers

Because the magnetic moment is naturally aligned along the c-axis, it is necessary 
to force a (001) preferential orientation to the L10 layer on a substrate to fulfill the request 
of perpendicular recording media. One of the most commonly used methods is 
heteroepitaxy growth of FePt films on suitable crystalline substrates or buffer layers. A 
schematic explanation of this method is shown in figure 1.5.

Figure 1.5: Heteroepitaxy growth: I) before aS = cS > aL= cL and II) after deposition: a’L > aL; c’L
< cL .

When the FePt layer is deposited on a crystalline substrate with a certain lattice misfit
� �S L Sa a a� � � , the lattice constants of the film will expand or contract to merge the 

lattice constants of the substrate. When the misfit is negative, aL < aS, the layer lattice 
constants will be expanded in the in-plane direction and shrunk along the film normal, as 
the tetragonal distortion that occurs in the A1 to L10 phase transformation. Therefore, stress 
induced by lattice misfit is supporting the reduction of the disorder – order transformation 
temperature.

Several combinations have been investigated: from (001) MgO single crystal 
(misfit ~ 8.86%) [an extensive study in references 40, 43, 44] to buffer layers as Ag [45 -
47], Cu [47 - 50] and Pt [51]. A complete study was carried out on Cr [20] and its alloys 
[52 - 56]. The Cr (002) plane has atomic arrangement close to the FePt (001), an epitaxial 
relationship Cr(002)[110]||FePt(001)[100] supports the (001) FePt preferential orientation. 
The lattice misfit between Cr (002) and FePt (001) is 5.8% [54] and can be further 
optimized by the use of the opportune Cr alloy. At this purpose, different elements have 
been investigated: Mo, W, Ti, but the best results were found with Cr90Ru10 alloy having a
misfit of 6.5%: in this condition it was observed the L10 phase after depositions at 300°C
[54].

It is also possible to force the (001) FePt preferential orientation without the use of a 
crystalline substrate or buffer layer: if, already during deposition, a structure close to the 
(001) L10 phase is created by sequential deposition of Fe and Pt thin films [10, 35, 40 - 42]. 
This methodology is suitable for layers deposited by MBE [35]. The final (001) 
preferential orientation depends on the creation of directional short range order (DSRO) 
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area that will grow during annealing [35]. The preferential orientation appears to be related 
to the configuration of nearly monoatomic layers controlled by the annealing time [40].

In this thesis it will be described the effect of the deposition technique, comparing co-
sputtering and layer – by – layer growing methodology, in relation with the growing 
conditions such as sputtering gas and pressure (Chapter 6).

1.4. Nanoclusters formation
Nanoclusters with diameters from 1 to 10 nm have been of increasing interest, 

especially in the last years, because of an enhancement of their magnetic properties at 
decreasing size. For example, at temperatures below 120 K, small nanoclusters of Fe 
(between 25 and 130 atoms) showed magnetic moment of about 3 �B, considerably higher 
than the bulk Fe (2.2 �B) [57]. The developed of high density magnetic recording media to 
1 Tbit/cm2 imposes grain size to about 8 nm [57], therefore nanoclusters of high Ku

materials are indicated as ideal candidate for this application. Sun at al. [13, 14, 58] 
prepared FePt nanoparticles with a very uniform particle size and narrow size distribution 
via chemical synthesis, but this procedure does not prevent clusters coalescence during 
annealing. A more suitable technique is to realize FePt nanocomposite films consisting in 
FePt grains dispersed in a paramagnetic matrix, acting as magnetic barrier. The most 
common way is to realize a multilayer structure consists in subsequent stacking films of 
the paramagnetic material and FePt: during annealing the additive will diffuse at the FePt 
grain boundaries forcing the FePt cluster formation. This effect is related to different
surface energies between the “matrix” and FePt that ensure that the additive is not included 
in the FePt clusters. Carbon was investigated [59, 60] because of its properties as solid 
lubricant in decreasing the friction between the recording media and the writing head. The 
use of an insulating matrix, such as MgO, Al2O3, BN or SiO2 [10, 61 - 69] provide well 
separated nanoislands with an average size between 20 and 100 nm, according to the 
fraction of insulating matrix, after annealing between 400 and 700°C. A very suitable 
matrix material has been identified in Ag [11, 12, 70 - 73], having surface energy of 
~ 7.11×1014 eV / cm2 [74] smaller than FePt (~ 1.31×1015 eV / cm2 [75]). From a 
multilayer such as FePt (2-12 nm) / Ag (0.25-4 nm) deposited on MgO, FePt L10

nanoislands were obtained after annealing at temperatures above 400°C. 

In this work, the role of the Ag thickness in FePt formation and growth at 400°C will be 
investigated by GIXSAS investigations (chapter 7.2).

A more exotic route is to enhance the deposition gas pressure in order to increase the 
oblique component of the atom stream, enhancing atomic shadowing and, as a 
consequence, clustering during growth. Y. Itoh et al. [76, 77] investigated different FePt 
multilayer stacking sequences deposited at 1.2 Pa, for a total layer thickness below 3 nm. 
They obtained partially isolated FePt L10 grains, with average size of ~ 17 nm, after RTA 
at 500°C. This methodology will be investigated in this thesis (paragraph 7.1) as well.
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2. The deposition process
In the following paragraphs, a brief description of the magnetron sputtering 

technique will be given, accompanied by few basic notions of plasma properties and 
particle transport into plasma needed to understand the influence of different deposition 
parameters on film morphology and physical properties.

2.1. Basic plasma notions
“A plasma is a quasi neutral gas of charged and neutral particles which exhibits 

collective behaviour” [78]. The quasineutrality rises up from the plasma ability to shield 
electric potentials with the creation of sheaths, a positive charged layer (see Figure 2.1).

The sheath thickness ds is measured by the Debye length

0
2
e

D
e

kT
n e
�

� � , with 2s Dd n n�� � � (2.1)

Only the electron contributions, Te and ne, are used to calculate �D, being electrons more
mobile than ions and hence responsible of sheath formation. For example: for kTe = 1 eV 
and ne = 109 cm-3 � �D = 0.25 mm. The condition that the system dimension d is much 
larger than ds ensures that the bulk plasma is unperturbed form local charge concentrations 
and external electric potentials. The amount of particles in the Debye sphere, the 
interaction volume of every charge with all other charged particles, is the plasma 
parameter 34

3 DDN n� �� � � , depending on n, the plasma density, it expresses the collective 

plasma behaviour for ND » 1.

Figure 2.1: A plasma sheath: the behaviours of the densities ni and ne, the potential � and electric 
field Eacc are shown [79].
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Conservation laws can be described by the Boltzmann equation of motion for each particle 
[78 - 80]:

, colle i

f ff f
t m t
� �

� �� � �� �
� �r v

Fv (2.2)

where f(r,v,t) is the distribution function in the six-dimensional phase space (r,v) of 
particle positions and velocities and the right side term takes into account particle 
collisions.

Because of the complicated plasma behaviour, sustained in steady conditions by a 
continuous ionization of gas atoms by electrons, compensating the charge loss at the 
plasma boundaries or by recombination ( e in n n� � ), it is necessary to apply some 
simplified models to derive main plasma parameters from equation (2.2). In particular, 
macroscopic quantities must be defined by making an average over the particle velocity 
coordinates, reducing the dependency to three spatial coordinates and the time. For the 
mean velocity and the mean kinetic energy this will be:

( , , )v f t d� �� v r v v ,  21 ( , , )
2

m f t d� � v r v vE . (2.3)

These equations must be solved for each particle species to obtain plasma parameters. This 
can be done assuming a Maxwellian distribution for the function f(r,v,t):

� �
3 22

exp
2 2

m mvf
kT kT�

� �� �� �� �� �
� � � �

v . (2.4)

This condition implies that the considered particle ensemble must be in thermal 
equilibrium at the temperature T with itself.

In plasmas generated by low pressure discharges, particles are almost never in thermal 
equilibrium between each other. Applied potentials will mainly affect electron motions 
while ions will exchange energy with the background gas atoms. The number of particle 
collisions will not be large enough to ensure thermalization between ions, electrons and 
neutrals, leading to Te » Ti ~ Tg.

Under the Maxwellian distribution hypothesis the macroscopic quantities become:

8kTv
m�

� ,  3
2

kT�E (2.5)

The Maxwellian distribution can be expressed in term of energy:

� � � � 2g d f v v dv�E E ,  � � � �
3

22 expg kT
kT�

� � �� �� �
� �

EE E . (2.6)

and the electron density ne and the average electron energy will be:
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The main characteristics of low pressure plasma are the electron and ion temperatures, the 
electron and ion densities and the plasma potential. These quantities can be derived from 
Langmuir probe measurements (Appendix E) as a function of the experimental conditions. 

2.2. DC glow discharges
A glow discharge can be generated in a vacuum chamber containing an opportune 

gas by applying a dc potential Vdc between two electrodes at a distance d. If peculiar 
conditions of pressure p, distance d and voltage Vdc are realized, the gas will be ionized by 
free electrons that, accelerated away from the cathode, will acquire enough energy to 
overcome gas ionization barriers Eiz (Ar: 15.8 eV and Xe: 12.1 eV) [81] and ignite a 
plasma.

The breakdown voltage Vb as a function of the product pd – known as Paschen curve - is a 
characteristic parameter of the dc discharge process to ignite the plasma:

� � 1ln ln ln 1
b

se

B pdV
A pd �

�
�

� �� �� � �� �� �� �� �
(2.8)

Vb strongly depends from the gas pressure but only slightly from the electrodes material
through the secondary electron coefficient �se; for Ar and Xe gases the Paschen curves are

plotted in Figure. 2.2. There is a limit value for � �1 ln 1 1 sepd A �� � �� � �� � below which the 

plasma cannot ignited.

Figure 2.2: An example for Paschen curves: Ar and Xe are compared. (AAr = 0.087 cm-1 Pa-1, 
BAr = 1.323 cm-1 Pa-1; AXe = 0.180 cm-1 Pa-1 , BXe = 2.481 cm-1 Pa-1) [79].

Ions will be accelerated across the sheath towards the cathode (target) and hit that with an 
energy E0 = C·e·Vdc, where C is a constant, depending from the pressure. For collisionless 
sheaths, C is close to unity, i.e. the energy of the incident ions corresponds directly to the 
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target voltage, which is valid for all working pressures here considered (sheath thickness �
1 mm) [82]. Keller et al. [83] indicated a value of 7.3 Pa·cm at which it was observed a 
mean ion energy of about 0.75 time the target applied voltage Vdc.

Electrons will be repulsed from the cathode causing a lack of electrons close to the target: a 
positive charged area, the cathode fall or Crookes dark space, is created, where most of the 
voltage drops. To sustain the plasma, it is fundamental to provide charge carriers for 
current continuity across the sheath. Secondary electrons, emitted after ion impacts with 
target surface, are fundamental to sustain the current trough the dark space.

Considering that the electron current density j(z) can be expressed by:

( ) ( )e e accj z e n z E�� � � � (2.9)

where ne(z) is the electron density and Eacc is the accelerating electric field along z.

For current continuity, j(z) must be equal to the ion current at the sheath edge:

( )i s s Bj d e n u� � � (2.10)

where uB is the Bohm velocity B e iu kT m� (the minimum ion velocity for sheath 

formation ~ 105 cm/s [79]), depending on the electron temperature Te. ns represents the 
charge density at the sheath edge, where � � � �e s i s sn d n d n� � is assumed. Under these 

conditions, the ion velocity at the sheath edge uB results to be, for Ar discharges, one order 
of magnitude lower than the electron drift velocity e e accv E�� � ~ 106 cm/s [79].

In common magnetron sputtering deposition processes characterised by ion energies below 
1 keV, secondary electron emission is caused by Auger neutralization process of impacting 
ions followed by Auger emission of an electron from near surface target atoms [79]. It is 
possible to calculate the secondary emission coefficient �se, for clean surfaces and with an 
accuracy of 50%, by an empirical expression [84]:

� �0.016 2se iz �� � �E E (2.11)

valid in the case of � �2 0iz �� �E E , where E� is the work function of the target material. 

The secondary emission coefficient can be approximated to 0.1 in Ar discharges for both 
elements and is decreasing to 0.02 and 0.06 for Pt and Fe in a Xe discharge, respectively. 
These values are independently from the incident ion energies below 1 keV [84].

Secondary electrons emitted from the cathode are accelerated towards the anode ionizing 
the gas atoms and producing gas neutral atoms that, returning into the ground state by
emitting photons, will be responsible for the glowing of the plasma. At the cathode sheath 
edge, electrons had enough energy to carry the current through the dark space but they 
must be retarded to create plasma like conditions. This occurs in an area of high ionization 
and excitation, where electrons will lose their energy by collisions. This negative charged 
area is called negative glow. 
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The ions are accelerated at the sheath edge at the Bohm velocity by the plasma potential Vpl

that has the following expression:

2
e

pl
kTV

e
� (2.12)

The usual set-up for dc glow discharges, used for magnetron sputter depositions, is the 
parallel plate configuration (Figure 2.3).

Figure 2.3: Dc discharge: planar magnetron discharge [79]

To increase the sputtering efficiency at low voltage and low gas pressure, a magnetic field 
is used to trap secondary electrons close to the cathode, enhancing the ionization process.
For this purpose, permanent magnets are posed behind the target. When Vdc is applied, the 
high amount of trapped electrons generates a region of enhanced ionization and excitation 
causing a bright circular glow with radius R and width w (Figure 2.3). Ions will not be 
trapped by the magnetic field because of the higher mass. The target will not be completely
sputtered but a ring will be eroded proportional to the magnetic field line curvature and to 
the electron Larmor radius rce, which is independent from the target material.

In a low pressure plasma, and therefore in collisionless sheaths in steady state conditions,
the ion current density can be estimated from the Child law for a space-charged-limited 
current [79]:
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V Iej
m d Rw

�
�

� � (2.13)

A special challenge for magnetron sputtering is to deposit highly coercive magnetic 
materials such iron, nickel etc. This metal invariably absorbs a portion of the magnetic 
field which controls the process and inhibits maximum performances. An empirical 
solution has been to decrease the thickness of Fe target to 0.4 mm, in agreement with 
reference [85].
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2.3. Sputtering
Dc glow discharges are used for deposition of metals or doped semiconductors via 

the sputtering process. Thereby, the target is integrated into the cathode which is 
negatively biased at a potential of typical several hundred volts. Energetic gas ions (Ar+, 
Xe+), hitting the target surface, transfer their energy to target atoms via electronic and 
nuclear interactions which includes a collision cascade of knock-on target atoms. A general 
schema of possible effects during ion impact is shown in Figure 2.4-a.

Figure 2.4: a) Interaction due to ion bombardment [86]; b) a sputtering event [87]

An ion will remove atoms from the target (sputtering) if the energy transferred to a surface 
atom within a collision cascade exceeds the surface binding energy [87]. A schematic 
presentation of sputtering in the linear cascade regime is given in Figure 2.4-b. The amount 
of sputtered atoms per incident ion is defined as sputtering yield ysp, which mainly depends 
on nuclear stopping cross section � �0nS E , the target surface binding energy Us and the ion 

incidence angle �i, with respect to the target surface normal. Following the sputtering 
theory developed by Sigmund [88] and Yamamura [89], the sputtering yield can be 
described within a wide energy range by:

� � � � � �
� �

0 00.042
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sp T i n th
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� �

�
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(2.14)

jsp and ji denote the fluxes of the sputtered atoms and incident ions, respectively. Eth is the 
threshold energy for sputtering (Eth is equal to 22.6 eV and 32.2 eV for Fe; 23.4 eV and 
34.1 eV for Pt impacted by Ar and Xe, respectively [90]). For polycrystalline materials, the 
heat of sublimation is usually substituted to Us [91]. The nuclear stopping cross section 

� �0nS E of the incoming ion in the target determines the ion energy dependence of the 

sputtering yield and its complete expression is reported in Appendix A, together with the 
correction factors � �T im m� and � �0th� E E .

The energy distribution of the sputtered atoms follows a modified Thompson distribution 
[92], where the exponent m takes into account the influence of the collision cascade 
characteristics [91, 93]:
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A good agreement between simulation and experimental data for Eo < 1 keV is obtained
with m � 0.17 [93] which describes something in between a linear cascade and a single 
knocking cascade [90]. � �, sf UE has a maximum for � �2 2M sU m� �E and scales like 

� �2 2m� �E for E » Us, its mean value can be calculated for 0� � and E0 » Eth [94]:

� �02 ln 1.5s thU � �� � �� �E E E . (2.16)

The angular distribution of the sputtered particles f(�) depends from the incident ion 
energy E0, the angle �i and the ion/target mass ratio. A realistic description for the incident 
ions angular distribution is quite complicated, as the sputtering setup, the target surface 
quality and also its erosion during sputtering are of significant influence. The cosine 
dependence given in equation (2.15), valid for normal incidence, is a consequence of the 
assumption of an isotropic cascade, but, for low incident energies and light elements, it has 
been found a deviation towards a sin2� behaviour [95].

A gas ion, impacting the target surface, could be immediately neutralized and, if mi < mT, 
could be backscattered. This effect is particularly important for sputtering of heavy 
element targets with light ions (e.g. Ar+�Pt) and the probability that this occurs is 
proportional to the ratio mT/mi. The energy carried by reflected gas neutrals usually achieve 
high values in comparison to the kinetic energies of other particles involved in the 
sputtering process. For Ar+ sputtering, the energy reflection coefficient RE and the fraction
of reflected particles RN has been determined by Drüsedau et al. [96] as function of the
incident ion and target masses to

,   T i T i
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N

m m m mR R
m m

� �
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� � � �

E
E

(2.17)

where the parameters mN, mE, �, � where determined from experimental data for Ar 
discharges to: 806 amu, 775 amu, 0.59 and 1.26Nm m � �� � � �E [96].

The mean energy of the reflected neutrals can be calculated by [96]:

0refl T
r� �E E Nwith r R R� E . (2.18)

The formulas described in this chapter enable to estimate main sputtering values valid for 
the conditions used in this work. It shows that for a typical sputter yield � 0.5 – 1.5 the 
mean energy of sputtered atoms is between 5-10 eV, whereas reflected gas neutrals can 
exhibit energies even more than 100 eV for the case of Pt sputtered by Ar ions. In detail, 
yields for sputtering and neutral reflection as well as the corresponding energy 
distributions were simulated by the computer program TRIDYN [97, 98] and the results 
will be discussed in chapters 6-8.
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2.4. Energy flux during magnetron sputtering deposition 
onto the substrate
The morphology and the physical properties of magnetron sputtered films strongly 

depend on the energy distribution of atoms and ions impacting the substrate. To model the 
energy transfer the following processes have to be considered [83]:

� sputtering

� transport of sputtered atoms and backscattered gas atoms from the target

� re-emission of deposited material from the substrate by energetic particle impact

The total energy, per deposited atom, is the sum of different contributions [96]:

tot s at refl plU� � � �E E E E (2.19)

valid under the assumption of an equal angular distribution of the sputtered atom and 
backscattered gas neutral. The first and the second terms are the FePt surface binding 
energy and the average kinetic energy of the sputtered atoms at the substrate, respectively. 
The third represents the contribution of the reflected neutrals (per sputtered atom) and the 
last one is the contribution of the plasma irradiation, estimated by Thornton [99] to

5.33pl spy�E in eV and ysp in atom/ion, for each sputtered atom. 

From the target to the substrate the sputtered and the reflected gas atoms will suffer 
collisions decreasing their kinetic energy. There are two main particles transport 
categories: streaming (ballistic transport) and diffusing (thermalized particles). In the first 
case the main momentum component is perpendicular to the substrate and remains 
unchanged during scattering, while for diffuse transport the final momentum of particles 
arriving at the substrate is randomly distributed [100]. On the other side, considering just 
thermalized particles means that all the sputtered atoms had suffered at least one large 
angle scattering collision. Petrov et al. [82] identified a gas pressure range for the 
crossover between ballistic and diffusion transport. These results, for a Vanadium target at 
d = 10 cm from the substrate, underline as the thermal diffusion fraction becomes 
predominant already at pressures greater than 0.2 Pa for Xe and 0.7 Pa for Ar.

The mean free path �p is proportional to the gas working pressure p and the collision cross 
section �:

p
kT
p

�
�

� . (2.20)

The collision cross section is energy dependent and it can be approximated by [100]:
0.29
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(2.21)
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with EkT, considered to be equal to 1 eV. The decrease of ( )� E with energy is due to the 
fact that the repulsive part of the pair potential of atoms is of finite slope rather than 
infinite, like in the classical hard sphere model [101].

For E < EkT the particle is supposed to be thermalized and � can be calculated by [100,
102]:

� �2 1( ) 1kT sp gr r
M

� �� � �E (2.22)

with g spM m m� , where msp is the sputtered atom mass equal to mT. rsp and rg are the 

atomic radii of the sputtered and thermalized deposition gas, respectively.

The average ratio of the final energy Ef to the initial one Ei after one single collision,
assuming an average value between all the minimum approach parameters, can be 
expressed as [102, 103]:
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Considering a sputtered atom travelling through a distance d, the average lost energy 
fraction will be:
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The third component that must be analysed in equation (2.19) is the scattering of fast 
reflected gas atoms at background gas atoms. Due to the same mass a significant amount of 
energy and forward momentum loss can be expected.

To evaluate the reflected neural energy impacting the substrate, the relation introduced by 
Robinson [101] and Somekh [104] can be applied, as suggested by Drüsedau et al. [105]:

� �exprefl refl T
c pd� � �E E (2.25)

where refl T
E is the mean energy after reflection at the target. Somekh [104] calculated 

values for the constant c to 0.12 (Pa cm)-1 [105] and 0.28 (Pa cm)-1 for Ar – Ar and Xe –
Xe collisions, respectively. The influence of different contributions to the total energy 

depends on the ratio between the mass of the sputtering gas and the target element: for 
heavy target materials sputtered with light gases the total energy is mainly due to the 
reflected gas neutrals.

The fourth point, from the model to describe magnetron sputtering deposition process,
concerns the re-emission of material from the substrate because of energetic particle 
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impacts. At low pressures ( 4 Pa cmp d� � � ), this effect is mainly dominated by the 
temperature dependent sticking coefficient of the sputtered material on the substrate [83].

2.5. Effects of deposition parameters on layer properties
An intensive study about the influence of the adatom mobility, during deposition, 

was conducted first by Movchan and Demchishin [106] and then by Thornton et al. [107, 
108, 109], developing a Structure Zone Model (SZM) to predict layer morphology and 
structure as a function of the reduced deposition temperature mT T , where T is the 
deposition temperature and Tm is the melting temperature of the target material.

Figure 2.5: Messier’s SZM [112]. The investigated parameters are: reduced temperature, pressure 
during deposition and particle energy impacting the substrate.

