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Zusammenfassung

In dieser Arbeit werden die Untersuchungen an mizellar hergestellten FePt und
CoPt Nanopartikeln gezeigt. Die metallischen Nanopartikel mit einem Durch-
messer von 2-12 nm und einem interpartikulärem Abstand von 20-150 nm wur-
den auf Si Substraten deponiert und auf ihr magnetisches und chemisches Ver-
halten bezüglich ihrer