The Thornton’s SZM takes into account only the thermal activated adatom mobility, while 
the dependence from the gas pressure and the energy bombardment was introduced by 
Messier et al. [110, 111, 112] together with an additional transition Zone, M, ideal for 
sculptured thin film growing. This model is reported in Figure 2.5. If considering only the 
thermally activated adatom mobility, for 0.3mT T � , layers belong to Zone 1. Films are 
characterized by tapered crystallites forming columns shape grains separated by voids. The 
film top surface looks like a “cauliflower” as the result of the random ballistic aggregation 
and atomic self shadowing that leads to clustering. The layer density is strongly reduced 
with respect to the bulk one due to voids up to 30% of the total film volume [109].

With decreasing gas pressure, the growing layer is bombarded by more energetic particles 
that stimulate adatom mobility. It is possible to move from Zone 1 (negligible energetic 
bombardment) to zone M (with low energy bombardment) and to zone T (high energy
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bombardment). If the energy impacting the surface is between 4 and 10 eV the layer will 
have a dome-shaped surface belonging to the Zone M. The growth under intermediate 
energy bombardment conditions can lead to 1 – 10 nm clusters that evolve in columns of 
20 – 200 nm. When ions from the plasma or fast neutrals have sufficient energy to break 
atomic bonds (Fe, Pt heat of sublimation � 5 eV), the bombardment induced adatom 
mobility takes place. Energetic bombardment will generate compressive stress in the layer 
and material redistribution during deposition which leads to hard and chemically inert 
layers with very smooth surfaces.

Moreover, high energetic particles (ions or neutrals) can generate vacancies in the growing 
film. Considering that the average displacement energy Ed is � 17 eV for Fe and � 33 eV 
for Pt [91], a stable Frenkel pair will be generated if TM>Ed, where TM is the maximum 
energy transferable in one elastic collision (the suffix inc indicates the incident particle):

� �
4 T inc

M inc
inc T

m mT
m m

�
�

E (2.26)

The term � � � �4 T inc inc Tm m m m� ��� � is called the energy transfer factor, which has a 

maximum of unity when minc = mT.

From calorimetric studies, Barmak et al. [17] identified that the disorder - order 
transformation in the 50 – 50 FePt system is exothermic, characterized by an enthalpy of 
transformation of �H = (-10.2 � 1.2) kJ/g-atom, with an activation energy of 
Q = (1.7 � 0.1) eV, which is considerably larger than the activation energy for grain 
growth �H = -0.22 kJ/g-atom [43]. Therefore, during annealing, grain growth will be 
favourite to layer phase transformation. 

This situation can be changed by increasing the atom mobility in the layer. Bernas et al.
[35], with a comparative study on He+ irradiation of FePt layers and Molecular Dynamics 
(MD) simulations, pointed out that the disorder – order transformation is strongly 
supported by vacancies motion (vacancies become mobile in metals at temperatures 
� 250°C). To support the layer growth with high energetic projectile particles can 
introduce point defects, in the as-deposited films, increasing Fe and Pt diffusivity and
reducing the disorder – order transformation temperature.
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3. Experimental set-up
In this work FePt was grown by dc magnetron sputtering. In this chapter are 

described the set-ups used for ex-situ and in-situ (under X-ray scattering investigations) 
depositions. RT deposited layers are annealed to obtain the strong ferromagnetic L10 phase. 
The thermal treatments are accomplished in different furnaces described in paragraph 3.3.

3.1. The magnetron deposition chamber 
A sketch of the vacuum chamber for magnetron sputter deposition is shown in

Figure 3.1. The particular geometry of this set-up derives from the need of testing the 
growing parameters in the same conditions as during in-situ X-ray scattering investigations 
at the synchrotron (paragraphs 3.2, 4.2.4). Therefore the chamber is designed to fit in the 
six-circle goniometer of the ROBL beam line (paragraph 4.2.4).

Figure 3.1: Overview of the deposition chamber: left side) front view, right side) section A-A.

The chamber is equipped with two commercial magnetron sources for 1” diameter targets 
(see Figure 3.2) tilted 30° away from the substrate surface normal at a target-to-substrate 
distance of 100 mm. The sputtering gas inlets are located close to the targets, separately for 
each magnetron. Air-pressure-controlled shutters are placed in front of the magnetron 
chimneys. Below the target a crown of NdB permanent magnets assure a magnetic field H0

in the order of 20 mT measured at 5 mm along the normal at the target surface.

According to the different targets (Fe, Pt, Ag) sputter yields and discharge pressures, the 
magnetrons were run with various dc powers in order to obtain FePt films of
(50 � 5) at. % in composition, at low deposition rates (� 0.5 Å/s). As pointed out in 
paragraph 2.2, Fe targets only (0.4 � 0.1) mm thick must be used for the present magnetron 
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configuration. Thus, the magnetron power of the Fe target had to be re-adjusted from time 
to time, at least for each new Fe target, to obtain the desired FePt stoichiometry.

The chamber vacuum with a base pressure below 5 � 10-4 Pa is realized by two turbo 
molecular pumps Leybold TMP-50, connected to the chamber by throttle valves. The 
sputter gases Ar (5N) or Xe (6N) is introduced via a mass flow controller and kept constant 
during the whole deposition time. To investigate the effect of the working pressure on the 
layer morphology and physical properties, Ar or Xe gas discharges at 0.3 Pa and 3.0 Pa has 
been compared. The pressure was measured with a PFEIFFER compact capacitance gauge 
CMR 274 that ensure pressure measurements independent from gas type. 

Layers were grown at room temperature (RT) or at the temperatures between 300 and 
450°C controlled by a K-type thermocouple firmly touching the substrate surface.

All films were deposited on 15 � 15 mm2 a-SiO2 (1.5 µm or 500 nm) / Si (100) substrates. 
The lower thickness of a-SiO2 was used to decrease the intensity of the a-SiO2 near-order 
signal in the X-ray diffraction pattern in order to improve the detection and analysis of the 
FePt L10 phase by superstructure peaks (see Appendix D).

In Table 3-1 the main deposition schemes are summarized. Detailed deposition parameters 
will be specified later, according to the different experiments.

Figure 3.2: Picture of Stiletto ST-10 magnetron source (left), commercially available from AJA 
International [114] and a detail of the target mounting (right).

Film type Deposition technique Magnetron 1 Magnetron 2 Gas Pressure (Pa)

FePt Co-sputtering Fe (3.5N) Pt (5N) Ar, Xe 0.3, 3

FePt Multilayer deposition Fe (3.5N) Pt (5N) Ar, Xe 0.3, 3

FePt / Ag Multilayer deposition Ag (5N) Fe50Pt50 (5N) Ar 0.3

Table 3-1: Deposition schemes and magnetron configurations. The target purity is indicated in 
brackets.
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3.2. The magnetron deposition chamber used for in-situ
investigations at ROBL
In-situ X-ray investigations have been performed at ROBL (BM20), the FZD 

beamline, situated at one of the bending magnets of the European Synchrotron Research 
Facility (ESRF) in France [115]. The possibility to tune the X-ray energy, to reduce air 
scattering and absorption and the high brilliance of the synchrotron source enabled in-situ
studies of FePt phase transformation and films growth by different X-ray scattering 
techniques. For that reason a deposition chamber has been designed [116] (Figure 3.3-a), 
providing X-ray access through Be windows of 71° in the in-plane and 52° in the out-of-
plane direction (see Figure 3.3-b).

Figure 3.3: Deposition chamber mounted into the six-circle diffractometer of ROBL (front view-
detector side), left. Scheme of the accessible angles in the coplanar scattering geometry (top right) 
and in the non-coplanar one (bottom right).

The magnetron sputtering setup is identical to that described in the previous chapter. The 
deposition equipment is held by the � goniometer arm (see Figure 3.3-a) of the Huber six-
circle goniometer of the materials research station. The weight of the whole setup is 
limited to 20 kg in order to keep the high precision of the goniometer settings of 0.001°. 
Sample alignment is achieved by � 7 mm vertical movement of substrate holder driven by 
an external stepper motor connected with a precision slide. Substrate heating was realized 
by a BORALECTRIC¦ heater [117], integrated into the sample stage, the temperature is 
measured by a K-type thermocouple connected with an EUROTHERM controller. Sample 
surface temperature is monitored during processing by another K-type thermocouple firmly 
touching the substrate surface.
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3.3. Annealing processes 
FePt films deposited at room temperature usually exhibit the soft magnetic A1

phase (see chapter 1). Subsequent annealing is required to obtain the strong ferromagnetic 
L10 phase. Three different annealing equipments have been used in this work which will be 
briefly described in the following sections.

3.3.1. Ex-situ vacuum annealing chamber at FZD

Ex-situ annealing was carried out at FZD in an ultra-high vacuum (UHV) 
chamber. The sample holder is equipped with a tungsten wire resistance heater and two 
thermocouples: an S-type controlling the heater temperature and a K-type monitoring the 
sample surface temperature (see Figure 3.4 inset). The combination of a scroll pump and a 
turbo molecular pump ensures a base pressure � 1�10-5 Pa, during annealing at 
temperatures � 700°C the pressure kept below 5�10-5 Pa.

Figure 3.4: UHV annealing chamber at FZD with a view on the sample holder (inset).

3.3.2. In-situ vacuum annealing chamber at ROBL

The UHV annealing chamber at ROBL is equipped with a hemispherical Be dome 
that allows X-ray diffraction analysis in any suitable scattering geometry during thermal 
treatments. On top of the sample holder, a BORAELECTRIC¦ heater is installed. The 
heater temperature is controlled by a Eurotherm device via a K-type thermocouple ensuring 
constant temperature for the time required for X-ray investigations. Another K-type 
thermocouple is monitoring the sample surface temperature. This value is permanently



3.3 - Annealing processes

29

measured and saved together with the X-ray analysis data. Annealing was performed at 
pressures around 1 � 10-5 Pa.

Figure 3.5: Annealing chamber at ROBL: a) view on the sample holder; b) mounted into the six-
circle diffractometer (front view-detector side).

3.3.3. Rapid thermal annealing (RTA) at FZD in Ar flow

The RTA facility XM-A4 (ADDAX) is located in the clean room at FZD. The 
furnace is equipped with two halogen lamp fields above and below the quartz sample 
holder, allowing high heating rates. The halogen lamps heating power is controlled by a 
pyrometer located below a 4” diameter Si / a-SiO2 (500 nm) wafer acting as sample holder 
for small specimens (Figure 3.6-a). A careful temperature calibration was performed to 
ensure a correct and reproducible annealing process (Figure 3.6-b). For this purpose, test 
specimens were measured as a function of the heating power by a K-type thermocouple
touching the sample surface. Annealing is performed under Ar flow (5N, 5 sccm) at 
temperatures of 550°C or 750°C for 600 s. The temperature ramp of 100°C/s was kept 
constant for all annealing treatments. The cooling rate, depending on the annealing 
conditions, remained � 15°C/s.

Figure 3.6: RTA set-up: a) view on the sample holder and annealing chamber entrance; b) 
temperature calibration curves at 550, 650 and 750°C for 600 s.
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4. Methods of investigation
4.1. X-ray scattering 

The deposited FePt layers are polycrystalline. A crystal is a lattice of points in 
which every atom is associated to a specific lattice site (Figure 4.1).

Figure 4.1: A crystal: molecules are organized on a lattice, with spacing d. a1 and a2 are the basis 
vectors describing the unit cell [118].

If rj is the position of the j’th atom in the molecule, the position of each atom in the crystal 
will be identified by the vector Rn + rj, where Rn is the position vector of each molecule in 
the crystal defined as:

1 2 3n u v w� � �R a a a (4.1)

where u, v and w are integers. a1, a2 and a3 are the basis vectors describing the unit cell: 
they identify the minimum volume of the unit cell, known as primitive unit cell. To 
describe a family of planes the Miller indices (h, k, l) were introduced, defined in the way 
that the plane closest to the origin (but not including the origin) has intercept (a1/h, a2/k, 
a3/l) on the axes (a1, a2, a3). The planes identified by Miller indices have a constant lattice 
point density and for a given family of plane they are equally spaced. It is possible to 
define the lattice spacing dhkl, given for example for a cubic lattice by:

2 2 2hkl
ad

h k l
�

� �
(4.2)

To measure such structures, having usually dimension of few Å, an opportune probe is 
required: X-rays, electromagnetic waves with wavelength in the Å range, discovered in 
1859 by W. C. Röntgen, are an invaluable tool to investigate the structure of matter.

The classical model to describe X-ray is a linearly polarized plane wave [118]:

� � � �
0, e i tt E �� � �� � � k rE r e (4.3)

where � is the unit polarisation vector and k is the wavevector along the direction of 
propagation ( 0 and 0� � � � � �e k k E k H ). From the quantum mechanical point of view, a 
X-ray beam is quantized into photons having energy �� and momentum k� : the beam 
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intensity, expressed in terms of number of photons crossing a certain area in a unit time, is 
given by the square of the electric field component, the magnitude of the field is therefore 
quantized. A numerical relation exists between the wavelength � and the photon energy in 
keV:

§ ¨
12.398Å

keV
hc� � � � �� � E E

. (4.4)

During inelastic scattering, there is an energy transfer from the incident X-ray photon to 
the electrons causing a reduction of the scattered photon energy (Compton shift). When 
only elastic scattering is considered, the energy transfer is neglected (Thompson scattering, 
Appendix B) and the scattering event can be described by a vector equation. Here, only 
elastic scattering is considered, therefore, it is possible to define the momentum transfer 
vector, the scattering vector Q [Å-1], as:

'� �Q k k� � � (4.5)

as the difference between the final momentum 'k� and the initial k� (Figure 4.2).

Figure 4.2: X-rays elastic scattering from an atom: classical description [118] The angles are 
considered with respect to the specimen surface.

In elastic scattering the length of the scattering vectors is given by ' 2� �� �k k , and 

the difference in the phase of the scattered and incident wave is contained in the � �Im iQ r�

(Figure 4.2). Comparing the scattering amplitude of a free electron with the scattering 
amplitude from an atom, it follows that the amplitude of the wave scattered by an atom is 
the superposition of the amplitude of the scattered wave from an electron and the Fourier 
transform of the atom electron density �(r), called the atomic scattering factor � �0f Q .

The strength of the scattered field will be the integral over the all contributions –r0�(r)dr
from the single volume dr at r, with the phase ei(Q·r):

� � � � � � � �
� �
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Q Q

r r Q
Q Q

(4.6)

where r0 is the Thompson scattering length equal to 2.82 � 10-5 Å representing X-rays 
interaction with a free electron in vacuum (see Appendix B). It will be 0�Q when all the 
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atom electrons radiate in phase and ��Q when the different volumes dr are scattering 
out of phase, destructive interference.

Atom electrons occupy different orbitals; there will be a different response from the 
different electron binding energy levels. Corrections to the atomic form factor must be 
introduced taking into account these effects that reduce the atomic scattering length: f’ and 
f’’ are known as dispersion corrections to 0f . The importance of f’ and f’’ is directly 
proportional to the incident photon energy, reaching a maximum at the atom absorption 
edge energy.

Referring to Figure 4.1 and to equation (4.1), the scattering field will be described by:

( ) ( ) jii
j

j
F e f e ���© ©n

n

Q rQ R

R
Q Q (4.7)

where the first term is the lattice sum SN(Q) and the last one represents the unit cell 
structure factor (neglecting the multiplicative factor –r0).

The first term of equation (4.7) will be different from zero (contributions from the lattice to 
the scattered intensity) only in the case:

2  N�� � �Q Rn (4.8)

with N an integer, the number of unit cells.

In the reciprocal space, a crystal is described in terms of its interplanar distance and its 
symmetry. It can be construct a reciprocal lattice as a set of imaginary points, arranged in a 
way that the direction of a vector from one point to another coincides with the normal of 
the corresponding real lattice planes. The length of a vector in the reciprocal space is 
proportional to the inverse of distance of the corresponding lattice planes dhkl. 
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Any lattice position in the reciprocal space is defined by G (4.9) and in the real space by 
Rn (4.1), therefore it must be:

2  N�� � �G Rn (4.10)

that is true only if Q = G: F(Q) will not vanish only under the condition that Q (the 
scattering vector) coincides with G the reciprocal lattice vector. This is known as the Laue 
condition that underlines that strong scattering intensities ISC from a crystal are points in 
the reciprocal space. The scattered intensity is given by:
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� � � �2 *
SC N SC hklI S N V �    � � �Q Q G (4.11)

where � �* * * *
1 2 3 1SC SCV V� � � �a a a is the scattering volume in the reciprocal space. X-ray 

detectors are collecting photons, are sensitive to intensity that is proportional to the square 

of the scattered energy and as a consequence to � � 2
f Q . Therefore, the phase information 

is lost and it is not possible a direct reconstruction of the electron density function.

The Bragg’s law is giving the condition for constructive interference of waves scattering
with a lattice in the real space:

2 sinhkl Bd� �� (4.12)

where � is the Bragg angle and d is the interplanar distance. The equivalence between the 
Bragg law and Laue condition (Appendix C) establishes a relation between the points in 
the reciprocal space and the planes in the real one: for each point in the reciprocal space 
corresponds a unique set of planes in the direct lattice fulfilling the conditions:

� Ghkl is perpendicular to the plane (h,k,l)
� 2hkl hkld��G

4.2. X-ray scattering geometries
A very convenient way to represent X-ray scattering geometries makes use of the 

Ewald sphere, or Ewald circle in 2D, (Figure 4.3).

Figure 4.3: The Ewald circle where � � � �*1 1 1
2 2 21 sin 1hkl hkld d� �� � �OB [119].

This geometrical construction is build in a way that if one of the reciprocal lattice points lie 
on the circle then the Laue condition or the Bragg law are satisfied and a significant 
intensity is collected in the direction k’ (AB in Figure 4.3).



4.2 - X-ray scattering geometries

35

In this study, co-planar (the incident and the diffracted vectors lie in the same plane 
perpendicular to the surface) X-ray scattering geometries are applied to investigate FePt 
layers. The non - coplanar geometry has been used for the in-situ GISAXS experiment for 
nanoclusters evolution during deposition, it will be described in paragraph 4.2.3. The co-
planar geometry set-up is sketched in Figure 4.4. 

Figure 4.4: Co-planar X-ray scattering: the X-ray beam incidents the crystal planes with an angle 
 and it is diffracted at 2® [120].

It is useful to decompose the scattering vector components along x, y and z, putting the 
centre of the reference system in the scattering point (Figure 4.7):
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Combining the representation on the Ewald sphere and the reciprocal space lattice, X-ray 
scattering geometries can be simply represented. Symmetrical scans will be those in which 
the scattering vector Q lies on the z axis (Qx = 0), perpendicular to the sample surface with 

� �1 2 2� �� . Depending on the Q value, the X-ray analysis will be sensitive to different 

length scales in the change of the electron density.

Figure 4.5: Scattering geometry representation in the reciprocal space, for small Q values [120]: 
a) symmetrical and b) asymmetrical scans. the grey area indicates zone not accessible in which the 
incident or the scattered beam is below the specimen.
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At small Q , only a global electron density change can be detected without any sensitivity 

to a modulation due to the atoms in the lattice, thus there is no possibility to distinguish 
between amorphous and crystalline materials (Figure 4.5). At large Q , the reciprocal 

lattice points can be completely identified (Figure 4.6).

Figure 4.6: Scattering geometry representation in the reciprocal space, for large Q values [120]:
a) symmetrical and b) asymmetrical scans.

Small Q values are characterizing the following scattering geometries (Figure 4.5):

� reflectivity measurements (XRR): symmetrical scans along Qz (Figure 4.5-a),
measuring the electron density distribution of the layer, suitable to measure film 
thickness and surface and interface layer roughness

� X-ray Diffuse Scattering (DS) (Figure 4.5-b): � scans at a fixed exit angle, suitable 
to get information about the lateral interface structure of a thin film, but here we 
restrict our investigations of diffuse scattering patterns for the determination of the 
position of the critical angle for total external reflection ¯c (paragraph 4.2.1)

With large Q values the X-ray scattering investigations are usually indicated with the term 

XRD (Figure 4.6):

� � – 2� scans (Figure 4.6-a): a symmetrical scan, to detect crystallographic planes 
parallel to the layer surface

� Grazing Incidence X-ray diffraction (GIXRD) (Figure 4.6-b): 2� scans at a fixed 
incident angle, with high sensitivity to the atomic arrangement of a surface, suitable 
for phase transition detection

� � rocking curve (Figure 4.6-b): pattern collected at a fixed 2� angle, varying the X-
ray incident angle: in this way it can be evaluated, for instance, the angular 
dispersion of the planes in respect to the Bragg condition.

In this study X-ray investigations will be applied to characterise the structural properties of 
FePt layers.
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4.2.1. X-ray reflectivity, absorption and diffuse scattering
In a pure kinematical approximation there is no absorption or refraction of X-rays, 

therefore some corrections must be considered in the treatment of XRR and DS data.

The refraction of an electromagnetic wave is following the Snell’s law:

1 1 2 2cos cosn n� �� (4.14)

where n1 and n2 are the refractive indices of the air / vacuum (equal to the unit) and of the 
media, respectively; �1 and �2 the incident and refractive angle.

The X-ray refractive index is given by:

01 1
2

n i�
� �� � � � � (4.15)

� » � and � is of order of 10-5. �0 is the first term of the Fourier transform of the 
polarizability (dielectric susceptibility) [121]:

� �
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�rel is the relative permittivity. sinP �� is the linear polarization coefficient (� is the angle 
between the polarisation vector and the position vector r: P = 1 for S polarisation, where 
the polarisation vector of the incident and scattered beam are perpendicular to the 
scattering plane, for P polarisation P = sin(2�), with 2� the scattering angle).

For whatever material � �1
2 0Re� �� � < 1 therefore n < 1. For incident angles minor than 

the critical one �c, X-rays will be totally externally reflected by the media, with 

1 1 21,  and 0cn � � �� � � :
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�
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with 0� � , �c is in the order of milliradians. The critical angle is not sensitive to the 
electron arrangement and crystal structure but depends only from the mean media electron 
density.

X-ray waves are absorbed by a media: the intensity of the wave will decrease of a factor 
re �� while traversing a thickness r, where � is the linear absorption coefficient.

The absorption coefficient is directly related to the material characteristics:
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where �m is the mass density and �a is the X-ray energy dependent absorption cross 
section. An absorbed energy can generate fluorescence or electron emission (spectroscopy 
investigations). The absorption dependence is included in the imaginary part of the 
refractive index: 2k� �� . Considering the atomic scattering factor, including dispersion 

� � � �0 ' ''f f f if� � �Q Q and because of a inkre X-ray absorption dependency in the media 

(where nk is the modulus of the wavevector in a media), it can be obtained:
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An expression of the real and imaginary part of the refractive index n is, in a dynamical 
theory approach using the matrix formalism [122]:
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From the Snell’s law (4.14) and considering an infinite free surface irradiated by a plane 
wave: 

� �expi iA i �k r (4.21)

the continuity at the interface between the media and vacuum requires that the x
component of the transmitted wave vector be equal to the x component of the incident one. 
The expressions for the Fresnel’s amplitude reflectivity r and transmittivity t can be 
derived:
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The relations for the intensity R and T are the modulus square of r and t.
In a material the scattering vector Q is a complex number, therefore �c will be a complex 

number 0*c� �� � whose real part is given in equation (4.17). The transmitted wave 

decreases its amplitude with depth � � � �Re * Im ** z zz i Q z Q ziQ z
T TA e A e e� � �� � where 

� � 2 2 2 2* 2 sin sin * sin sin *z i c f cQ � � � � � �� �� � � �
� �

. The penetration depth ´ is 

defined by the thickness at which the intensity drops of 1 e and the given by:

� �
1

Im *zQ
´ � (4.23)

In Figure 4.7 an example of reflectivity measurements of FePt layers deposited on a-
SiO2 / Si(100) is reported at incident angles 4i� � µ , recorded from a synchrotron source at 
ROBL [115] at 8 keV.
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Figure 4.7: XRR measurement of FePt layer on a-SiO2 / Si(100), before and after He+ irradiation.

In the reflectivity curve it is possible to observe the presence of interference maxima, as a 
consequence of the interference between the beam reflected from the upper and from the 
lower part of the layer.

From equation (4.22) it is possible to derive the expression for the reflectivity R for a 
single layer, of thickness �, deposited on an infinite substrate (Figure 4.8):
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where r1,2 are the Fresnel reflectivity coefficients of the free surface and the substrate 
interface, respectively. kTz is the z component of the wave vector in the layer 1 equal to nkiz.

Figure 4.8: Refraction from a single layer of finite thickness �: side view [118].

Therefore, there will be a maxima every time 2 1T zike� ¶ � , obtained for the incident angle 
position �iM: 
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that gives an easy tools to measure the layer thickness, with a relation that is the Bragg law 
taking into account refraction. The thickness oscillations are called Kiessing fringes.

For i c� �� , there is an intensity increase due to set-up characteristics and sample finite 
size, the illumination correction: for very small incident angles the beam projection Abeam

can be larger than the sample size Asample, therefore the measured intensity Imeas will be 
proportional to the incident angle and has to be corrected:
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The finite size of the sample is also affecting the determination of the critical angle and, as 
a consequence, of the layer density, as:
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where d�i is the measurement goniometer step width.

For i c� �� the intensity is decreasing 4
i�
�  (or 4

zQ�  ), oscillating because of the beam 
reflected from the lower and upper part of the layer. In Figure 4.7 it is shown how the XRR 
investigations can be applied to analyze layers structure before and after irradiation. From 
the evident similarity of the three curves it comes clear that there was no damage of the 
film structure because of irradiation. It is possible to recognize oscillation fringes with high 
frequency due to the layer thickness of 70 nm associated with low frequency beats caused 
by a top layer with reduced density (~ 60 % of the bulk value) and thickness between 1 and 
3 nm in the case of the irradiation at 250°C.

The accuracy on thickness measurements depends on the measurement step width:
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where m is the number of detectable maxima inside the measurement range.

In this study, the experimental data have been simulated by the program 
RC_REF_SIM_Win [122], where the values of � and � are defined by the user and then 
elaborated on the basis of the dynamical theory, taking into account multiple reflections, to 
solve equation (4.24) using the matrix approach.

The Fresnel equations describe a specular reflectivity, in which roughness is not taken into 
account. Surface (or interface) roughness will scatter the X-ray wave locally into different 
directions producing the so called diffuse scattering that leads to a dump for �i » �c
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different than � � 4
zQ � . N�vot and Croce [123, 124] had suggested a modification of the 

reflection and transmission coefficients, for roughness with low correlation length:

� �2 22 ' 22 ' and  z zz z k kk k
Fresnel Fresnelr r e t t e �� ��� � � � (4.29)

and for a random one, a Debye-Weller-like factor can be used:
2 22 zk

Fresnelr r e ��� � (4.30)

where � is the surface roughness in rms. The N�vot and Croce approximation is the model 
implemented in the analysis program RC_REF_SIM_Win [122] to simulate surface and 
interface roughness.

These methodologies describe the vertical roughness component but give no information 
about the lateral one. At this purpose X-ray analysis at small Q value, around the specular 

beam, are suitable (Figure 4.9). The roughness can be described by a statistical model, with 
r in the plane parallel to the surface:

� � � �222 1 e rg r �� �� �� �� �� � (4.31)

h is the fractal exponent (0 < h < 1). The cutoff length � (usually called correlation length) 
has been introduce to define the boundary conditions of the self-affine behavior described 
by g(r): at an atomistic scale, for r � 0, � � 2hg r r  ; for r �� , � � 22g r �� giving the 

average rms roughness. � � � �22 e rC r �� �� is the height-height correlation function:

Figure 4.9: Sketch of the diffuse scattering: high correlation length (red lines), random roughness 
(blue lines) [124].

The correlation length � determines the shape of the diffuse scattering: smaller is � larger is 
the Gaussian component superimpose at the Lorentzian from the specular beam (Figure 
4.9). 
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For i c� �� , the transmittivity will take the value of 2 in amplitude, equation (4.22), and 
cause a strong enhancement of the diffuse intensity (for the incident and exit angles) 
leading to the Yoneda Wings [125]. The position of the Yoneda wings will be used to 
determine the �c position in this thesis.

4.2.2. X-ray diffraction 
Here are described those experiment in which the Q value is large enough to be 

sensitive to electron density modulation and to the atom arrangement inside the unit cell 
(Figure 4.6). During an X-ray diffraction experiment the integrated intensity from a Bragg 
peak will be collected by a detector, equation (4.11). It is possible to calculate, more 
precisely, the differential cross section, the number of scattered photons in 1 s, normalized 
over the incident flux, in d�:

� � � �22 *
0 SC

d r P F N V
d
�

�� � � � � �� �·� �
Q Q G (4.32)

where P is the polarization factor (appendix B). � �d d� · results to be direct proportional 

to the number of scattering centres but to the inverse of the scattering volume. Therefore, 
the intensity at the detector will be anyhow intense and sharp also in the case in which the 
Laue conditions are only closely satisfied, generating a peak of finite width. To have the 
full information about the peak shape, is necessary to perform an integration along k’ and 
�. This will lead to the introduction of correction terms (the Lorentz factor) to the final 
form of ISC, where �0 is the incident photons flux on the unit area [118]:

� �
322

0 0
1

sin 2SC
SC

I r P F N
V
�

�
� ¸ � � � � � �Q (4.33)

N represents the number of scattering centres, connecting the scattering intensity ISC with 
the specimen degree of crystallinity. This form of the scattered intensity (equation 4.33) is
valid for almost perfect crystals with perfectly aligned lattice planes. In a real case, a 
crystal could be composed by small perfect blocks with an orientation distribution around 
some average value to form a mosaic structure (figure 4.10). This will cause a spread of the 
signal collected in a �-scan along Qx around the Laue conditions Q = G. It is, therefore, 
possible to evaluate the crystal mosaicity by analysing the shape of a reflection collected 
around Q = G over an angular range large enough to capture the entire mosaic fan.



4.2.2 - X-ray diffraction

43

Figure 4.10: Sketch of a mosaic structure and of the in-plane grain size. Their effect on the FWHM 
of the (001) and (002) reflection is shown on the left side [118].

Considering equation (4.33), when the crystals are very small, N becomes small causing a 
broadening of the peak width: the peak breadth can be expressed in term of crystallite size. 
The first treatment of peak broadening due to crystallite size is due to Scherrer [126, 21, 
127]. The crystals are assumed to be free from faulting or strains, so that the peak FWHM 
is due only to crystallite size � = N·a (a is the unit cell size, figure 4.1): 

� � 0.942
cos

FWHM ��
�
�

�
´

(4.34)

The numerical factor 0.94 is connected to the Gaussian approximation done in considering 
the peak shape [21]. The Scherrer formula was derived for cubic systems but it can be 
generalized as an approximation of the average crystal size, perpendicular to the reflecting 
planes, also for not cubic lattices. Unfortunately, several are the effects that cause a wider 
broadening of the peak FWHM, such as slit widths, sample size, X-ray penetration, 
imperfect focusing, unresolved �1 and �2 peaks. All these source of broadening are usually 
called “instrumental broadening”. To correct the instrumental broadening is necessary to 
analyse a standard in the exactly identical conditions applied to investigate the unknown 
sample. The standard must be of the same “nature” of the specimen but having grains large 
enough to eliminate the particle-size contribution to the peak shape. Indicating with h(x)
the experimental curve from the sample under investigation, f(y) the curve obtained 
considering only the particle-size contribution and g(z) the instrumental contribution, h(x)
can be obtained by solving the convolution integral [21]:

� � � � � �1h x g z f x z dz
A

� �� (4.35)

where A is the area underneath the f(y) curve. The procedure to solve the integral of 
equation (4.36) imply the choice of a model to describe the three curves involved, such as 
Gaussian or Cauchy shape, but this is hardly applicable to real cases in which the curves 
are never “pure Gaussian” and vary with the sample. Moreover, the identification and 
production of a reliable standard is quite difficult. For all these reasons, this procedure for 
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error correction to the grain size determination, via Scherrer formula, was not applied in 
this study, preferring to consider the particle size, here calculate, not as an absolute value 
but as a useful comparing scale of the layer structure.

Most of the X-ray scattering investigations applied in this study are performed with the 
same diffractometer (paragraph 4.2.4) and under the same resolution set-up; therefore, it 
will not be taken into account the instrumental resolution function considering the integral 
area of the diffraction peak as a direct indicator of the degree of crystallinity of the layer.

In real X-ray diffraction experiments, the effect of mosaicity and the in-plane grain size 
dimensions will both contribute to the shape of the reflection collected by �-scans along 
Qx (Figure 4.10). To solve this problem it is necessary to evaluate the FWHM of at least 
two peaks, for example the (001) and the (002), to obtain a reliable information about 
degree of mosaicity of the layers.

In this work all X-ray diffraction patterns were analysed with the help of the commercial 
software PeakFit™ [128] using a Voigt function [129] to model the reflections.

4.2.3. Grazing Incidence Small Angle X-ray Scattering
In the last decade Grazing Incidence Small Angle X-ray Scattering (GISAXS) has 

become an important tool to investigate surface and near surface morphology [130]. One of 
the major applications is the analysis of nanocluster shape and size. In this work the 
experiment is performed to investigate in-situ the morphological evolution of the Ag/FePt 
agglomerates on a-SiO2 (paragraph 7.2). A drawing of the set-up is shown in figure 4.11.

Figure 4.11: GISAXS set-up [120].

GISAXS measurements are done in non coplanar geometry: the components of the 
scattering vector along x, y and z must be computed.
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The investigations must be carried out at incidence angle close to the critical one [131] in a 
way that the evanescent beam is confined on top of the layer enhancing the surface 
sensitivity.  In this case, the substrate is acting as a mirror and multiple scattering must be 
taken into account. To do that the scattering process must be described by the Distorted-
Wave Born Approximation (DWBA) in which a perturbation is introduced in term of 
roughness caused by the sample surface/near surface morphology. The incident wave 
scattering inside the sample is described by the dynamical theory, the subsequent diffuse 
scattering, caused by the perturbation, is treated in a kinematical approximation. The last 
step, the wave travel towards the surface, is again described dynamically [124]. Therefore, 
the solutions will be 5 different waves:

� the incident X-ray vacuum plane wave

� the specularly reflected vacuum plane wave

� the diffracted vacuum plane wave

� the transmitted wave inside the crystal

� the diffracted wave inside the crystal

The complexity of the approximation depends on how many scattering channels are taken 
into account [124].

In many cases the position of the GISAXS intensity maxima can be taken as an average 
measurement of the interisland distance D:

2

Max

D
Q
�

� . (4.37)

The angle formed between the Qz axes and the line linking the GISAXS maxima with the 
origin of the (Qy, Qz) system, gives the facet angle respect the substrate surface [132].
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4.2.4. X-ray scattering: experimental set-up
All ex-situ X-ray scattering investigations were performed on the 

Siemems/Bruker AXS D5005 diffractometer, equipped with the software SPEC [133] for 
data acquisition and diffractometer motor control. A sketch of the set-up is shown in figure 
4.12.

Figure 4.12: Sketch of the set-up of the diffractometer D5005 [120].

The X-rays are generated by a sealed, water cooled, X-ray tube with a Cu anode operating 
at an electric input at 40 V and 40 mA. This is a fine-focus tube delivering a line focus of 
about 0.05 × 10 mm2. Subsequently the beam is reflected by a Göbel mirror [134], a 
parabolic bent multilayer mirror, suppressing the K� line and transforming the divergent 
beam from the X-ray tube to a rather parallel one. The beam angular divergence at the 
sample is below 0.01°. The X-ray tube and the Göbel mirror delivers an X-ray intensity up 
to ~ 108 cps on the primary beam with a � � 210� � �¶ � , but still K�1 and K�2 are present 

in the spectrum. The diffractometer is equipped with a four-circle goniometer allowing 
sample movements in �, � the azimuth angle and � (by the ½ circle Eulerian cradle 
[135]). The diffracted beam is collected by a point detector. The final angular resolution 
was achieved by a set of slits in front of the detector aperture. For XRR or DS the angular 
resolution was � �2 0.06�¶ � µ , for GIXRD geometry � �2 0.12�¶ � µ and for the � – 2�

� �2 0.09�¶ � µ .

All in-situ X-ray scattering investigations were performed in the Material Research Hutch 
(MRH) at the The Rossendorf Collaborating Research Group beamline (ROBL-CRG) at 
bending magnet BM20 at the ESRF. It uses horizontally a fan of 2.8 mrad of synchrotron 
radiation from a bending magnet hard edge and has been designed for performing 
experiments on two different alternatively running experimental stations [136]. The layout 
of the optics is shown in Figure 4.13. The basic elements are a fixed-exit double crystal 
Si(111) monochromator located between two mirrors with Si and Pt surface coatings, 
respectively. The double-crystal monochromator (DCM), from Oxford Instruments, ATG, 
provides a fixed-exit beam with a vertical offset of 18 mm, allowing energy up to 25 keV 
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with an energy resolution ~ 2 � 10-4. The lower energy limit is given essentially by the Be-
windows. The integrated flux is 6 × 1011 phot/s at 20 keV/200 mA.

Figure 4.13: Schematic layout of the ROBL optics [137]

The two mirrors suppress the higher-order harmonics in the monochromatic beam, reduce 
the heat load on the monochromator and provide a parallel or vertically focused beam at 
the experimental stations. The final vertical divergence of the X-ray beam is below 
0.5 mrad. The slit units have independently moveable blades (tungsten carbide), with 
accuracy better than 10 �m. The motions of nearly all optical components are controlled by 
a UNIX workstation-based system. 

The six-circle diffractometer is the main equipment of the MRH, built from modular 
components (Huber) (Figure 4.14) [138].

Figure 4.14: Six-circle diffractometer in the MRH of ROBL; (left side) view of the �-circle 
(Eulerian cradle with inner diameter of 400 mm) with the x-y-z slide mounted directly on the 
azimuth �-circle (front view: detector side), (right side) scheme of the diffractometer with 
identification of the axes (view from back: beam direction).
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The sample position can be equipped with an x-y-z slide or, alternatively, with special 
sample environment chambers which are mounted directly on the �-circle (inner diameter 
80 mm). The layout is designed for a load up to 15 kg at the sample position and the �-
circle has an inner diameter of 400 mm so that relatively big chambers (e.g. a high-
temperature chamber, sputtering chamber) can be used. All axes have an angular resolution 
of 0.001µ. The goniometer control and data acquisition is performed with SPEC [133]. The 
detector used in these experiments is a high-load high-linearity scintillation detector (Bede 
ERD). The intensity of the incident beam for each acquisition point is monitored by a 
similar detector. In the experiments, here described, the incident beam size was kept at 
(0.2-0.4 × 4-6) mm2 (H × V). In front of the detector (at 57 cm from the goniometer 
rotation centre), interchangeable fixed single or Soller slits, to reduce axial divergence of
the diffracted X-ray beam, can be mounted to achieve different angular resolutions 
according to the investigation performed. In this study a horizontal slit of 0.2 mm (angular 
resolution 0.02°) was mounted for XRR and DS measurements, for GIXRD a Soller slit 
with horizontal aperture of 0.4 mm and for � – 2� geometry a 0.4 mm slit giving an 
angular resolution of 0.04° was used.

4.3. Additional methods of analysis

4.3.1. Rutherford backscattering spectroscopy (RBS)

Layer thickness and composition can be obtained by the evaluation of the RBS 
data. The film is irradiated with 1.7 MeV 4He+, produced by a Van der Graaff accelerator. 
The backscattered ions are collected by an energy sensitive Si detector, positioned at the
backscattering angle of 170°. Incidence angles, measured from the surface normal, up to
70° can be used to increase surface sensitivity for thin layers. All the spectra were collected 
in random mode. A sketch of the set-up is shown in Figure 4.15.

Figure 4.15: RBS set-up (left). Schema of the ion beam interaction with the layer (right) [87].

The main features of RBS analysis are related to the facts that the energy of the elastically 
backscattered particles is proportional to the target atom mass (kinematic factor) and to the 
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depth at which the scattering takes place. The element analysis is performed evaluating the 
kinematic factor k [139]:

� �
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where Ei,0 is energy of the incident ion just before collision, E B,0 the backscattered energy 
just after collision in the specimen and � the scattering angle in the laboratory system.

The elemental depth profiles derived from RBS data are a consequence of the electronic 
stopping. This determines an additional energy loss of the incident and scattered ion 
because of passing through the film. The ion energy collected by the detector will be the 
sum of different energy losses:

Det i in coll out� �¶ �¶ �¶E E E E E . (4.39)

where iE is the incident ion energy. The second and the fourth term of equation (4.39) are

the energy losses by the ion travelling �z inside the layer, before and after collision, by 
(inelastic) electronic stopping and it can be estimated by [140]:

� �,0 cosin
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out eS z �¶ � � ¶E . (4.40)

The energy loss for elastic collision with a target atom is:

� � ,01coll ik¶ � � �E E (4.41)

Therefore the backscattered ion energy will be:
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in
eS and out

eS are the electronic stopping powers, supposed to be constant along z in thin 
layers. Thus, as pointed out in equation (4.42), a quasi linear relationship exists between 
the measured energy EDet and the depth z at which the scattering takes place.

The integrated backscattering yield Y will be [141]:
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where Ni is the number of incident ions, �� is the detector solid angle and NAD is the layer 
areal density. The differential Rutherford scattering cross section is [139]:
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which approximates, for � �� , to:

� �
,0

22

2 4
0

1 1
8 sin 2

i

i TZ Z ed
d
�

�� �
� �

� � �· � � E
. (4.45)

Because d d� · is proportional to ZT
2, the RBS technique is sensitive to the detection of 

heavy elements on light substrate (accuracy < 5%). By using the integrated backscattering 
yield of the corresponding peak in the RBS spectrum, it is possible to determine the film 
thickness �, supposing an appropriate value for the layer atomic concentration:

� �
cos 1ADN Y

n d d Ni n
�

�
�

¶ � � �
· � �¶·

. (4.46)

The RBS experimental data were analysed with the program RUMP [142] to obtain the 
deposition rate (in at/cm2 s) and the layer stoichiometry. RBS thickness results were 
evaluated considering a Fe density of 8.48 � 1022 at/cm3 and Pt 6.62 � 1022 at/cm3 [142]
(bulk densities). Comparing the RBS thickness values with those obtained from the XRR 
investigations it is possible to compute density variations with respect to the bulk.

4.3.2. Scanning Electron Microscopy (SEM)

FePt film surface morphology was investigated by the ultra-high resolution 
Hitachi Field-Emission-SEM S-4800. A sketch of the microscope is shown in Figure 4.16.

Figure 4.16: Scheme of SEM Hitachi S-4800 [143].
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The electron beam (E = 0.5 ¹ 30 keV) is produced by an electron gun equipped with a cold 
cathode emitter. Subsequently, a set of magnetic lenses focalise the beam spot. Near the 
bottom, a set of deflection coils moves the focused beam. The final objective lens, focus 
the electrons beam to the sample surface with a typical spot size of 1 – 5 nm, depending on 
magnification, energy and current. As the electron beam hits the sample, signals are 
emitted because of the interactions of the electron beam with atoms at or near the surface 
of the specimen. The types of signals produced by an SEM include secondary electrons
(SE), back-scattered electrons (BSE) and characteristic X-rays. SE are mainly used to build 
up topographical images with a well-defined, three-dimensional appearance of the 
specimen surface. The BSE yield strongly depends on the atomic number and provide 
image contrast according to the elemental distribution at the sample surface. The S-4800 is 
equipped with an SE and BSE detector and a microanalysis system INCA (Oxford 
Instruments) for energy dispersive X-ray spectroscopy (EDX) sensitive to all elements 
with Z > 5.

4.3.3. Transmission Electron Microscopy (TEM)

FePt layer structure as a function of the depth was analysed by TEM cross section 
investigations. A Philips CM300 microscope, equipped with a Schottky field emission gun 
(FEG) and operated at 300 kV, has been used. 5 � 5 mm2 sample pieces, buried in glue, are 
mechanically thinned and subsequently ion milled (1 keV Ar ions with an incident angle of 
2°). This procedure is significantly invasive and damaging layers deposited at high 
working pressure. The cross sections observation of FePt nanoislands was not successful
because of a weak adhesion between the clusters and substrate. Therefore, only thick FePt 
layers were studied. Because of the high coercivity of the material, high resolution 
investigations had been very difficult. Using the electron diffraction it was possible, 
anyhow, to identify the FePt (110) indicating the existence of the FePt L10 phase.



4.3 - Additional methods of analysis

52

4.3.4. Superconductive Quantum Interference Device 

The Superconductive Quantum Interference Device (SQUID) magnetometer is a 
well-established equipment to characterise magnetic properties of specimens (Figure 4.17). 

Figure 4.17: Scheme of a SQUID.

It consists of two superconductors separated by thin insulating layers in order to form 
parallel Josephson junctions [144]. It has a very high resolution and can measure magnetic 
moment up to 10-8 emu. The magnetisation M of the FePt layers was measured in a 
conventional SQUID magnetometer from Quantum Design Magnetic Property 
Measurement System (XXL - MPMS). It provides magnetic field of -7 T � H � + 7 T with 
temperature range of 1.9 K � T � 400 K at the sample. FePt measurements were performed 
in the Reciprocating Sample Option (RSO) mode at 300 K with the maximum slope 
technique [145]. In this work, the layer magnetic properties will be discussed in term of 
coercive field HC and squareness Sq of the hysteresis loop. The coercive field measures the 
resistance of a ferromagnetic material to be demagnetized. Materials with high coercivity 
are called hard ferromagnetic, low coercivity indicates a soft ferromagnet. Sq is the defined 
as the ratio between the remanence magnetization [MR = M(H = 0)] and the saturation 
value MS [146]: Sq = 1 for MS = MR. The (001) layer preferential orientation will provide an 
alignment of the hard magnetisation axis along the surface parallel, therefore the decrease
of the in-plane Sq can be used as indicator of the degree of orientation of film.

In-plane geometry is realized when the magnetic lines are parallel to the specimen surface; 
on the contrary, the out-of-plane set-up when the magnetic field is applied perpendicular to 
the layer surface.
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5. Investigation of the A1 - L10

phase transition

FePt films deposited at room temperature exhibit only the fcc soft magnetic A1
phase and a subsequent heat treatment at T � 400 °C is required to achieve the A1 � L10

transition [17, 146]. But, with respect to a feasible fabrication technology, it is necessary to 
reduce significantly the processing temperature (T � 400 °C). Different methods have been 
explored to lower the transition temperature. In most cases, the decrease of the transition 
temperature TT is based on an increase of the Fe/Pt atoms mobility which supports the 
atomic rearrangement towards the chemically ordered L10 phase [15]. Here it is described 
the effect of the deposition parameters towards a decrease of the transition temperature. In 
particular it will be discussed the role of the energetic budget impacting the substrate 
during magnetron sputtering deposition of ~ 70 nm FePt layers on a-SiO2/Si(001) 
substrates. The preferential orientation of the layer will not be investigated at this stage.

The results here described were partially published in: Nuclear Instruments and Methods in 
Physics Research B 257, 1-2, 406 (2007).

5.1. Experimental parameters
FePt layers were deposited, by co-sputtering, at RT on Si(001) substrates of 

15 � 15 mm2 size covered with 1.5 �m amorphous, thermally grown SiO2. The base 
pressure was below 5�10-4 Pa and the operating Ar pressure at 0.3 Pa or 3 Pa, 
corresponding to the Idc and Vdc characteristics reported in Table 5-1.

p (Pa) t (s) Target material Wdc (W) Vdc (V) Idc (mA)

0.3 1200
Fe 20 393 52
Pt 5 396 12

3 2220
Fe 42 278 152
Pt 3 298 12

Table 5-1: Deposition parameters.

Post-deposition annealing treatments at TA � 350°C for 20 min were carried out in vacuum 
(< 10-5 Pa) in the annealing chamber at ROBL (paragraph 3.3.2) to perform in-situ X-ray 
scattering investigations at 8 keV. High pressure deposited layers were annealed ex-situ in 
the set-up described in paragraph 3.3.1, always for 30 min. Ex-situ X-ray investigations 
were performed by using the Siemens D5005 diffractometer at CuK¯ radiation (paragraph 
4.2.4)
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Low pressure (0.3 Pa) deposited FePt films were irradiated at RT or 250°C by He ions at 
50 keV with fluences between 0.1 – 3 × 1016 ion /cm2. The displacement-per-atom (dpa) 
rate linearly scales with the fluence and amounts to 0.03 - 1 dpa, nearly constant 
throughout the whole film, as calculated by SRIM code [148]. The projected range of 
implanted He ions is about 320 nm: ions come to rest into the SiO2 substrate.

5.2. Results
In Figure 5.1-a, the RBS data are shown, comparing between FexPt(100-x) layers

deposited at 0.3 Pa and 3 Pa. In both cases the layer stoichiometry was calculated at 
x = (50 � 1).

Figure 5.1: Comparison between a) RBS data and b) XRR analysis from as deposited films 
Fe50Pt50 deposited at 0.3 Pa and at 3 Pa. Inset: TEM cross section of the film grown at 3 Pa

The specimen deposited at 3 Pa showed a RBS signal with a smooth slope of the Fe, Pt and 
Si edges, indicating a high roughness. The Fe and Pt peak intensities difference, between 
the low and high pressure deposited layers, can be attributed to a lower density of the film 
grown at 3 Pa. At 0.3 Pa, the FePt atomic flux was calculated at 4.20 × 1014 at/cm2s, for 
3 Pa, the atomic flux decreased to 2.56 × 1014 at/cm2s.

The layers were investigated with XRR (Figure 5.1-b) to have a clear indication of the 
layer thickness. Immediately it comes clear a shift in the critical angle position to lower 
values for the high pressure grown film: from 0.50° to 0.42°. From the simulation of the 
XRR data, the layer deposited at 0.3 Pa has thickness of 73 nm and surface roughness of 
0.9 nm and is characterised by a thin (~ 1.4 nm) top-layer having a slightly lower density 
(~ 80%). These results are in good agreement with the RBS calculations that give a total 
thickness of 68 nm. Comparing RBS thickness value, evaluated supposing bulk density, 
and XRR result, it was calculated a density reduction of about 8 %, with respect to bulk 
values and a deposition rate at (0.60 � 0.02) Å/s. From the XRR curve, the thickness of the 
layer grown at 3 Pa was calculated at 124 nm, with a very high surface roughness of 
2.5 nm. On the contrary, from the RBS data, analysed with bulk density values, the layer 
thickness was estimated at 76 nm. From a direct comparison between the RBS thickness 
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and the XRR one, it was calculated a layer density decrease of 40%, respect to the bulk 
value [24]. These results are confirmed by the TEM cross section (Figure 5.1-a inset)
indicating a structure composed by crystalline column shape grains divided by voids.

Figure 5.2 shows GIXRD patterns for the 0.3 Pa FePt film recorded during vacuum 
annealing. The layer was kept at each temperature for 20 minutes, during the GIXRD data 
collection, and subsequently heated at the next temperature.

Figure 5.2: GIXRD patters (�i = 1°) recorded during vacuum annealing of the Fe50Pt50 layer 
deposited at 0.3 Pa. The tabulated peak positions [24] for the L10 reflections are indexed.

The as-deposited film clearly exhibits the fcc A1 phase. The A1 � L10 transition starts at a 
temperature of 310°C and is almost completed at 325°C. The very narrow temperature 
range, in which the disorder - order transition occurs, makes in-situ X-ray investigations 
extremely suitable for this kind of studies. The L10 phase is easily detected by the presence 
of the (001) and (110) superstructure peaks and by the peak splitting [(200)/(002) or 
(220)/(202)] due to the tetragonal lattice distortion. The lattice parameters, calculated from 
the GIXRD data at RT after annealing [149], are a = (3.85 � 0.01) Å and 
c = (3.71 � 0.01) Å, equal to the theoretical values for the L10 phase [24], within the error.
The mean grain size, evaluated with the Scherrer’s formula (paragraph 4.2.2, [127]), 
continuously increased with the temperature, from 6 nm of the as-deposited film, to 11 nm 
after annealing. 

In Figure 5.3 the GIXRD data from the sample deposited at 3 Pa are reported, collected 
after vacuum annealing for 30 minutes. The as deposited layer is in the fcc A1 phase, the 
disorder – order transition appeared firstly after thermal treatment at 350°C, but it was 
clearly detected after annealing at 400°C, with the appearance of the (001) and (110) 
superstructure peaks. On the contrary, it was not possible to detect a clear splitting of the 
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(200)/(002) and (220)/(202) reflections but only a shape deformation of the (200) and 
(220) peaks, indicating a lower degree of order in the film.

Figure 5.3: GIXRD patters (�i = 1.4°) recorded after vacuum annealing of the Fe50Pt50 layer 
deposited at 3 Pa.

The lattice parameters are a = (3.850 � 0.003) Å and c = (3.739 � 0.006) Å [149]. From the 
evaluation of the GIXRD FWHMs, it was detected a doubling of the average grain size 
with the annealing.

Figure 5.4: Comparison between a GIXRD (�i = 1°) (upper curve) and a � - 2� pattern (lower 
curve) recorded after vacuum annealing of the Fe50Pt50 layer deposited at a) 0.3 Pa and b) 3 Pa.

A direct comparison (Figure 5.4) between GIXRD and � – 2� data confirmed a random, 
powder-like orientation of the film crystallites after annealing, irrespective to the 
deposition pressure. The long-range order parameter S can be determined from the GIXRD 
data with the procedure described in Appendix D. A value of S = 0.94 was achieved for the 
FePt film deposited at 0.3 Pa (Figure 5.4-a) after vacuum annealing at 325°C which 
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indicates a nearly complete L10 ordered film. In the case of deposition at 3 Pa (Figure 5.4-
b) the phase transformation is not complete, giving an order parameter S = 0.62.

Figure 5.5: SQUID hysteresis loops at RT: a) 0.3 Pa and b) 3 Pa deposited layer.

The magnetic properties were investigated by SQUID at RT (Figure 5.5). The transition 
into the ferromagnetic L10 phase, after annealing, is confirmed by the hysteresis loops 
(Figure 5.5) that reveal a coercivity of HC = 0.5 T for the sample deposited at low pressure 
and HC = 0.2 T for the 3 Pa grown layer. In both cases there is a partial alignment of the 
easy axes with the in plane direction that can be attributed to shape anisotropy. The 
hysteresis loops have a smooth slope, characteristic of a granular layer with partially 
decoupled grains. The loop squareness value Sq is 0.8 for both in-plane measurements, 
while there is a very weak difference between the two out-of-plane behaviours 
(Sq(0.3 Pa) = 0.4, Sq(3 Pa) = 0.3).

5.3. Discussion
Comparing the experimental results, before described, with the model developed 

in reference [16], and in particular with the TTT diagrams there reported (Figure 1.4), it
comes out a strong reduction of annealing time required to obtain the same amount of L10

phase in a FePt layer at TT = 300 ¹ 350°C. According to the JMAK model, the volume 
fraction transformed XV can be written as:

� �1 exp n n
VX N t�� � � v (5.1)

where � is a geometrical factor equal to 4�/3 for three dimensional growth (spheres), N is 
the L10 nucleus density, t is the transformation time and n the Avrami exponent. v is the 
growing velocity expressed in equation (1.3) [16] containing a negative exponential 
dependency from the transformation activation energy Q. The formation of short range 
order area, L10 nuclei, is athermal: the nuclei are formed by a statistical arrangement of 
atoms resembling the ordered L10 phase in the disordered A1 matrix and it is not imputable 
to a particular deposition technique. Therefore, for an equal fraction of L10 phase after 
annealing (~ 95%), supposing to have the same L10 nucleus density in the as-deposited 
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state, a decrease of the transformation time should imply a faster growing rate and a lower 
transformation activation energy.

From our experimental result, we conclude that co-deposition of Fe and Pt via magnetron 
sputtering is already giving layers containing L10 nuclei in a A1 matrix. Furthermore, for 
all investigated layers, the observed value of TT º 320°C is only slightly above the 
characteristic temperature of 250°C where vacancies in metal films become mobile [35]. 
The low transition temperature and the short transformation time observed in our 
experiment suggest the presence of vacancies in the as-deposited layers at RT, reducing the 
chemical ordering to a vacancy jump probability. Therefore, a subsequent He+ irradiation 
is probably increasing the vacancy concentration but without any effect regarding the 
lowering of the transformation temperature. To confirm that, some RT deposited FePt 
films (~ 70 nm) were irradiated at RT or 250°C by He ions at 50 keV with fluences 
between 0.1 – 3 × 1016 ion/cm2. These parameters were chosen to have small energy 
transfers to minimize atom displacements; a low collision cross section in order to avoid 
vacancy interactions but sufficient beam energy to ensure that ions stopped inside the 
substrate.

In Figure 5.6 the influence of He+ irradiation fluences and temperature is shown by
comparing X-ray � – 2� analyses. The irradiation is not changing layer density and surface 
roughness as proved by XRR investigations, not showed here. 

Figure 5.6: � – 2� patterns collected after irradiation at RT and 250°C: comparison between the 
fluences 3 � 1016 ion/cm2, 1 � 1015 ion/cm2 and the as deposited layer. 

All as deposited layers remain in fcc A1 phase, independently from the irradiation 
conditions. The irradiation only causes a small increase of the grain size to 8 nm. 
Subsequently, the irradiated layers were annealed in vacuum at ROBL in order to detect, 
in-situ, the dependence of the phase transition temperature from the irradiation; an 
example, for the highest irradiation fluence, is reported in Figure 5.7. The in-situ GIXRD 
data showed no further lowering of phase transition temperature, on the contrary we obtain 
a slight increase of the TT in comparison with the not irradiated films.
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Figure 5.7: GIXRD patterns (�i = 1°) collected during annealing: comparison between layers 
irradiated at the fluence of 3 � 1016 ion/cm2 at RT (a) and at 250°C (b).

In the case of the layer irradiated at RT, the transition occurred at 340°C and resulted to be 
more complete (S = 0.81) than after irradiation at 250°C (S = 0.74), as confirmed by the 
difference in the superstructure peak intensities and by the not complete splitting of the 
(200)/(002) and (220)/(202) reflections. The thermal treatment caused a grain growth up to 
12 nm for both investigated films. Comparing the in-situ GIXRD analysis during vacuum 
annealing of the irradiated layers (Figure 5.7) with the not irradiated films (Figure 5.2) we
observed an increase of the transformation time, confirmed by a lower degree of order at 
the same annealing temperature.

As a consequence we suppose that already during deposition energetic particle impacts are
generating enough vacancies to lower the thermal budget, in a comparable way as the He+

irradiation described in reference [35]. These hypotheses will be proved by estimating the 
energy impacting the substrate during deposition.

As a starting point, TRIDYN [97, 98] calculations were performed in order to get 
information about the energy distribution of the sputtered particles. 

Figure 5.8: Energy distribution of the sputtered particles: Fe (left side) and Pt (right side).

For the case of Ar ions impacting the target with energy of 400 eV and normal incidence 
angle, the results are reported in Figure 5.8. TRIDYN results can be analytically 
approximated by the modified Thompson distribution function of equation (2.15). The 
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maximum number of Fe atoms is sputtered with an energy of 2.2 eV, with the mean energy 
of 11.9 eV, equation (2.16), with a sputtering yield ysp = 0.93 at/ion. The maximum 
fraction of Pt atom is sputtered at the energy of 2.9 eV, obtaining ysp = 0.63 at/ion, but the 
distribution mean value is at 15.7 eV. The maximum energy of the sputtered Fe atoms is 
127 eV while for Pt is 145 eV.

According to the procedure described in paragraph 2.4, supposing an initial energy, at the 
target, �E�Fe = 11.9 eV �E�Pt = 15.7 eV it is possible to evaluate the mean free path and the 
average energy of the sputtered atoms at the substrate, after a distance d = 10 cm. The 
results are reported in Figure 5.9.

Figure 5.9: Mean free path (a) and energy decrease (b) for Fe and for Pt, as a function of the 
deposition pressure. The initial energy is the mean energy of the sputtered atom energy 
distribution: �E�Fe = 11.9 eV �E�Pt = 15.7 eV.

The calculated mean free path �p are 13.07 cm and 3.85 cm for Fe and Pt, respectively. As 
shown in Figure 5.9-b, the sputtered atoms reached the substrate surface with mean 
energies of 6.0 eV for Fe and 4.7 eV for Pt at 0.3 Pa. This means that about 50% of the 
initial sputtered atom energy is lost from the target to the substrate by ballistic collisions
with the thermal gas atoms. Therefore, for this energy balance, the layer deposited at 
0.3 Pa and RT should belong to the Zone 1 of the SZM model (Figure 2.5) [112], 
characterized crystalline columns shape grains separated by voids. That is in contrast with 
the previous results from RBS, XRR.

TEM investigations were performed to observe the layer cross section after annealing
(Figure 5.10). Figure 5.10-a evidences a polycrystalline, granular, but compact, film 
without preferred orientation. Although no (001) spot is visible in the selected area 
diffraction (SAD) pattern (Figure 5.10-c), which is mainly due to low electron scattering 
intensity, the existence of the L10 phase is confirmed by the weak signal from the (110) 
and by the (220)/(202) splitting observed in SAD. By high-resolution TEM (Figure 5.10-
b), it was possible to identify large FePt crystallites, with (001) planes with a spacing 
d = 3.82 Å.
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Figure 5.10: 0.3 Pa deposition: cross-section TEM micrographs of the film after annealing at 
325°C. (a) Overview, (b) high-resolution image showing a large near-surface FePt crystallite, (c) 
SAD from » 1 µm region, the main rings are indexed.

The contribution to the energy impacting the substrate given by the reflected Ar neutrals 
should be taken into account. In Figure 5.11 the backscattering yield and the mean energy 
of the Ar neutrals, reflected from the Fe and Pt targets, is reported.

Figure 5.11: The backscattering yield (a) and the mean energy (b) of the Ar atoms at the target, 
calculated with TRIDYN, as a function of the Ar ion incident energies.

As expected, significant difference are obtained for the Fe and Pt target, as mPt » mAr. 36% 
of the total Ar ions are reflected by the Pt target, with a mean energy of 128 eV. The 
situation is significantly different in the case of the Fe target, where only 9% of Ar is 
backscattered with mean energy of 28 eV.

The Ar energy impacting the substrate, shown in Figure 5.12, was calculated according to
the model described in Chapter 2.4, applying equation (2.25), for fast Ar travelling in 
thermalized Ar atoms. At 0.3 Pa, fast Ar neutrals can hit the substrate with an average 
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energy of 89 eV that exceeds the displacement energy threshold (~ 25 eV), necessary for 
point defect formation. Already during deposition at 0.3 Pa, energetic backscattered Ar 
atom impacts cause the formation point defects together with ions and sputtered atoms 
supported adatom mobility, creating the conditions to have a significant shorter phase 
transition time by decreasing the activation energy for the order transformation.

Figure 5.12: Mean energy of the backscattered Ar at the substrate position (d = 10 cm). 

At 3 Pa the maximum energy for Ar neutrals impacting the substrate is only 3.5 eV. Higher 
operating pressure leads to a strong thermalization of the incident atoms and ions, which 
lowers the surface adatom mobility and suppresses the formation of point defects.
According to Messier’s model [112], with such low energy impacting the substrate, the 
layer should belong to the Zone M of the SZM (Figure 2.5) characterised by dome-shaped 
surface with clusters evolving in columns between 20 and 200 nm, this morphology was 
confirmed by the SEM and TEM investigations reported in Figure 5.13.

Figure 5.13: 3 Pa deposition: micrographs of the film after annealing at 400°C. a, b) SEM plain 
views, c, d) TEM cross-sections.
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After annealing, the layer deposited at 3 Pa is characterised by percolated granular 
agglomerates (Figure 5.13). From SEM and TEM micrographs, it comes out that the 
clusters are separated by voids that can almost reach the substrate (Figure 5.13-d). The 
nanoislands, completely polycrystalline, can arrive to in-plane dimensions up to 200 nm. 
The layer thickness can be estimated by TEM cross-section picture to 123 nm, in complete 
agreement with the XRR results.

The SQUID (Figure 5.5) hysteresis loop shapes and the coercive field value indicate a 
layer characterised by a granular structure with not strongly coupled domains, also at 
0.3 Pa growths. In fact, defect in magnetic materials, like grain and phase boundaries, can 
form pinning sites that impede the movement of magnetic domain walls leading to high 
coercivity [146, 146]. This behaviour can be explained with the low processing 
temperature (350°C) at which the film structure is not completely homogeneous.

5.4. Summary 
The L10-ordering of stoichiometric FePt films (~ 70 nm) deposited on amorphous 

SiO2 by dc magnetron co-sputtering has been studied. The A1 � L10 transition and the 
degree of ordering have been investigated as a function of the deposition pressure.

The FePt layers produced at 0.3 Pa showed a phase transformation at the low temperature 
of (320 � 20)°C (Figure 5.2). The film surface is smooth and it was not measured a 
significant loss of density with respect to the bulk value (Figure 5.1). The phase
transformation is complete (S > 0.94) and the magnetic property measurements confirmed 
a high coercive filed (HC = 0.5 T, Figure 5.5-a). The layer produced with an operating 
pressure of 3 Pa revealed an increase of the transition temperature to 400°C (Figure 5.3). 
The layer morphology is characterised by percolated clusters divided by voids with 40% 
loss in density with respect to the bulk. After annealing it was measured a significant 
reduction of the long-range order parameter (S º 0.6) and of the coercivity (HC = 0.2 T, 
Figure 5.5-b). The lower values of S and HC suggest that even after 400°C annealing, a 
certain amount of the FePt alloy is still in the disordered, soft magnetic phase.

TRIDYN simulations and theoretical calculations revealed that for our experimental 
conditions no thermalization of the sputtered atoms and the reflected Ar neutrals occur in 
the plasma at 0.3 Pa. Fe and Pt will impact the substrate with an average energy of ~ 5 eV, 
while reflected Ar neutrals from the Pt target exhibit a mean energy of ~ 89 eV well above
the displacement threshold. Therefore the low transition temperature, for the layer grown at 
0.3 Pa, is explained in the reduction of the activation energy for atomic reordering by point 
defects, created by energetic impacts during deposition, which becomes mobile at 
temperatures � 250°C. In fact, an additional post-deposition ion irradiation with He+ at RT 
or at 250°C (50 keV, 1 � 1015 - 3 � 1016 cm-2) does not influence this low transition 
temperature. At the growing conditions of strong thermalization (deposition at 3 Pa), the 
FePt film showed an increase of the transition temperature to 400°C and a reduced film 
density. Energetic particles impacts, low working pressure depositions, are therefore 
fundamental to enable a low disorder – order transformation temperature.
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6. Preferred c-axis orientation 
in thin FePt films
Because of the need to obtain the magnetic moment alignment perpendicular to 

the film surface, the mechanism to achieve the (001) FePt preferential orientation must be 
investigated and controlled. Moreover, in the optic of real industrial applications, the film 
thickness must be strongly reduced. This will lead to an increase of the A1 to L10

transformation temperature [16].

To further decrease the L10 phase formation temperature, two different deposition 
techniques were applied. The co-deposition method, already studied for thicker films, will 
be compared with the layer – by - layer one. In the last one, the layer growth is performed 
by alternating Fe and Pt thin (from ~ 3 to ~ 1.5 Å) films to build, already at the deposition 
stage, a structure that emulates the L10 one and to reduce the random atom path to an 
atomistic scale [40]. This technique should also promote the formation of directional short 
range order needed to promote film (001) preferential orientation during annealing [35].

6.1. Growths on crystalline substrate
This experiment was mainly performed to investigate the influence of layer 

thickness on the FePt phase transformation. At this purpose, thin layers (~ 14 nm) were 
grown at the transition temperature of 350°C, previously studied for thicker layers.The 
choice of a crystalline substrate, MgO (001), is made to create favorable conditions to 
support the layer (001) preferential orientation.

6.1.1. Experimental parameters

FePt films were deposited, by co-sputtering and layer – by – layer deposition, at 
RT and 350°C on MgO(001) substrates of 10 � 10 mm2 size, without any Ar pre-sputtering 
to clean the substrate surface. The layer – by – layer deposition had a period N = 20. The 
base pressure was below 5 � 10-4 Pa and the operating Ar pressure at 0.3 Pa. The 
magnetrons run with a power of 14 W for Fe and 3 W for Pt, corresponding to the Idc and 
Vdc characteristics of 37 mA and 380 V for Fe and 8 mA and 375 V for Pt. The deposition 
time was 680 s and 340 s for the layer – by – layer and the co-sputtering methods, 
respectively.

The layer grown in the co-deposition technique was kept at the deposition temperature for 
the remaining time to equal the time of the layer – by – layer procedure.
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RT deposited layers were annealed at TA = 550°C for 600 s (heating rate: 5°C/s) in 
vacuum, in the set-up described in paragraph 3.3.1. All films were measured by RBS in 
order to obtain minimum thickness and stoichiometry. Ex-situ X-ray investigations were 
performed by using the Siemens D5005 diffractometer and the Seifert HRXRD at CuK¯.
SQUID magnetometer analyses were performed at 300K.

6.1.2. Results

The RBS data revealed no strong difference between the layers deposited at RT 
and the ones at 350°C. For all films the mean stoichiometry was calculated to
Fe (54 � 1) at.% : Pt(46 � 1) at.% corresponding to an average atomic flux of 
1.51 � 1014 and 1.46 � 1014 at/cm2s for Fe and Pt, respectively.
The XRR data of the films are compared Figure 6.1.

Figure 6.1: Comparison between XRR analyses from layer – by – layer and co-deposition technique: 
a) at RT, b) at 350°C. In the multilayer-like growths the single Fe or Pt film thickness is estimated by 
RBS measurements.

The growth temperature mainly influences the layer surface roughness evidenced by the 
permanence of the reflectivity oscillations to higher incident angles. The films deposited at 
RT have roughness of 0.2 nm and 0.5 nm for the co-deposition and the layer – by – layer 
growths, respectively. Also in the case of layers grown at 350°C, the surface roughness of 
the film produced by layer – by – layer technique showed a higher value (~ 0.8 nm) than 
the one co-deposited (~ 0.4 nm). Irrespective to the grown temperature, it is possible to 
identify, over the films grown by co-sputtering, very thin (~ 1 nm) surface layer having 
lower density than the bulk value (30% for the growth at RT and 25% at 350°C). The same 
is not observed in layers grown by multilayer sequence deposition because of the higher 
surface roughness.

The total thickness in all cases is (12.5 ± 0.6) nm, the values for the single layer is 
mentioned in Figure 6.1. All layers showed densities very close to the bulk one, confirmed 
by the position of the layer critical angle �c for total external reflection.
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Because of the interface roughness it is not possible to obtain any information about the 
multilayer quality by X-ray scattering analysis, no superlattice peak was detected at the 
expected position.

In Figure 6.2 the GIXRD patterns, collected at �i = 0.6°, are shown.

Figure 6.2: GIXRD (�i = 0.6°) of the RT as-deposited layers: comparison between the co-
deposition and the layer – by – layer technique. The theoretical positions of the (111) and (200) 
reflections from the A1 phase are marked [22]

No strong difference can be detected from the layers deposited at RT, irrespective to the 
deposition technique used. Both layers are in the soft magnetic A1 phase, characterized by 
~ 4 nm grain size. The degree of crystallinity, evaluated by the integrated intensities of the 
(111) reflections, is slightly enhanced by the co-deposition technique (A(111) ~ 600, 
FWHM = 2.3° co-depositions; A(111) ~ 300, FWHM = 2.1° layer – by – layer growths). 
No influence of the deposition technique was measured on the lattice constant: 
a = (3.83 ± 0.05) Å, calculated from the GIXRD reflection positions.

In Figure 6.3 the layers deposited at 350°C are compared by �-2� patterns collected with 
an offset of -0.5° in respect with the MgO (002) Bragg condition, to decrease the signal 
from the substrate. The epitaxial relation between the substrate and the FePt layer forces a 
(001) preferential orientation of the deposited film, as confirmed by the GIXRD pattern 
where no reflections are detected (Figure 6.3-inset). In symmetric X-ray measurements 
(Figure 6.3) the main signal is due to a superposition of the (002) reflections from the fcc
A1 and L10 phase, that slightly moves towards the L10-(002) direction for the film obtained 
in layer – by – layer mode. A clear proof of the presence of the L10 phase in the layers is 
the signal from the (001) superstructure peak, even if the strong intensity of the (002) peak 
in comparison with the (001) suggested a very low fraction the L10 phase in layers
deposited at 350°C. The long range order parameter S was estimated at 0.15 for the layer 
grown in co-deposition mode and 0.26 for the layer – by – layer method. The integrated 
intensities of the (200) reflections assumed comparable values, indicating the same degree 
of crystallinity for both layers, irrespective to the deposition conditions. The comparison 
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between the integrated intensities of the (001) peaks confirmed a higher amount of L10

scattering centres in the film grown by the multilayer sequence deposition. 

Figure 6.3: �-2� patterns (offset = -0.5°) of the layers deposited at 350°C: comparison between the 
co-deposition and the layer – by – layer technique. Inset: GIXRD patterns collected at �i = 0.6°

A very broad peak, composed by the superposition of the (220)/(202) reflections, is 
detected at 2� ~ 70°, indication of the layer crystalline fraction not (001) oriented.

The rocking curves, around the (001) and (002) peaks are shown in Figure 6.4. The 
FWHM of the (002) rocking curves results to be much smaller (= 2.6° and = 2.0° for the 
co-sputtering and the layer – by – layer mode, respectively) than the one measured from 
the (001) peaks (= 7.5° for the co-sputtering and = 5.3° for the layer – by – layer). Because 
the films are composed by a mixture of two phases nothing can be concluded regarding the 
angular distribution of the scattering planes around the (001) direction. The difference in 
the integrated intensities under the (001) rocking curve confirmed the higher degree of fct
phase in the film grown by layer – by – layer deposition mode.

Figure 6.4:¼Rocking curves around the (001) and (200) reflexctions.
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Figure 6.5 shows the magnetization versus field reversal (M-H) at RT, of samples
deposited at 350°C.

Figure 6.5: Hysteresis loops measured at RT for the layers grown at 350°C: a) co-deposition, b) 
layer – by – layer mode.

The layers mainly show the contribution of the soft-ferromagnetic phase A1 with small 
signal from the L10 phase, especially evident in the higher coercivity of the film grown in 
the multilayer sequence deposition. The coercivity fields are 2.6 � 10-2 T and 5.0 � 10-2 T 
for the co-deposition and layer – by – layer technique, respectively. The magnetisation 
easy axis lie in the out of plane direction in both cases, but the magnetic anisotropy is 
enhanced by the layer – by – layer deposited film. The saturation magnetisation has 
comparable values because of the same layer thickness.

Because of the low degree of order in 13 nm layers deposited at 350°C, the annealing
temperature was chosen at 550°C, according to the TTT diagrams (paragraph 1.2) for a 
complete A1 to L10 transformation.

In Figure 6.6 the X-ray scattering investigations are reported. In the �-2� geometry, 
mainly the (00l) reflections could be detected that is a clear sign of the high (001) 
preferential orientation of the layer. A weak signal from the (111) peak also appeared but 
its evaluation is strongly altered by the presence of the (002) reflection from the MgO 
substrate. The order parameter, along the c-axis, was calculated at S = 0.99 the layer – by –
layer and S = 0.87 for the co-deposition technique, confirming the high degree of LRO in 

the films. Around the FePt (001) peak it is possible to identify thickness oscillations 
fringes (Figure 6.6-inset), which period is inverse proportional to the layer thickness and 
confirms a sharp interface between the substrate and the FePt layer. The average grain size 
was estimated at 11 nm irrespective to the growing methodology.
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Figure 6.6: �-2� patterns (offset = -0.5°) of the layers after annealing at 550°C: comparison 
between the co-deposition and the layer – by – layer technique. Inset: �-2� patterns, in Bragg 
condition, around the (001) reflection.

The rocking curves around the (001) reflection are reported in Figure 6.7. The (001) planes 
are exactly, within the instrument resolution (0.12°), perpendicular to the layer surface, for 
both deposition techniques. By comparing, the FWHM of the rocking curve around the 
(001) and (002) peak, the angular dispersion is ~ 1°, independently from the deposition 
technique.

Figure 6.7: ��rocking curves around the FePt (001) (left side) and (002) peak (right side).

The calculation of the c lattice constant from the (00l) reflections revealed a contraction of 
3.7% with respect to the initial average value of the as-deposited state, independently from 
the deposition technique: the deformation of the FePt crystal structure, to compensate the 
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8.5% misfit with the substrate, must be confirmed by computing all unit cell lattice 
constants.

Because of the strong (001) preferential orientation of the FePt layers, the signals arising 
from the (hk0) reflections are very weak in a coplanar geometry while the same are easy to 
be evaluated in the non coplanar one by in-plane measurements, where the scattering 
vector is almost parallel to the sample surface and therefore only the (hk0) reflections are 
measurable. The results are shown in Figure 6.8 for the film grown in co-sputtering mode 
after annealing at 550°C. This grazing-incidence-grazing-exit investigation was carried out 
at the Seifert XRD3003 high resolution diffractometer with an incidence �i = 0.6°.

Figure 6.8: GIXRD (�i = 0.6°) in the coplanar (out-of-plane, upper curve) and non coplanar 
geometry (in-plane, �i = 0.6° �f = 1.2°, bottom curve) for the film grown in co-deposition mode 
after annealing. 

The disappearing of the (00l) reflections in the in-plane measurements confirm the (001) 
layer preferential orientation.

The calculated lattice constants [149] are a = (3.87 � 0.01) Å and c = (3.69 � 0.02) Å. 
Together with a contraction along c it was observed a dilatation of a of 1% respect to the 
average value calculated for the as deposited films.

The SQUID hysteresis loops for the specimen deposited at RT and subsequently annealed 
at 550°C are reported in Figure 6.9. The coercive field is strongly increased, together with 
the degree of orientation of the magnetization easy axis in the out of plane direction,
slightly further increased by the layer – by – layer deposition technique. When the 
magnetic field H is applied along the hard axes, parallel to the layer surface, the 
magnetization saturation is hardly reached at magnetic fields around 7 T. The coercivity 
reached 1.6 T and 1.7 T in the out of plane direction for the co-deposition and layer – by –
layer technique, respectively. The smooth slope of all hysteresis loops and the huge out of 
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plane coercive fields evidenced films with granular structure, with grains not perfectly 
magnetically coupled.

Figure 6.9: Hysteresis loops measured at RT for the layers grown at RT and annealed at 550°C: a) 
co-deposition, b) layer – by – layer mode.

6.1.3. Discussion

The difference of the roughness between depositions at RT and at 350°C can be 
explained considering the different surface energies of FePt (~ 2.9 J/m2) in respect to the 
MgO (~ 1.1 J/m2) [56]. FePt is expected to follow the Volmer-Weber growth, organising in
nanoclusters at the beginning of the layer deposition that successively will weld together to 
form a closed layer structure [150]. The initial surface roughness is then partially levelled 
during growth, but the resulting layer surface roughness is still maintaining memory of the 
arrangement of the first growing stages and the temperature is increasing clustering at the 
beginning of the depositions.

In agreement with the TTT diagrams [16], 350°C was not a sufficient temperature to 
provide highly ordered layers like in the case of thickness around 70 nm. This result is in 
agreement with the investigations performed on the dependency of the transformation 
temperature on the layer thickness (appendix F and paragraph 7.2). The JMAK model 
assumes an infinite thick medium, without boundaries. In thin layers, where the surface to 
volume ratio is bigger, surface boundaries force the L10 growth in an anisotropic way, 
along the layer, lengthening the transformation time at a fixed temperature (figure 6.10).

The vacancy creation, from energetic impacts of the backscattered Ar, it is not enough to 
overcome the limitations in the transformation temperature imposed by the layer thickness.

The main effect of the growth method arose with depositions at 350°C. The layer – by –
layer mode increased the L10 fraction and layer (001) orientation. This is due to the higher 

probability of realizing L10 nuclei when depositing, decreasing the atoms random path, 
towards ordering, to an atomistic scale [40, 42]. The enhanced orientation is justified 
considering the Kinetic Lattice Monte Carlo simulations described in reference [35], 
proving that an initial DSRO is the necessary basis to produce a preferential orientation 
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along the (001) direction. The presence or absence of an initial DSRO comes clear only 
once a detectable fraction of the layer is in the ordered L10 phase.

Figure 6.10: The effect of surface on the A1 - L10 transition. The L10 fraction (blue areas) will 
increase only by being transformed from nuclei that are within the film. Point (x, y, z) must be 
transformed by a nucleus farther away, lengthening the transformation time [16].

After annealing at 550°C, the multilayer sequence deposition only slightly supports the 
layer (001) preferential orientation: the thermal process at so high temperature (550°C) is 
equalizing the two growing technique. The epitaxial relationship between FePt and MgO is 
anyhow predominant over the growing methodology.

In conclusion, by using a single crystal MgO (001) substrate, we were able to obtain highly 
(001) oriented and ordered 13 nm FePt layers after vacuum annealing at 550°C for 600 s. 
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6.2. Growths on amorphous substrate
In this paragraph it will be described and discussed the effect of the deposition 

methodology, the discharge gas type (Ar and Xe) and the annealing conditions on the FePt 
layer properties in relation to the control of the FePt (001) preferential orientation. To 
better understand the mechanism of (001) orientation development, FePt was deposited on 
a-SiO2. This substrate, unlike the (001) MgO single crystal before described, gave no 
support to layer c-axes orientation perpendicular to the surface. The choice to use an 
amorphous substrate made the conclusions here enunciated valid for FePt thin films 
deposited by magnetron sputtering in general, allowing a complete freedom in choosing 
the buffer layer and the soft magnetic under-layer more suitable for recording media 
applications.

6.2.1. Experimental parameters

FePt layers were deposited, by co-sputtering and sequential Fe/Pt layer – by –
layer deposition, in Ar or Xe discharges at RT on a-SiO2(500 nm)/Si(001) substrates of 

15 � 15 mm2 size. The layer – by – layer deposition had a period N = 20 and 50, keeping 
the total layer thickness constant. Therefore, for N = 50, the single layer thickness is about 
one atomic-layer. The base pressure was below 5 � 10-4 Pa and the operating pressure at 
0.3 Pa. The electrical magnetron inputs are reported in the following table.

Gas
Fe Pt

W Vdc (V) Idc (mA) W Vdc (V) Idc (mA)
Ar 16 (385 � 5) (41 � 2) 3 (380 � 2) 8
Xe 25 (420 � 8) (59 � 2) 3 (420 � 5) 8

Table 6.2-1: Magnetron working parameters (three different Fe target were used in this study).

The RT deposited layers were annealed by RTA (paragraph 3.3.3) at TA = 550°C for 600 s 
(heating rate: 100°C/s) in Ar flow, or in vacuum at 700°C for 600 s (heating rate: 5°C/s) in 
the set-up described in paragraph 3.3.1. During RTA annealing the sample was “up-side-
down” to avoid any possible contamination of the annealing chamber.

The layers were measured by RBS in order to obtain film minimum thickness and 
stoichiometry. Ex-situ X-ray investigations were performed by using the Siemens D5005 
diffractometer at CuK¯ radiation. SQUID magnetometer analyses were performed at 
300K.
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6.2.2. Results

6.2.2.1. As deposited layers

In Figure 6.11, it is reported a comparison between RBS investigations (at an 
incidence angle of 70°) on layers deposited at RT, 0.3 Pa in Ar or Xe discharge. The 
layer – by – layer deposition method was applied to grow the film in Ar, extending the 
deposition time to 680 s in comparison with the 300 s for the co-deposited layer in Xe.
From the RBS data there is only a weak signal from possible Xe embedded in the layer,
which concentration is anyhow below 1 at.%. From RBS raw data analysis by RUMP 
[142], the amount of deposited material and the layer composition were calculated: the 
average values are reported in Table 6.2-2.

Gas Fe (At/cm2s) Pt (At/cm2s)

Ar (8.39 � 0.38) � 1013 (6.77 � 0.03) � 1013

Xe (1.36 � 0.25) � 1014 (1.16 � 0.03) � 1014

Table 6.2-2: Amount of deposited material.

Figure 6.11: RBS at incidence angle of 70°. Comparison between a RT Xe co-deposition for 300 s 
and a layer – by – layer deposition in Ar for 680 s.

The RBS results (table 6.2-2) were used to calibrate the magnetrons to obtain a film 
composition slightly Fe rich in agreement with the TTT diagrams reported in paragraph 1.2
[16]: the average stoichiometry for the layers is Fe:Pt = (53 � 2):(47 � 2).

In Figure 6.12 the layers deposited in the two different discharges are compared by XRR.
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Figure 6.12: XRR: comparison between RT depositions a) in Ar and b) in Xe discharge (Intensities 
scaled for clarity).

To use Xe as sputtering gas had the effect to increase films surface roughness from 0.4 nm 
to 0.7 nm, in the co-depositions and the layer – by – layer methods with period N = 20. 
This is evidenced by the disappearing of the thickness oscillations fringes at lower incident 
angles for Xe assisted deposited layers (Figure 6.12-b: green and blue curves) than for Ar 
(Figure 6.12-a: green and blue curves). Surface roughness is further enhanced in layer –
by – layer growing mode (N = 50), up to 1 nm, irrespective to the sputtering gas used.

Independently from to the discharge nature and the growing method, it is possible to 
identify the presence of a thin (~ 1 nm) surface layer (low frequency XRR beats) 
characterized by a lower density (between 50 and 70% of the bulk value), due to a partially 
oxidized surface. 

The layers thicknesses measured by XRR are reported in the following table:

Gas Deposition technique Thickness (nm)

Ar

Co-sputtering 12.7

MLs N = 20 12.5

MLs N = 50 15.4

Xe

Co-sputtering 17.9

MLs N = 20 14.0

MLs N = 50 15.7

Table 6.2-3: Layers thickness by XRR.

In the case of multilayer sequence depositions, with N = 50, the single Fe/Pt slab has the 
thickness approximately of one atomic-layer.

As in the case of the films deposited on MgO, the low pressure (0.3 Pa) enhanced the layer 
density to values close to the bulk one; even if, layers grown in Xe discharges showed 
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density about (86 � 2)% of bulk value lower than that obtained using Ar as sputtering gas 
at (95 � 2)%.

The superlattice peak was not detected, irrespective to the discharge gas, because of the 
high interface roughness.

In Figure 6.13 the GIXRD (�i = 0.6°) are shown.

Figure 6.13: GIXRD (�i = 0.6°): comparison between RT depositions a) in Ar and b) in Xe discharge 
(intensities are scaled for clarity).

Irrespective to the discharge nature or the deposition technique, the layers are in the 
disordered A1 phase. It easy to notice the smaller FWHM of the (111) peaks of the layers 
grown in Xe discharge. For the GIXRD data from the films grown in Ar the (111) peak 
FWHM is (2.45 � 0.13)°, giving an average grain size of about 4 nm, independently from 
the deposition technique. In Xe depositions, the (111) peak FWHM slightly shrink from 
the co-deposited layers to the multilayers sequence depositions giving an average grain 
size of at least 6 nm. Supposing an equal film thickness, it is possible to compare the 
absolute integral intensities of the (111) peak, the layer degree of crystallinity remains 
constant for all depositions independently from the gas discharge and the growing 
methodology applied. The average lattice constant, calculated from the reflection positions 
in GIXRD, is a = (3.83 ±0.05) Å, independently from the deposition technique or 
sputtering gas.

The magnetic properties of the as deposited layers are reported in Figure 6.14.

The hysteresis loops pointed out that the films are in the soft magnetic A1 phase with in 
plane magnetic anisotropy, as a consequence of the shape anisotropy.
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Figure 6.14: SQUID magnetometer measurements at RT: comparison between Ar discharges with 
a) co-deposited and b) layer – by – layer (N = 50) grown films and Xe discharges with c) co-
deposited and d) layer – by – layer (N = 50) grown films.

The layers deposited with Ar as sputtering gas evidenced an increase of the out-of-plane 
coercivity, further enhanced to 0.05 T in the case of the layer – by – layer deposition. No 
difference was detected for the films produced in Xe discharges as function of the growing 
technique.

6.2.2.2. RTA at 550°C in Ar flow

The RT deposited layers were annealed in Ar flow by RTA at 550°C for 600 s: the 
whole campaign of X-ray scattering investigations, after annealing, is shown in figure 6.15.

From the GIXRD spectra (Figure 6.15-a, b) it is not possible to evidence a significant 
difference between the layers produced with different techniques and discharges. In all 
cases all L10 reflections were detected. The disorder – order transformation took place 
during annealing, even if it was not observed a complete splitting of the (200)/(002) 
reflections, detected at lower temperature for the 70 nm layers.
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Figure 6.15: X-ray scattering analyses after RTA at 550°C for 600 s.
� GIXRD (�i = 0.6°): a) Ar and b) Xe discharge
� � - 2� : c) Ar and d) Xe discharge

An immediate difference between the films grown in Ar discharge and those in Xe is the 
decrease of the (111) peak FWHM, as already evidenced by the investigations of the as-
deposited films (Figure 6.13). In the patterns obtained from the layers deposited using Xe, 
the FWHM (111) = (1.0 ± 0.1)° (instrument resolution ~ 0.12°) giving an average grain 
size of about 9 nm. In the case of the films grown in Ar, the layers co-deposited and grown 
with multilayer period of N = 20 have an average grain size of 5 nm with a FWHM 
(111) = (1.7 ± 0.1)°. With the monolayer-like deposition, in Ar, the film is characterized by 
an average grain size of 7 nm, FWHM (111) = (1. ± 0.1)°.

The clear presence of all L10 reflections in GIXRD and in � – 2� (Figure 6.15-c, d) 
evidences a low degree of (001) preferential orientation in all layers. This can be analyzed 
comparing the ratio between the integrated intensities of the (001) and (111) peaks in 
GIXRD and � – 2� and its variation as function of the growth technique and discharge 
characteristic. In fact, in the GIXRD geometry it is possible to detect reflections from 
planes having not the same orientation as the substrate, while, in the � – 2� set-up, the 
signals arise only from those planes parallel to the Si(001). Therefore, an increase of 

(001) (111)A A in the � – 2� geometry, together with a decrease in the GIXRD patterns is a 
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clear indication of the degree of (001) preferential orientation of the film. The results are 
reported in the table 6.2-4.

Gas Deposition 
technique

A(001)/A(111)

GIXRD �-2�

Ar
Co-sputtering 0.5 0.6
MLs N = 20 0.7 1.7
MLs N = 50 0.6 1.3

Xe
Co-sputtering 0.6 2.7
MLs N = 20 0.5 1.3
MLs N = 50 0.6 7.2

Table 6.2-4: Comparison between the A(001)/A(111) from GIXRD and �-2� patterns

In the GIXRD patterns it is not detected a strong change in the (001) (111)A A as a function 
of the discharge gas or the deposition technique. On the contrary, in the � – 2� patterns, 
from layers deposited in Ar discharge (Figure 6.15-c), the (001) (111)A A is enhanced in
the growths by multilayer method with period to N = 20. In Xe discharges (Figure 6.15-d), 

(001) (111)A A is strongly increased by the monolayer sequence deposition (N = 50) to
(001) (111) 7.2A A � . Computing the FWHMs of the spectra obtained in the � – 2�

geometry, it is possible to obtain the out-of-plane grain size. No correlation was found 
between the deposition techniques or the gas discharge and the out-of-plane grain size, the 
average value is (13 ± 1) nm, coincident with the layer thickness.

The importance of the deposition technique in Xe discharges is further confirmed by the 
rocking curves around the (001) and (002) peaks, reported in figure 6.16. Evaluating the 
FWHM of the (001) and the (002) peaks along Qx, it is possible to calculate the degree of 
layer mosaicity and the in-plane grain size. The angular distributions around the (001) 
peak are reported in the table 6.2-5.

Gas Mode Mosaicity (deg)

Ar

co-deposition -

N = 20 16

N = 50 7

Xe

co-deposition -

N = 20 13

N = 50 5

Table 6.2-5: Angular dispersion around the (001). 
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Figure 6.16: Rocking curves around the (001) and (002) reflections.

Independently from the gas discharge, the rocking curve peak to noise ratio is strongly 
enhanced by the monolayer-like sequence deposition (N = 50). Assuming the same layer 
thickness and considering the peak integral area as a direct indication of the amount of 
scattering centres (paragraph 4.2.2), it is evident the increase of the (001) oriented fraction 
from the co-deposition to the layer – by – layer growth technique: 
� � � �multilayer 50 co-deposition 4.5A N A� � . The use of Ar as sputtering gas is not 

supporting the layer final orientation; on the contrary, depositing in Xe discharges is
lowering the angular distribution of the scattering planes around the (001) preferential 
orientation. It was possible to evaluate the film LRO only for the layer grown in Xe 
discharge by the layer – by – layer method with N = 50: the L10 transformation is complete 
giving an S parameter equal to 0.98.

No influence of the deposition technique or discharge was found on the lattice constants. 
The calculated values [149] are a = (3.81 �0.02) Å and c = (3.68 �0.04) Å: the resulting 
crystal cell is a contraction only along the c axis of about 3.9% of the initial fcc lattice of 
the A1 phase of the as-deposited films.
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The SQUID M – H loops for the specimen deposited at RT and subsequently rapid thermal 
annealed at 550°C are reported in Figure 6.17.

Figure 6.17: SQUID M – H loops after RTA at 550°C: comparison between Ar discharges (left 
side) and Xe discharges (right side) with co-deposited and layer – by – layer (N = 20, 50) grown 
films.

Despite the high annealing temperature, the magnetic hysteresis loops have a smooth slope 
and a huge coercivity indicating a material with defects [146]. The out of plane orientation 
of the easy axis is enhanced by the deposition in the layer – by – layer mode, 
independently from the sputtering gas applied. In Ar discharges, the in-plane Sq decreased 
from 0.8 to 0.6 in Ar discharge. No change in the coercive field was detected: it remained 
stable to ~ 1T irrespective to the deposition technique. For Xe deposited layers the in plane 
Sq decreased only from 0.7 to 0.5, in agreement with the better (001) preferential 
orientation of the film grown by multilayer sequence with N = 50. A further confirmation 
of the influence of the sputtering gas was found for the layers produced in Xe discharge. 
The decrease of the coercive field from 1.3 T for the co-deposition to 0.85 T for the layer –
by – layers mode with period N = 50 indicating an enhancement of magnetic coupling 

between the grains.
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6.2.2.3. Annealing at 700°C in vacuum

To investigate the effect of the annealing atmosphere and temperature, RT 
deposited layers were annealed in vacuum at 700°C for 600 s. The X-ray investigations, 
performed after annealing, are reported in Figure 6.18.

From the GIXRD and the � – 2� investigations (Figure 6.18-a, b and c, d) all layers are in 
the L10 ordered phase, confirmed by the appearance of the superstructure reflections. In 
GIXRD (Figure 6.18-a, b) patterns it is possible to note the splitting of the (200)/(002) 
reflections, with a predominance of the (002) peak on the (200) in GIXRD and a complete 
disappear of the (200) peak in the � – 2� geometry (Figure 6.18-c, d). 

The GIXRD data (Figure 6.18-a, b) showed the same trend of the (111) FWHM, observed 
after annealing at 550°. The layer grain size increases when film growth is performed in Xe 
discharges to ~12 nm. The average grain size of films deposited in Ar is about 7 nm. From 
the (001) FWHMs of the � – 2� patterns, the out-of-plane grain size was estimated at
(15 ± 3) nm, close to the total layer thickness independently from the deposition 
conditions.

To firstly evaluate the effect of the deposition parameters on the (001) film preferential 
orientation, the (001) (111)A A values from the GIXRD and the � – 2� spectra were 
computed and compared (table 6.2-6). 

Gas Deposition 
technique

A(001)/A(111)

GIXRD �-2�

Ar

Co-sputtering 0.8 2.9

MLs N = 20 0.9 3.5

MLs N = 50 1.4 2.4

Xe

Co-sputtering 0.9 6.1

MLs N = 20 1.0 8.7

MLs N = 50 - -

Table 6.2-6: Comparison between the A(001)/A(111) from GIXRD and �-2� patterns

From the film grown by the monolayer-like technique in Xe, it was observed a shift of the 
(111) peak, in GIXRD geometry (Figure 6.18-a), to higher scattering angles, due to diffuse 
scattering from the (220) Si peak overlapping the (111) L10 reflection altering its 
evaluation.

In the � – 2� patterns, from layers deposited in Ar discharge (Figure 6.18-c), no sharp 
increase of the (001) (111)A A with the growing technique was detected. In Xe discharges 
(Figure 6.18-d), it was observed a complete disappearing of the signal from the (111) 
planes in the � – 2� pattern from the layer – by – layer growing mode with N = 50, 
together with a strong enhancement of the (001) (111)A A .
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Figure 6.18: X-ray scattering analyses after vacuum annealing at 700°C for 600 s.: GIXRD 
(�i = 0.6°): a) Ar and b) Xe discharge; � - 2� : c) Ar and d) Xe discharge

It is possible to recognize thickness fringes around the (001) peak in the � – 2� spectra 
from the film deposited in Xe by the layer – by – layer technique with N = 50 (Figure 6.18-
d, red curve), confirming the high degree of crystallinity and a sharp interface between 
layer and substrate, as already found in highly oriented (001) FePt layers on MgO (001) 
(paragraph 6.1.2).

Comparing the integral area of the (001) peak, in the � – 2� spectra (Figure 6.18-c, d), 
from the co-deposited film and those grown by the layer – by – layer mode with N = 50, 
the amount of (001) oriented L10 fraction was evaluated, supposing an equal layer 
thickness. In Ar discharges � � � �multilayer 50 co-deposition 1A N A� � and significantly 

increases in Xe assisted depositions: � � � �multilayer 50 co-deposition 9A N A� � . This 

means that the change from a deposition technique to another one is influencing the 
amount of (001) oriented scattering centres only in films grown in Xe discharges. These 
results must be compared with the FWHM of the rocking curves around the (001) peak. 
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Figure 6.19: Rocking curves around the (001) and (002) directions.

The rocking curve FWHMs (Figure 6.19) is the sum of the contributions from the angular 
dispersion of the (001) planes around the surface normal and the lateral grain sizes 
(paragraph 4.2.2). By combining the FWHMs in Qx from the (001) and the (002) peaks it is 
possible to divide these two contributions, the results are reported in table 6.2-7.

Gas Mode Mosaicity (deg)

Ar

co-deposition 10

N = 20 9

N = 50 9

Xe

co-deposition 7

N = 20 6

N = 50 5

Table 6.2-7: Angular dispersion around the (001). 

As already noticed for the film after RTA, using Ar as sputtering gas is not significantly 
supporting the layer orientation (Figure 6.19-left side). In this discharge, the lower degree 
of mosaicity was detected for the layer – by – layer deposition with N = 50 with an angular 
dispersion of about 9°. In comparison, the films deposited in Xe discharge have in average 
a higher degree of (001) preferential orientation (Figure 6.19-right side). The layer 
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deposited in Xe discharge with the monolayer-like technique (N = 50) showed a strong 
(001) preferential orientation, confirmed by an angular dispersion of the (001) planes 
around the out of plane direction of 5°. 

It was possible to calculate the S parameter only in the case of the film grown in Xe by the 
layer – by – layer method with N = 50: this is equal to 0.98 proving a high degree of LRO 
in the film after annealing

No correlation between the deposition technique and the gas discharge was found on the 
lattice constants. As already noticed in the layers after RTA, the lattice parameter a
remained approximately equal, a = (3.82 �0.02) Å, to the A1 average value (paragraph 
6.2.2.1); on the contrary, it was measured a strong contraction of 4.1% along the c axis to
(3.67 �0.03) Å.

The SQUID magnetometer hysteresis loops for are reported in Figure 6.20.

The results from the X-ray scattering investigations are completely confirmed by the film 
magnetic properties. The high coercive field and the smooth slope of the H-M curves 
evidence a layer structure characterized by the presence of defects preventing domain walls 
motion. The only exception is the film grown in Xe with a multilayer period N = 50.

The layers deposited in Ar discharges (Figure 6.20-left side) showed a weak alignment of 
the magnetization easy axis with the surface normal. The out-of-plane magnetic anisotropy 
is only slightly enhanced by the monolayer-like growth. The higher magnetic coupling 
between grains was found for the film deposited with the layer – by – layer technique, 
having HC = 1.2 T in comparison with HC = 1.5 T for the specimens obtained by the other 
two growth methodologies.

Similar magnetic properties are obtained for the film grown by co-sputtering in Xe 
discharge (Figure 6.20-right side). Changing the deposition technique to the layer – by –
layer mode provided an increase of the out-of-plane magnetic anisotropy. In the case of 

Xe deposition with a period of N = 50, the magnetization easy axis lied completely in the 
out of plane direction while the in-plane saturation magnetization MS was hardly reached at 
7 T. The fast transition between positive and negative magnetization and MS � MR (Sq- ~ 1) 
indicated a film without defects, with magnetically coupled grains. The coercive field is 
therefore reduced to 0.5 T.
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Figure 6.20: SQUID magnetometer measurements after vacuum annealing at 700°C for 600 s: 
comparison between Ar discharges (left side) and Xe discharges (right side) with co-deposited and 
layer – by – layer (N = 20, 50) grown films.

6.2.2.4. Summary of the results

Before proceeding in the data interpretation, it could be useful to summarize the 
obtained results as function of the gas discharge, growing mode and annealing conditions.

As deposited layers:

No strong differences were detected between the layer characteristics as a function of the 
deposition conditions. The films are all in the soft ferromagneticc phase A1. Growths in Xe 
discharge slightly support larger grain size. The monolayer sequence deposition technique 
is enhancing film surface roughness.

RTA at 550°C in Ar flow:

� the A1 to L10 transformation occurred for all layers, with a contraction of the only c
axis, while the a axis remained almost unchanged;

� Ar discharge is not supporting the final (001) preferential orientation,
� layers grown in Xe discharges showed a higher fraction of (001) oriented scattering 

centers,
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� the layer – by – layer deposition technique is decreasing the film mosaicity, 
irrespective to the sputtering gas,

� the influence of the deposition technique is more pronounced in layer grown in Xe 
discharge than in Ar,

� the M-H curves confirm the X-ray investigation results: the out-of-plane orientation of 
the magnetization easy axis is enhanced in films deposited with Xe and by the layer –
by – layer method

� films deposited in Xe show a higher degree of crystallinity and therefore a lower 
coercive field in comparison to layers grown in Ar

Annealing at 700°C in vacuum:

The thermal treatment at higher temperature is enhancing the differences, already noticed 
after RTA, between the films grown in Ar discharges and those deposited using Xe as 
sputtering gas. The layer –by – layer growths is strongly supporting the (001) preferential 
orientation and become fundamental to obtain a highly oriented layer in depositions with 
Xe.

On the contrary, Ar assisted growths do not provide layers having properties increased by 
the higher annealing temperature, in particular, the layer preferential orientation is not 
strongly improved with respect to the RTA at 550°C. 

6.2.3. Discussion

The used sputtering gases, Ar and Xe, have a significantly difference in mass and 
atomic radius, it was, therefore, expected a strong impact on the layers physical properties. 
The higher surface roughness, of the as deposited films, is explained with a higher 
momentum transfer from the Xe atoms impacting the surface to the Fe and Pt atoms 
composing the growing layer; while, as already discussed in paragraph 5.3, the high 
energetic atoms impacting the substrate during Ar assisted depositions is supporting atomic
rearrangement during growth and producing a smoother surface. Also from the magnetic 
properties point of view, Ar depositions result in a more isotropic layer characterised by an 
increasing the out-of-plane magnetic coercivity with respect to the Xe grown films.

After annealing at 550°C the A1 to L10 phase transformation occurred, independently from 
the gas discharge. The effect of an amorphous substrate manifests itself in the value of the 
L10 lattice constants after annealing. In both thermal processes, RTA and vacuum 
annealing, it was not observed a dilatation along the a axis in the A1 to L10 transformation. 
The tetragonal distortion is realized mainly by a strong contraction (up to 4%) along the c
axis. 

The effect of the vacancies formation occurring in Ar discharges does not further enhance
the L10 fraction, in comparison with the films grown in Xe, where, on the contrary, the 
deposition technique started to play a fundamental role. As explained in paragraph 1.3, 
sequential deposition of Fe and Pt creating a structure that emulates the desired L10 should 
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not only decrease the phase transformation temperature but strongly enhance the (001) 
preferential orientation. But from our results the importance of the deposition mode is 
mainly evident in Xe assisted depositions. The average energy of the Ar atoms impacting 
the substrate is 89 eV (paragraph 5.3) that is enough to cause a vertical material 
intermixing during growth suppressing the DSRO which is fundamental for developing a 
(001) preferential orientation [35]. To compare these results with Xe depositions, the 
energy impacting the substrate must be computed also in Xe discharges. The results of 
TRIDYN simulation are shown in figure 6.21, supposing an initial Xe ion energy of 
400 eV.

Figure 6.21: Energy distribution of the sputtered particles: Fe (left side) and Pt (right side).

The energy distribution was simulated with the modified Thompson distribution function 
of equation (2.15) with m = 0.17. The energy tails of the distributions are not well 
described, but the modified Thompson function with m = 0.17 is in good agreement with 
the center of the distribution. The maximum number of Fe atoms is sputtered with an 
energy of 1.8 eV. The distribution mean energy, calculated according equation (2.16) is
8.8 eV; the sputtering yield is ysp = 0.60 at/ion. The maximum fraction of Pt atom is 
sputtered at the energy of 2.5 eV, with ysp = 0.70 at/ion, but the distribution mean value is 
at 11.3 eV. It should be noticed that the maximum energy of the sputtered Fe atoms is 
71 eV while for Pt is 124 eV. The calculation of the atom mean free paths and the average 
atom energies impacting the substrate were accomplished according the procedure 
described in paragraph 2.4, supposing an initial average energy, at the target, of 
�E�Fe = 8.8 eV �E�Pt = 11.3 eV. The results are reported in Figure 6.22.
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Figure 6.22: Mean free path (a) and energy decrease (b) for Fe and for Pt, as a function of the 
deposition pressure. The initial energy is �E�Fe = 8.8 eV and �E�Pt = 11.3 eV.

The calculated mean free path �p is 11.23 cm and 1.58 cm for Fe and Pt, respectively. The 
average sputtered atom energy at the substrate, after travelling the distance d = 10 cm
(Figure 6.22), is 4.9 eV for Fe and 0.4 eV for Pt. Fe energy is therefore sufficient to 
support adatom mobility during layer growth (paragraph 2.5), while the sputtered Pt atoms 
are completely thermalized. In Figure 6.23 the backscattering yield and the mean energy of 
the Xe neutrals, reflected from the Fe and Pt targets, are reported. Reflection from the Fe 
target is impossible due to mXe » mFe.

Figure 6.23: The backscattering yield (a) and the mean energy (b) of the Xe atoms at the target, 
calculated with TRIDYN, as a function of the Xe ion incident energies.

Only 13% of the total Xe ions are reflected by the Pt target with a mean energy of 30.0 eV 
in comparison with the Ar assisted depositions where 36% of the total ions were 
backscattered with a mean energy of 128 eV. 

In Figure 6.24, the Xe contribution to the energy impacting the substrate is shown, 
calculated according to the model described in paragraph 2.4.
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Figure 6.24: Backscattered Xe energy contribution to the energy impacting the substrate during 
deposition. 

The average energy of the Xe neutrals is strongly reduced at the substrate at 13 eV, which 
cannot cause a significant material intermixing during growth preserving the DSRO area 
constructed by layer – by – layer deposition technique.

In disagreement with other studies [10, 40, 42, 58] it was surprising that even for the films 
grown in Xe discharges, it was not possible to obtain a complete (001) preferential 
orientation after RTA at 550°C. According to [42], the annealing temperature determines
the L10 fraction in the layer, while the annealing time influences the degree of orientation. 
They indicated in 600 s an optimum annealing time to support layer orientation. But it 
must be remembered that, in our experiment, the RTA process was performed with the 
specimen in the up-side-down position and in Ar flow and the temperature was monitored 
with a thermocouple touching the sample corner. It is therefore extremely probable that the 
“real” annealing temperature, seen by the layer, was lower than the indicated value. 
Annealing in vacuum is preferable to support the layer (001) orientation, avoiding any risk 
of oxidation of the surface Fe. 700°C is definitely a high annealing temperature, but also in 
this case the degree of mosaicity is still high in comparison with films grown in Xe 
discharges by the same deposition techniques. We, therefore suppose that Ar assisted 
depositions provide layers in which the DSRO area amount is strongly decreased by the 
energetic atoms impacting the substrate during growth. 

The highest preferential orientation was obtained when the deposition is performed by 
nearly monoatomic layers, for both discharges. In this case, the multilayers already 
emulate an ordered (001) L10 phase. During subsequent annealing the atoms need only to 
move slightly to obtain the fct structure. This preserves the orientation prescribed by the 
multilayer geometry, namely (001). In the case of the specimen with greater bilayer 
thickness, however, the atoms of each layer must undergo longer random walks to achieve 
L10 phase, losing the original pattern of the growth structure.
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The magnetic properties are in perfect agreement with the X-ray scattering results: a strong 
(001) magnetic anisotropy was achieved only from a Xe-assisted deposition in a 
monolayer-like sequence deposition. In this case it was observed a higher magnetic 
coupling between the grains because of a higher degree of crystallinity in the layer, as 
evidenced by the presence of the thickness fringes (Figure 6.18-d).

6.2.4. Summary and conclusions

The L10 (001) preferential orientation was investigated for FePt films (~ 14 nm) 
deposited on amorphous SiO2 as a function of the gas discharge, growing methodology and 
the annealing conditions. 

The FePt layers grown in Ar discharges at 0.3 Pa showed a weak (001) preferential 
orientation after RTA at 550°C or vacuum annealing at 700°C. The deposition method, co-
sputtering or multilayer sequence deposition, is only slightly influencing the final (001) 
layer orientation after annealing. At both annealing temperatures the order transformation 
is achieved confirmed by the magnetic property measurements of high coercive fields 
HC = 1.5 T (Figure 6.17 and Figure 6.20, left side). 

Xe assisted depositions produced layers with a higher degree of (001) orientation after 
annealing. The growing technique is strongly influencing the film (001) orientation: the 
highest degree of orientation was achieved after vacuum annealing from the layer grown 
by the monoatomic layer sequence method. In this case, the coercivity is decreased from 
1.5 T, of the film grown by co-deposition, to 0.5 T (Figure 6.20-right side).

Computing the energy impacting the substrate by TRIDYN simulations and analytical
calculations it was found that while in Ar discharges Fe and Pt will reach the substrate with 
an average energy of ~ 5 eV, Ar reflected neutrals have a high mean energy ~ 89 eV. The 
high energetic contribution is completely suppressed in Xe discharges. The Xe reflected 
atoms impact the substrate with an average energy of 13 eV that preserve the DSRO area, 
created by the monolayer-like sequence deposition, fundamental for the (001) orientation.

To create a high degree of (001) in the layer, after annealing, it is essential to emulate the 
(001) L10. Thus, energetic particles impacts must be suppressed to avoid strong material 
intermixing during growth.
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7. FePt nanoclusters
7.1. The effect of the sputtering gas and the deposition 

pressure on clusters formation
It will be reported about the effect of the sputtering gases, Ar and Xe, on FePt 

clusters formation by magnetron sputtering deposition at high working pressures and 
subsequent annealing by RTA at 550°C for 600 s. This study was published in Journal of 
Applied Physics 105, 07B529 (2009)

Yuji Itoh et al. [76, 77] described the deposition of Fe/Pt at 1.2 Pa in Ar: controlling the 
layer thickness, they produced particulate layers or nanoislands, after RTA at 500°C for 
1 s. From a 2 nm bi-layer system they observed the formation of 17 nm grains embedded 
into the SiO buffer layer, having a coercive field HC = 40 kOe and magnetic moments 
oriented perpendicular to the sample surface.

As already described in paragraph 2.5, the layer morphology and structure are strongly 
influenced by the deposition conditions: an increase of the working pressure will lead to 
layers composed by crystal agglomerates, separated by void defects, as a consequence of 
the increase of the oblique component in the plasma flux and an enhancement of the 
shadowing effect at the substrate.

The two different layer deposition methods (co- and layer – by – layer deposition) will be 
here also compared. The latter is expected to be suitable to increase the L10 fraction after 
annealing by reducing the element diffusion paths inside a unit cell size and to support the 
c-axis orientation parallel to the surface normal [42].

7.1.1. Experimental parameters

FePt was deposited on a-SiO2 (500nm) / Si (100) substrates. The growths are 
realised at 3 Pa. This high deposition pressure was chosen in order to increase clusters 
formation already at the layer growing stage. The base pressure was below 5×10- 5 Pa and 
22 sccm Ar or 26 sccm Xe were injected to reach 3 Pa. The magnetrons run with power of 
40 W and 4 W in Ar discharges for Fe and Pt respectively. In Xe discharges, the 
magnetron power was increased to 44 W for Fe and 4 W for Pt. The subsequent annealing 
is performed in the rapid thermal processing facility, described in paragraph 3.3.3, in Ar 
flow at 550°C for 600 s (100°C/s). XRR, surface diffuse X-ray scattering at 2� = 2° and 
GIXRD, at incident angle �i = 0.6°, are accomplished by D5005 Siemens-Bruker 
diffractometer (Cu - K�, paragraph 4.2.4). The magnetic properties are studied by SQUID 
at 300K.
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7.1.2. Results

Every sample is investigated by RBS at an incident angle of 70° for layer 
chemical composition. The atom deposition rate can be averaged at 
(9.18 ± 0.78) × 1016 at/cm2s and (7.74 ± 0.37) × 1016 at/cm2s for Fe and Pt, respectively, in 
Ar assisted depositions. In Xe discharges, these value are calculated at 
(4.52 ± 0.43) × 1016 at/cm2s for Fe and (3.69 ± 0.20) × 1016 at/cm2s for Pt, roughly half of 
the corresponding deposition rates obtained in Ar: in fact the sputtering yield is reduced in 
Xe. Assuming closed-packed crystalline density values, a minimum film thickness �RBS

(Table 7- 1) can be calculated.

Deposition conditions Composition �RBS (nm) �XRR (nm)

A1 – Co-deposition with Ar Fe54Pt46 3.3 5.1

A2 - Co-deposition with Ar Fe56Pt44 5.1 7.8

A3 – Layer-by-layer deposition with Ar [Fe(1.3Å)/Pt(1.5Å)]20 5.6 9.2

X1 - Co deposition with Xe Fe53Pt47 2.9 5.2

X2 - Co deposition with Xe Fe53Pt47 5.7 12.0

X3 – Layer-by-layer deposition with Xe [Fe(1.3Å)/Pt(1.4Å)]20 5.4 10.5

Table 7- 1: List of the investigated grown conditions and comparison between as-deposited layers 
composition and thickness t from RBS and XRR results

In Figure 7.1, it is reported the comparison between RBS measurements as a function of 
the gas discharge for layers grown in the layer – by – layer mode.

Figure 7.1: Comparison between RBS data obtained from as-deposited films grown by the layers –
by – layer mode at 3 Pa in Ar or Xe discharge.

Despite the high deposition pressure, the slopes of the Fe and Pt peaks indicate a quite 
smooth interface on the contrary of the 125 nm layer described in chapter 6. From the RBS 



7.1 - The effect of the sputtering gas and the deposition pressure on clusters formation

95

data analysis there is no indication of Xe or Ar trapped into the layer. As-deposited sample 
RBS results are compared with the XRR ones (Table 7- 1 last column; Figure 7.2-a, b). All 
layers are characterized by a density reduction in comparison with the bulk crystalline one, 
evaluated by a comparison between the RBS layer thickness �RBS and �XRR. Samples 
deposited in Ar have densities at 60-65 % of bulk density and in Xe case densities are 
between 48-55 %, because of a different surface coverage as visible in the SEM plain 
views (insets Figure 7.2). In the case of Xe (Figure 7.2-b inset), grains agglomerate in 
clusters of about 50 nm in lateral size. Yoneda wings angular positions [125] in the diffuse 
scattering (Figure 7.2-a, b) confirm film density reduction, by a shift of the critical angle 
for total external reflection to lower incident angles with respect to the theoretical ones.

Figure 7.2: Comparison between XRR patterns obtained from as-deposited films grown by the 
layer – by – layer mode at 3 Pa in a) Ar (A2) or b) Xe (X2) discharge. The bar indicates the critical 
angle �c angular position. Insets: SEM plain views of the corresponding films.

From XRR curves damping, the layer roughness results of about 1.0 nm for all as-
deposited films. From the shape of the DS (see paragraph 4.2.1, figure 4.11) it is possible 
qualitatively conclude that the in-plane surface roughness of the layers deposited in Ar is 
completely uncorrelated. On the contrary, the surface roughness of the films grown in Xe 
is characterized by a higher correlation length. 

Figure 7.3: GIXRD at (¯i = 0.6°) of A1 as-deposited film: angular positions of A1 phase are 
marked
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The GIXRD investigations showed the same profile for all as-deposited films in all 
deposition conditions. In Figure 7.3, a typical example from the layer grown in the 
condition A1 is reported, that indicates as a main phase the fcc chemically disordered one 
having an average crystallite size, calculated by Debye-Scherrer formula (paragraph 4.2.2), 
of 2.5 nm.

Figure 7.4: GIXRD analysis (¯i = 0.6°) of the annealed layers: a) deposited with Ar, b) with Xe. On 
top, L10 phase reflections are reported.

In Figure 7.4 the GIXRD measurements after RTA are reported. The L10 phase fraction 
reaches the detectable limit only when the film is grown in the sequential deposition 
method. Analyzing the (111) peak shape and area, the degree of crystallinity was 
calculated: FePt layers of the same thickness co-deposited in Ar (Figure 7.4-a: A1, A2) 
have lower degree of crystallinity than those in Xe (Figure 7.4-b: X1, X2). But, there is no 
difference between the deposition methods in Xe discharge (layers X2 and X3 in Figure 
7.4-b), while the sequential layer deposition increases the degree of crystallinity in the A3 
film in comparison with A2 one (Figure 7.4-a). This points out a stronger Fe and Pt 
intermixing during Xe assisted depositions. The crystallite sizes increases to a maximum 
value of 5 nm in the films A3 and X3, and remains approximately unchanged for A1 and 
X1 to 2.5 nm.

In Figure 7.5, the comparison between the XRR and DS patterns measured on layers grown 
in Ar and Xe after RTA. The annealing causes a reduction of film thickness computed 
from XRR measurements, therefore, an increase of layer density, confirmed by a shift of 
the critical angle �c in X-ray surface scattering (Figure 7.5-a, b). In Ar discharges, after 
annealing, the layer A1 exhibits a density at 73% and A2 and A3 reach 85% of the bulk 
crystalline one; in Xe, films densities increase to an average value of 65% for X2 and X3 
and remain constant to 56% for X1.

The RTA caused grain coalescence for all layers (Figure 7.5-insets). For the films grown in 
Xe discharges the clusters can reach larger in-plane dimensions (up to ~ 100 nm) than in 
the case of Ar assisted depositions. In all deposition conditions, the clusters are not isolated 
but joint together by FePt bridges.
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Figure 7.5: Comparison between XRR and surface DS at �� = 2° for the annealed layers: a) A1 b) 
X1: the bar indicates the critical angle ¯c angular position. SEM plain views of the corresponding 
films.

SQUID measurements, collected at 300K (Figure 7.6), show the effect of using Xe as
sputtering gas. 

Figure 7.6: SQUID hysteresis loops at 300K of the annealed layers: A1; X1; A2; X2; A3; X3.

The coercive field increases from 0.3 kOe of A1 sample (Figure 7.6.A1), to 2.4 kOe of X1 
(Figure 7.6.X1). For layers deposited with Ar, a thickness rise (samples A2 in Figure 
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7.6.A2) does not give a higher L10 fraction: for A2 the coercive filed remained unchanged 
to 0.3 kOe.

The layer-by-layer growth slightly decreased the coercivity of layers deposited in Xe: 
comparing the coercive field of X2 at 4.2 kOe with the one of X3 at 3.0 kOe. On the other 
side, the sequential layer deposition strongly increased the L10 fraction in A3 sample 
(Figure 7.6.A3), with HC = 2.5 kOe, in comparison to A2 (Figure 7.6.A2, HC = 0.3 kOe).

7.1.3. Discussion

The main effect of the high deposition gas pressure is to provide a plasma 
completely thermalized where the contribution to the deposition rates is only driven by 
diffusion. As already pointed out in the previous chapters (chapters 5.3and 6.2.3) the atom 
mean free path is strongly reduced at these working conditions (�Fe = 1.3 cm, �Pt = 0.4 cm 
in Ar and �Fe = 1.1 cm, �Pt = 0.2 cm in Xe discharge – Figure 5.9 and Figure 6.22), as a 
consequence a creation of a many collisions regime occurred in which all the atoms 
(sputtered and reflected gas neutrals) will lose their kinetic energies before impacting the 
substrate (�E�Ar = 3.5 eV, �E�Xe ,Fe, Pt < 1 eV). The calculations reported in paragraphs 
5.3and 6.2.3 are still valid under the assumption of a collisionless sheath at the target , 
according to Keller et al. [83]. Moreover the particle stream from the target to the substrate 
will be completing isotropic. According to the SZM (figure 2.7 paragraph 2.5) the layers 
belongs to the Zone 1. The growth at strongly reduced surface adatom mobility will 
produce films characterised by tapered crystallites forming columns shape grains separated 
by voids. This indication is confirmed by the SEM investigation shown in (Figure 7.2-a, b
insets).

The stronger FePt conglomeration, in the case of Xe assisted depositions, is unexpected 
considering that a lower deposition rate (like in Xe discharges) should support the 
realization of a smooth and compact layer [108], but it can be explained considering a 
longer diffusion length for the Fe and Pt atoms during depositions in Xe. The extracted Xe 
ions are accelerated by the plasma potential (~ 1 V) and the floating potential (~ -6.4 V for 
Ar and ~ -5.0 V in Xe, see appendix D) towards the substrate acquiring a higher 
momentum in comparison to the Ar ones; therefore, they will transfer a higher driving 
force to the already deposited atoms. In disagreement with Thornthon et al. [108], who 
attributes a reduction of the surface adatom mobility, in high working pressure depositions, 
to trapped gas at the substrate surface, we had no indication of adsorbed inert Ar or Xe in 
the layer. The observed density reduction is therefore caused by an incomplete substrate 
coverage, which resulted more pronounced in the films deposited in Xe discharges.

The amount of the L10 phase, after annealing, is mainly ruled by two factors: the gas 
discharge and the deposition technique. By analyzing the SQUID measurements, it comes 
clear that in the case of Xe assisted deposition the energy budget required for the disorder –
order transformation is reduced. According to the TTT diagrams and to the model 
proposed in Ref. 16, a reduction in layer thickness will significantly increase the annealing 
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time. Therefore, we argue that the creation of agglomerates enhances the probability to 
achieve a higher density of L10 nuclei that can then grow and transform the whole cluster 
during annealing. A more disperse structure, like those produced in Ar discharges, is not 
favorable to achieve a considerable L10 fraction and it is characterized by a low degree of 
crystallinity after annealing. This hypothesis is confirmed also by the results obtained 
investigating the layers grown in Ar discharges. In this case, the ordered phase fraction 
reaches the detectable limit (in GIXRD, too) only when the film is grown in the sequential 
deposition method. At 3 Pa the energetic component from the reflected Ar neutrals is 
vanished, not causing anymore atom intermixing during deposition and increasing the 
importance of a deposition in the layer – by – layer mode. The creation, already during 
growth, of a structure that emulates the L10 one decreases the ordering transformation 
energetic budget. The layer – by – layer deposition didn’t further increase the L10 fraction 
in layers deposited in Xe. This effect can be justified considering the higher momentum 
transfer from Xe to the Fe / Pt atoms in comparison to Ar: the same force that is provoking 
agglomeration is responsible of a local atoms intermixing during layer growth.

In conclusion, Xe assisted deposition enhances layer coarsening in the as deposited state. 
Small 2.5 nm crystallites agglomerate in clusters having a lateral size of about 50 nm. In 
Ar discharges, layers show an almost closed morphology with high a degree of 
uncorrelated roughness.

Using Ar as sputtering gas, disorder-order transformation occurs only for a layer – by -
layer deposition. In Xe, the minimum amount of FePt, to obtain the L10 phase at 550°C, is 

decreased to 3 nm bulk equivalent thickness.

Cluster shape anisotropy forces a weak preferential orientation of the layer easy axis in the 
in-plane direction.

7.2. FePt/Ag nanocomposite layers
Ag is widely studied for FePt particulate layer formation, [11, 12, 70 - 73] being a 

suitable matrix with a lower surface energy (~ 7.11×1014 eV / cm2 [74]) than FePt 
(~ 1.31×1015 eV / cm2 [75]) and therefore, cannot be easily segregate into the FePt 
particles.

In this study, the effect of Ag is investigated to enhance FePt cluster formation. The 
methodology applied is a sequential deposition of FePt and Ag at 400°C. The evolution of 
the nanostructures during deposition, as function of the amount of Ag, is observed, in-situ, 
by GISAXS (paragraph 4.2.3). GISAXS is a powerful tool to investigate in-situ the 
morphology and distribution of nanostructures on a substrate surface or buried in a matrix. 
The use of a synchrotron source is fundamental to have a reliable GISAXS signal to 
control the clusters morphology even during growth. In the end, we will discuss about their 
magnetic properties by SQUID hysteresis loops measured at 300 K. This study was 
published in Advanced Engineering Materials 11-6, 478 (2009).
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7.2.1. Experimental parameters

The in-situ studies of the FePt/Ag nanoparticles growth was performed by using 
the set-up described in paragraph 3.2 at the ROBL beamline (paragraph 4.2.4). Figure 7.7
shows a schematic sketch of the experiment. 

Figure 7.7: schematic drawing of the setup using two detectors (point detector for diffraction and 
CCD for GISAXS) and two magnetrons for deposition.

The layer deposition was carried out using a base pressure of 5�10�5 Pa and applying Ar as 
sputtering gas at a working pressure of 0.3 Pa. The FePt and Ag layers were deposited on 
15�15mm2 Si(100) substrates with 500 nm amorphous SiO2 layer on top. The deposition 
temperature was 400�C at the substrate surface. From 1 inch targets of FePt (50 at% Fe �
50 at% Pt) alloy and pure (4N) Ag, two layers were prepared both consisting of two Ag-
FePt double layers finishing with a FePt layer. For sample A the deposition sequence starts 
with FePt and a low Ag amount (~ 0.3 nm) that should separate the FePt islands [73]. 
Sample B starts with a larger Ag amount corresponding to a layer thickness of about 5 nm 
that forms directly small Ag islands on the SiO2-surface [151].

The in-situ X-ray investigations were carried out at an energy of E = 10 keV (� ~ 1.24 �)
to decrease the air scattering for GISAXS measurements. A two-dimensional position 
sensitive CCD detector, at 174.3 cm from the goniometer rotation centre, was used for 
GISAXS studies. To obtain a reasonable signal to noise ratio and resolution the incident 
beam size was chosen to be 0.2 � 0.22 mm2 (H�V). The CCD data have been corrected for 
the dark signal and the flat field. A sequence of patterns was collected during deposition 
when particles formation starts and evolves. To detect the formation of the L10 FePt phase, 
a scintillation detector was positioned to analyse the (110) FePt superstructure peak at 
2� = 26�. The experimental setup and the chosen X-ray energy were optimised to suppress 
the Fe fluorescence resulting in an almost homogenous background. 

To study the degree of the L10 phase after deposition, X-ray diffraction experiments (in 
grazing incidence and in �-2� geometry) were performed, by the D5005 Bruker/AXS 
diffractometer with Cu-K¯ radiation (paragraph 4.2.4). Plan view micrographs, realized by 
SEM, were used to investigate the layer surface morphology and finally SQUID hysteresis 
loops were collected at 300 K to analyse the nanostructures magnetic properties.
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7.2.2. Results and discussion

After the in-situ scattering experiments the layers were characterised by RBS that 
had revealed the following compositions, assuming bulk densities and closed films: for 
sample A: 7.3 nm thick Fe54Pt46 layer separated by 0.2 nm Ag and for sample B: 7.5 nm 
thick Fe57Pt43 layer separated by 6.0 nm Ag. The following deposition rates could be 
calculated: 0.4 Å/s for FePt, and for Ag, 0.05 Å/s for sample A and 0.5 Å/s for sample B. 
The difference in Ag deposition rates is explained considering that, at 400°C, Ag is highly 
mobile on surfaces especially when the total amount of deposited material is not enough to 
form a continuous layer. The Ag binding surface energy is 3 eV therefore it can be 
sputtered away by Ar atoms impacting the substrate with energies of about 89 eV, as 
shown from the calculations in paragraph 5.3.

Figure 7.8 shows the GISAXS patterns recorded during deposition at �i = 0.35°, slightly 
below the FePt and Ag critical angles for total external reflection.

Figure 7.8: GISAXS evolution patterns collected for 10s during deposition at an incident angle 
�i = 0.35° for sample A (intensity in logarithmic scale): (a) is the profile at the end of the first FePt 
layer deposition, (b) is the beginning of the first Ag deposition (c) is the last 10s of the second FePt 
film, (d) is collected during the last Ag layer, (e) the last 10s of the fourth FePt layer; figure (f) is 
collected just after deposition at 400°C.

There is no significant change during growth. The broadening of the specular and 
transmitted signals points out a film structure with increasing roughness during growth.
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The FePt phase evolution is reported in Figure 7.9, by the data collected from the point
detector around the (110) reflection (counting time 48 s for each scan).

The L10 phase formation started at 300 s after the start of deposition corresponding to a 
FePt thickness of about 12 nm. A homogeneous increase of the background, ascribable to 
Fe fluorescence into the detector window, was detected during the whole experiment. 
Therefore, peak integral area has been calculated by subtracting to every peak its own 
background signal. We observed a constant increase of the peak integral intensity, having a 
Boltzmann like behaviour, but, it didn’t reach a constant value during deposition time 
indicating a not completed phase transformation; but a further annealing would induce 
undesired islands coalescence. During deposition, crystallite size is increasing from 6 to 
11 nm. The FWHM of the (110) peak after 372 s of deposition is about 1.0° and shrinks to 
0.6° in the final state, indicating that the amount of Ag is too low to separate the FePt 
islands that is confirmed by missed GISAXS signal at the corresponding Q values.

Figure 7.9: GIXRD (�i = 0.5°) results on the (110) FePt reflection during deposition of sample A. 
Lower graph: peak integrated area vs. deposition time, experimental points (black line with dots)
corresponding to the middle of each scan; simulation with Boltzmann function: red dashed line. 
Upper graph: (110) reflection peak evolution.

The second investigated sample is characterised by a deposition of 6 nm of Ag directly on 
the a-SiO2 at 400°C that should lead to Ag islands formation [151]. In Figure 7.10, the 
GISAXS evolution is shown: during growth Figure 7.10-a to Figure 7.10-e and after 
cooling down at RT, Figure 7.10-f. From other experiments, using an identical sputtering 
chamber [151], it is known that Ag, deposited on SiO2 forms nanoclusters according to the 
Volmer-Weber mechanism [150], characterised by an initial nucleation followed by the 
nucleus growth. The subsequent FePt layer is, therefore, replicating the low frequency 
roughness created by Ag enhancing the GISAXS signal (Figure 7.10-c). The next Ag layer 
is, again, forming islands that will further divide the FePt. The use of Ag is forcing the 
agglomeration of FePt into clusters, having side facets tilted by almost 25° from the sample 
surface normal that can be clearly distinguished from the GISAX pattern collected at the 
end of the last FePt layer deposition (Figure 7.10-f).
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Figure 7.10: GISAXS evolution patterns collected for 10s during deposition at an incident angle 
¯i = 0.35° for sample B (intensity in logarithmic scale): (a) is the profile at the end of the first Ag 
layer deposition, (b) is the beginning of the FePt deposition concluded in (c), (d) is the last Ag 
deposition and (e) the last FePt layer at 400°C; (f) is taken at RT directly after deposition.

Figure 7.11 shows line scans parallel to Qy during and after the deposition. From Figure 
7.11-a a characteristic length size was calculated, that shrinks at RT (Figure 7.10-f) to 
150 nm from 180 nm at the end of the first FePt deposition (Figure 7.10-c). The facets are 
getting stronger during the growth as it can be seen in Figure 7.11-b.

Figure 7.11: Line scans along qy, of the GISAXS patterns of fig. 4 at (a) Qz=0.97 nm-1 (~¯c) and 
(b) showing the facet peaks slightly below �c at Qz = 0.95 nm-1 of sample B taken at the end of the 
first FePt layer deposition and directly after growth at RT.

The samples were additionally characterized by ex-situ diffraction experiments; X-ray 
measurements at fixed grazing incidence angle (GIXRD ¯i = 0.6°) and �/2�-scans, the 
results are reported in Figure 7.12. Sample A shows almost no difference for both scans
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indicating a polycrystalline behaviour. In the � - �� symmetric scan of Sample B, which is 
characterised by a much higher amount of Ag, the L10 phase is hardly observed, while a 
clear (001) superstructure peak appears in the GIXRD pattern. Therefore, the L10 phase has 
a weak in-plane preferential orientation. On the other side, decreasing the amount of Ag 
gives potentially a larger amount of the ferromagnetic L10 phase, but completely random 
oriented. The crystal grain size for both samples is in the order of 10 nm, i.e. one cluster 
itself consists of more than one grain.

Figure 7.12: � - 2� and GIXRD (¯i = 0.6°) patterns of sample A (black line) and the sample B 
(red line).

The GISAXS investigations were ex-situ confirmed by SEM plan views shown in Figure 
7.13. The granular morphology of the two layers is strongly different: Sample A is 
characterised by a grain size distribution of around 50 nm. Already a low amount of Ag (2 
layers of 0.2 nm) causes the formation of FePt nanoparticles but without clear separation 
between the islands. The deposition of Ag directly on SiO2 is forming clusters. The 
subsequent FePt deposition is, therefore, covering the Ag nanoislands surface. At the 
chosen deposition temperature of 400ºC, Ag has a high surface mobility and tends to 
agglomerate; this leads to the formation of big nanoclusters up to a size of 500 nm. But, it 
is possible to distinguish smaller particles, within the big agglomerates, with an average 
size above 50 nm. The last ones are then detected by the GISAXS experiment.

Figure 7.13: SEM micrograph of the sample A (a) and the sample B (b)

The position of the Yoneda wings, in the X-ray DS not shown here, indicates the critical 
angle �c [125], which is connected with the average electron density and therefore with the 
material density. Sample A shows a value of the critical angle of �c � 0.46° close to the 
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bulk value of FePt (FePt: �c = 0.49°, Ag: �c = 0.44°), that supports SEM results that 
evidence no separation between the FePt islands. Sample B shows a smaller value 
�c = 0.4° corresponding to a reduction of the material density of more than 30% in 
comparison to a theoretically closed layer system, i.e. the grown islands are separated by 
each other by voids.

In Figure 7.14, the SQUID hysteresis loops are reported. Two geometries were used with
the magnetisation vector in and out of the sample surface plane.

Figure 7.14: SQUID hysteresis loops of the sample A (a) and the sample B (b) at 300K.

Both samples have a similar coercive field: 9.5 kOe and 7.5 kOe for sample A and B,
respectively. The squareness value is 0.7 for both in-plane measurements, while there is a 
strong difference between the two out-of-plane behaviours: the cluster structure of the 
sample B causes in-plane anisotropy. The increasing of the Ag amount is not decreasing 
the magnetic properties of the layer, as a proof that there is not an alloy creation during 
deposition.

7.2.3. Conclusion

The simultaneous detection of cluster growth and evolution by GISAXS and 
phase transition in XRD geometry was successful applied to investigate, in-situ, the 
deposition of the FePt/Ag system on amorphous SiO2 at a deposition temperature of 
400°C. The strong ferromagnetic L10 phase was obtained already during growth. The 
possibility to tune beam energy, to reduce air scattering and absorption, together with the 
high brilliance of the synchrotron source had made possible to obtain a reliable GISAXS 
signal to control the clusters morphology even during formation and evolution. We have 
shown that the use of Ag is not decreasing the FePt magnetic properties. Using a certain 
amount Ag it is possible to trigger islands growth of the hard ferromagnetic L10-FePt 
phase. Small isolated FePt cluster can be created that give a preferential in-plane 
magnetisation (sample B). However, with increasing Ag amount we observed the 
formation of large clusters (> 500 nm) composed by the agglomeration of smaller grains. A 
further optimisation of the process parameters is necessary to reduce the tendency to large 
clusters formation by finding out the right Ag content and an appropriate process 
temperature that allows the transition to the oriented L10-FePt phase and prevents clusters 
agglomeration, to achieve the ideal state in which one cluster is one magnetic domain.
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8. Conclusions
This study was focused in three main subjects:

1. to achieve low A1 to L10 phase transition temperature,

2. to control FePt (001) preferential orientation independently from the 
substrate nature,

3. to realize L10-FePt nanoclusters.

The aim was to correlate film structural characteristics, investigated by X-ray scattering 
methods, with the magnetic properties. Especially, in-situ X-ray analyses performed by 
synchrotron radiation (ROBL beamline at the ESRF) prove to be a very powerful method 
to study and understand the effect of the layer growth conditions on phase transformation 
and preferred orientation. Theoretical calculations about the particle energy distribution 
during layer deposition justified the film physical properties evidenced by X-ray scattering 
results.

The phase transition was investigated for thick (~ 70 nm) equiatomic FePt layers on a-SiO2

deposited by dc magnetron co-sputtering of Fe and Pt in Ar discharge at 0.3 Pa. This study 
was mainly conduct at the synchrotron (ROBL beamline) to exploit the possibility of in-
situ X-ray scattering measurements during vacuum annealing. The disorder-order 
transformation occurred at (320 ± 20)°C, achieving an high degree of order S > 0.94, and
was confirmed by SQUID magnetic measurements (HC = 0.5 T). On the contrary, the film 
grown at 3 Pa, showed a higher transition temperature (400°C) and a lower magnetic 
hardness (HC = 0.2 T). TRIDYN simulations together with considerations about particle 
transport inside the plasma reveal that the sputtered atoms arrive at the substrate with 
energies of only few eV, whereas a significant amount of reflected Ar neutrals, from the Pt 
target, carries energies well above the displacement threshold (~ 25 eV in metals). 
Therefore, it was supposed that vacancies are created in the layer grown at 0.3 Pa 
decreasing the thermal budget required for the disorder-order transformation. In this way, 
the Fe diffusion length is enhanced with respect to the values calculated by Rennhofer et 
al. [29]. The hypothesis of point defect formation during film growth can also explain the 
discrepancy between our results and the JMAK model as adapted to FePt by Berry et al.
[16]. After calorimetric studies, they indicated ~105 s as the required time to achieve 95% 
of L10 phase in 10 nm thick films at 350°C. Results comparable to those described in our 
work can be found only when the FePt layers are grown by the multilayer sequence 
deposition method, preferably by MBE [40, 41] and with post He+ irradiation [35, 37-39].

By means of a sequential monolayer-like deposition the (001) preferential orientation can 
be forced by growing a structure that emulates the final (001) L10 phase. The creation of 
directional short range order (DSRO) areas, during deposition, will strongly support the 
(001) orientation. For this purpose, the analysis of the deposition process results to be 
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fundamental. In fact, the energetic Ar impacts during layer growth were extremely 
counterproductive to control the (001) preferential orientation in thin (~ 14 nm) FePt films. 
Comparing layers deposited by co-sputtering and multilayer sequence methodology, in Ar 
discharge at 0.3 Pa, it was not found any significant improvement of the film (001) 
orientation using the sequential layer growth, even after vacuum annealing at 700°C. This 
result was justified considering that the energetic Ar atoms impacting the substrate cause
atom intermixing that suppresses the DSRO of the as deposited film. Layers grown at the 
same pressure in Xe discharge showed, after annealing at 700°C, a strong (001) 
preferential orientation when the growth is performed by the multilayer sequence 
deposition. The energy contribution of reflected Xe neutrals during growth is reduced to 
13 eV, supporting adatom mobility to provide films with a compact structure and a smooth 
surface. This energy is also low enough to maintain the DSRO created by layer –by – layer 
depositions. The importance of the discharge characteristics on layer properties is 
absolutely underestimated in the FePt literature. The effect of the sputtering gas on FePt 
ordering was briefly investigated by Liu et al. [152] but without any remark about the 
possibility to use Xe discharges. On the contrary, the evaluation of the particle energy 
impacting the substrate is widely applied to semiconductors processing that is the usual 
field of application of the theoretical studies used in this thesis (paragraphs 2.4 and 2.5) to 
develop the model of plasma particle transport in magnetron sputtering. The ordering 
transformation temperature and the film preferential orientation are usually correlated only 
to the multilayer structure (i. e. single layer thickness) [10, 35, 40-43] without any 
investigation of the growth technique, that, as demonstrated in this work, can have a high 
impact on the film (001) preferential orientation.

The acquired methodology to control FePt (001) preferential orientation can be applied to 
FePt deposition on whatever suitable buffer layer meeting the criteria of the recording 
magnetic media technology. Usually a buffer layer like CrRu [54] or MgO [40] is required 
to promote the film (001) preferential orientation, but how to integrate these buffer layers 
with the soft-magnetic underlayer (NiFe, CoNbB, FeAlSi, CoFeB, FeTaN, FeTaC and 
CoFe) is an up-to-date challenge [66]. Therefore, the possibility to exploit Xe discharges 
features together with in situ X-ray scattering studies, during layer deposition and 
annealing, allows a faster optimization of the process parameters in terms of growth
conditions and thermal stability.

A high working pressure regime provides complete thermalized plasma, vanishing all 
energetic particle contributions, enhancing the particle stream oblique component and 
suppressing adatom mobility. Therefore, clustering is supported. FePt nanoisland
formation, in Ar or Xe discharges at 3 Pa, was studied. Ultra thin (< 10 nm) layers were 
grown on a-SiO2 at RT and subsequently annealed by RTA at 550°C for 600 s. The use of
Xe as sputtering gas is increasing the FePt conglomeration because of a higher momentum 
transfer from the impacting Xe ions to the deposited atoms in comparison with Ar ions. 
Nanoislands formation, already in the as deposited layers, provide the L10 phase after 
annealing also in the case of a total FePt amount below 5 nm. In Ar discharges it is 
necessary to use the multilayer sequence deposition to obtain a comparable fraction of L10
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phase for a comparable thickness. To explain the higher L10 fraction obtained in 
nanoclusters grown in Xe discharges it was suggested that the creation of compact 
agglomerates during deposition enhances the probability to form L10 nuclei, reducing the 
phase transition to a grain growth process. These results are in good agreement with the 
research conducted by Itoh et al. [76, 77] in Ar discharges at 1.2 Pa. But, with the 
introduction of Xe as sputtering gas, it is possible to further decrease the total amount of 
deposited FePt, to enhance cluster formation and separation obtaining a high L10 fraction 
in the isolated nanoislands after annealing.

At the end, it was described a preliminary study to realize nanocomposite layers of FePt 
and Ag. FePt nanoisland formation and growth, at 400°C, was monitored in-situ by 
GISAXS at the ROBL beamline. Simultaneously the L10 phase formation was detected 
giving an indication of the critical thickness (~ 12 nm) for the disorder-order 
transformation at 400°C. Ag has a lower surface energy therefore is supporting FePt 
clustering by diffusing interstitial. For a total amount of Ag of ~ 0.4 nm, it was observed 
the formation of a granular film without any clear indication of spread FePt nanoisland in a 
Ag matrix. If Ag is directly deposited onto a-SiO2 and its total amount is increased to 
~ 6 nm, the formation of large clusters was detected. These preliminary results confirm the 
investigations of Zhao et al. [73] on similar FePt/Ag systems but deposited on MgO, that is 
well known for supporting FePt Volmer-Weber growth. The simultaneous detection of the 
A1 to L10 phase transformation (by GIXRD) and the nanoislands formation and evolution 
(by GISAXS) is an absolute unique technique and allows to put in direct relation the 
minimum FePt amount for the formation of the hard magnetic phase with the minimum 
FePt amount necessary for isolated nanoclusters creation. This approach could be also 
applied to completely clarify the role of Xe in the A1 to L10 phase transformation in 
ultrathin layers grown at 3 Pa. 

Towards an increase of the signal-to-noise-ratio, well isolated nanoclusters are preferred.  
The study of the addition of insoluble materials is the nowadays research. Very good 
results were obtained by layer – by – layer depositions of FePt and SiO2 [10, 66-68]. 
Alternatively, the combination of a pre-patterned substrate (ripples, dots) and the 
deposition at 3 Pa seems a more flexible way to obtain separated aligned FePt nanoislands.
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Appendix A: 
The nuclear stopping cross section

The nuclear stopping cross section � �0nS E of the incoming ion in the target can be 

calculated in terms of the reduced energy � �0� E [153]:
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by an analytical approximation to [154]:
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where � �0nS E is given in eV/A2 and 0E in eV. Equation (2.14) includes two correction 

factors �, � < 1. The term � �T im m� considers the preferred collision cascade propagation 

in forward direction for � � 1T im m £ and � �0th� E E the significant reduction of ½the 

sputter yield for energies close to the threshold energy (Eth is equal to 22.6 eV and 32.2 eV 
for Fe; 23.4 eV and 34.1 eV for Pt impacted by Ar and Xe, respectively [90]). 

The dependencies of � �T if m m� � and � �0thf� � E E are plotted in Figure A.1.

Figure A.1: Values of � �T if m m� � and � �0thf� � E E [89].
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Appendix B: 
X-ray scattering from a free electron

As already mentioned in Chapter 4, X-rays will interact only with the electrons, it 
is, therefore, fundamental to describe X-ray interactions with matter starting from the 
description of the Thompson scattering. Here it will not be taken into account any photon 
energy loss due to scattering (Compton scattering) but only the classical model will be 
described.

Considering an unpolarized X-ray beam incident on a free electron along the x direction 
(Figure B.1), we would like to evaluate the electric field intensity in the point P at a 
distance R from the scattering centre O. 

Figure B.1: X-rays scattering from a free electron: classical approximation [21].

Choosing an arbitrary direction of the electric field in the plane (y,z) (E0), the y component 
E0y will make the electron oscillate with an acceleration � � � �

0,
i R c

y ya e m E e �� � � � , along y. 

The electron will act as a dipole radiating a scattered wave which electric field will lie in 
the charge oscillation plane and R (x, y).

The amplitude [ � �' 0 expy yE i t� �� ] of the electric filed in P will be:
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The electric field in P, perpendicular to the beam direction of incidence, can be expressed 
as:
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But E0 has equal probability to assume any orientation in the plane (y, z), therefore it is 
necessary to consider the average value:
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The observable quantity 2~I E can be therefore easily calculated.

The factor 
2

0 2
04
er

mc��
� is the Thompson scattering length equal to 2.82 � 10-5 Å, the 

scattering length of X-rays with a free electron in vacuum. The term � �2cos 1 2�� ��� � is 

called polarization factor for an unpolarized primary beam.
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Appendix C: 
The equivalence between the Bragg 
law and the Laue condition

It can be demonstrated that the Bragg’s law is exactly equivalent to the Laue’s condition in 
the reciprocal space (Figure C.1).

Figure C.1: the same scattering event described by the Bragg’s law and by the Laue’s condition in 
the 2D case [118].

In the real space the Bragg’s law expresses:

2 sinhkld� �� (C.1)

and in the reciprocal space it must be '� � �Q G k k . From geometrical point of view it is 
2
d
�

�Q . In the case of symmetrical reflections ' �k k and also, from Figure C.1, 

2 sink ��Q , thus 2 2 sink
d
� �� , that is again equation (C.1).
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Appendix D: 
The order parameter S

As already mentioned in chapter 1, the FePt phase transition from the disordered 
fcc A1 to the ordered fct L10 phase can be quantified by the introduction of the long range 
order parameter S.

It is possible to calculate the S parameter by computing the integral intensities of the (001) 
superstructure peak in comparison with the (002) fundamental one: those reflections 
independent from the degree of order are called fundamental, while reflections vanishing 
when the order vanishes are called superstructure. S is directly connected to the amount of 
atoms occupying the right sites: S = 0 for completely random arrangement, S = 1 for 
perfect ordered structures. It is therefore clear that the structure factor must be involved in 
the calculations because it is taking into account the position of all atomic positions in the 
unit cell. Considering the equation (1.1), where rFe, Pt represents the fraction of sites 
occupied by the right atom and wFe, Pt that fraction of sites occupied by the wrong atom, it 
can be written, in the case of the L10 structure:

( ) ( ) ( )( ) ( ) ( ) (1 )i h l i k l i k h
Pt Pt Pt Fe Fe Fe Fe PtF r f w f e e r f w f e� � �� � �� � � � � � � �

with h+k = even, k+l = odd
(D.1)

where fFe/Pt are the Fe or Pt X-ray atomic scattering factor.

In this way the unit cell structure factor F can be evaluated: for the fundamental part

4( )Fe Fe Pt PtF x f x f� � (D.2)

and for the superstructure part

2 ( )Fe PtF S f f� � � � (D.3)

that contains the S parameter.

Unfortunately this methodology is very sensitive to several effects that can produce 
appreciable errors. The two atoms are characterised by different Debye-Weller factors 
( /exp Pt FeM�  ) and this difference become significant at high-order superstructure 
reflections, therefore it is important to choose low order superstructure peaks.

Moreover, in the real case, it must be introduced a correction that takes into account the 
angular dependency of the absorption, while, in this study, we neglected the surface 
roughness correction. Considering that the dispersion is contained in the imaginary part of 
the structure factor f, it is possible to write:

/ / / / /Re( ) Im( )Pt Fe Pt Fe Pt Fe Pt Fe Fe Ptf f i f f i� � � � ¶ (D.4)
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The areas of the fundamental and superstructure peaks must be corrected according to the 
following relation:

/ / /( ) ( *)F S F S F SA K m LP FF� � � � (D.5)

where K is a constant, m is the reflection multiplicity, LP represents the Lorentz-
polarization factor and (FF*) is:
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where the term /exp Fe PtM� takes into account the Debye-Waller correction that indicates a 
decrease of the scattered intensity due to temperature effects. The value of M can be 
calculated for temperatures T > ¾, the Debye critical temperature [155]:
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where ma is the atomic mass and � is expressed in Å. The value of the term 

� � � � � �1 4 T T�� �� ¾ � ¾� � is tabulated as a function of T¾ . The Debye temperature is 

470 K and 240 K for Fe and Pt, respectively [155].

Therefore S can be calculated from the following expression:
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At the beginning of the FePt study, the layers were deposited on 1.5 �m of a-SiO2 on 
Si(001). The signal from the amorphous SiO2 (figure D.1) was increasing the background 
underneath the FePt (001) reflection, altering the integrated intensity calculation. For this 
reason, thin FePt layers were grown on 500 nm a-SiO2.

Figure D.1: Comparison between GIXRD patterns from (001) FePt and pure a-SiO2 1.5 �m, 
collected at ROBL.
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Appendix E: 
Langmuir probe measurements

In order to understand and control FePt growth process, the particle energy 
distributions have to be known. For this purpose ion, electron and plasma density, together 
with the electron temperature and the plasma potential were measured with a Langmuir 
probe at the substrate position.

One of the most popular devices to characterize plasma is the Langmuir probe [153, 157]. 
Langmuir probes are merely electrostatic probes consisting in a small metallic electrode 
inserted into the plasma. A power supply is biasing the probe to voltages of different 
polarity, the current collected at the electrode, the V-I curve, gives information about 
plasma conditions [78].

The Langmuir probe used in this study is the SmartProbeTM© provided by Scientific 
Systems [158]: a schematic drawing of the equipment is shown in Figure E.1.

Figure E.1: Scheme of the Langmuir probe. The tungsten probe tip has a radius rp = 0.19 mm and 
a length of 10 mm.

In absence of strong magnetic fields, when rce » rp (
0

21 3.4 e dc
ce

m Vr mm
H e

� � is the 

electron Larmor radius, considering a Vdc � 400 V) [159], the plasma is supposed to be 
homogeneous in the probe surrounding and therefore local measurements of plasma 
parameters [78, 160].

The evaluation of the V-I characteristics requires the approximation of an isotropic
Maxwellian electron velocity distribution function (2.4): the electron density ne and the 
average electron energy can be determined according to equations (2.7). 
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In Table E-1 the deposition conditions, used during Langmuir probe measurements, are
summarized.

Gas P (Pa) Target material Wdc (W) Vdc (V) Idc (mA)

Ar 0.3
Fe 16 368 43
Pt 3 379 8

Ar 3
Fe 38 275 138
Pt 4 271 14

Xe 0.3
Fe 25 414 61
Pt 3 416 8

Xe 3
Fe 44 402 110
Pt 5 385 13

Table E-1: Deposition parameters

In Figure E.2 are reported the V-I curves collected for Ar and Xe discharge, as function of
the pressure.
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Figure E.2: V-I curves collected at the sample position as function of the sputtering gas and 
pressure. For 0.05 I mA� , current values are amplified of factor 10 (bottom graph).

Three different zones can be identified:

� Vprobe « 0: ion saturation current region. Only ions are collected at the probe while 
the electrons are repelled. This causes the formation of a thin positively charged 
sheath between plasma and probe surface.

� Small Vprobe values: transition region. The probe has a negative voltage with respect 
to the plasma and the collected current is mainly due to electrons energetic enough 
to overcome the barrier: the current has an exponential tendency and from its slope 
the electron mean energy can be derived

� Vprobe » 0: electron current region. The tip current is due to accelerated electrons. In 
this region, the probe could be damaged because of excessive electron current 
collected; therefore the Vprobe was limited to 15 V.
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There is about two order of magnitude difference between the ion and the electron 
saturation current, because of different masses, temperatures and therefore different 
sheathes between probe and plasma, in the case of collection of cold particles (ions) or hot 
species (electrons).

When I = 0 the probe is at the floating potential Vfl, i. e. the probe is at sufficiently 
negative voltage to compensate the electron current with accelerated ion current.

Data acquisition and analysis is performed by the software SmartSoft© supplied together 
with the Langmuir probe device.

The software uses an iterative algorithm, the intersecting slope routine, to determine the 
values of kTe and ne. The iterative algorithm, in SmartSoft©, is based on reference [161], 
taking into account the Laframboise theory of sheath expansion because of change in the 
probe bias [162]. The first step is to evaluate the plasma potential Vpl from inflection point 
of the V-I curve: 2 2 0d I dV � . Subsequently, this value is refined extending the current 
exponential part, which is below the first Vpl, to higher Vprobe. Current values above the first 
Vpl will be extrapolated back until the point where the two lines intersect: the new Vpl.

The first approximation of the mean value of the electron temperature can be then 
calculated by:
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As shown Figure E.2, the electron current increases with pressure. At 0.3 Pa, the electron
component increases with gas mass, but this effect is negligible at 3 Pa. The ion current is 
slightly affected by the working pressure in Xe plasma, but it is doubling in the case of Ar, 
increasing the pressure from 0.3 to 3 Pa.

The sputtering gas mass has only a minor effect on the floating and plasma potentials 
( 0.9 flV V� � at 0.3 Pa and 6.0 flV V� � at 3Pa; 1 plV V� ). Otherwise, the increase of the 

working pressure is correlated with a significant decrease of Vfl, while Vpl remains almost 
unchanged. This could be explained by the enhancement of the electron current with the 
working pressure, the floating potential is therefore increasing in negative values to 
compensate the negative charge arriving.

The calculated average values of the electron temperature are reported in Table E-2:

Deposition gas Pressure (Pa) kTe (eV)

Ar 0.3 0.39 ± 0.02
Xe 0.3 0.35 ± 0.06
Ar 3 0.60 ± 0.11
Xe 3 0.61 ± 0.07

Table E-2: Calculated values for kTe as function of the deposition gas and pressure
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No difference was detected in the mean electron temperature in relation with the gas mass,
but kTe is low and doubles when the working pressure increases.

Anyhow, from the Langmuir probe investigations, the deposition process is characterised
by a weak plasma (plasma density < 109cm-3) and no strong differences between Xe and Ar 
discharges were observed, irrespective to the deposition pressure.

From current measurements performed with a flat electrode arrangement (figure E.3), it 
was possible to estimate the ion flux in Ar discharges at 0.3 and 3 Pa.

Figure E.3: Sketch of the flat electrode configuration: the current was collected at the plate E3
while E1 and E2 where connected to ground. The E3 electrode area is 0.64 cm2

Considering the ions saturation current measured at -50 V, the ion flux is about
4.1 × 1015 ion/cm2s and 3.5 × 1015 ion/cm2s at 0.3 and 3 Pa, respectively.

This experiment was performed with slightly different magnetrons electrical input giving 
the deposition rate in atoms/cm2s reported in paragraph 5.1 (4.20 × 1014 at/cm2s at 0.3 Pa 
and 2.56 × 1014 at/cm2s at 3 Pa). This will give an ion/atoms ratio equal to 10 at 0.3 Pa and 
14 at 3 Pa.
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Appendix F: 
Dependence of the disorder-
order transformation on the 
layer thickness

Here it is briefly reported about the investigation of the A1 to L10 phase 
transformation as a function of the layer thickness. Layer stoichiometry, as film thickness, 
was calculated by RBS: Fe : Pt = (52 ±2) : (48 ±2). In figure F.1 it is shown the GIXRD 
patterns collected ex-situ for three different layer thicknesses: 9, 19 and 27 nm. 
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Figure F.1: GIXRD (�i = 0.6°). Bottom curves: after co-deposition in Ar at 0.3 Pa at 350°C; top 
part: RT deposited layers after annealing in vacuum at 450°C for 30 min.

The L10 phase appeared in the 9 nm layer only after annealing at 450°C. For the thicker 
layers, 19 and 27 nm, the deposition temperature is enough to initiate the phase 
transformation as it is possible to notice with the appearance of the superstructure peaks. 
But, a much higher degree of order in the layer is reached only after annealing at 450°C as 
confirmed by a clear splitting of the (200)/(002) reflections. 
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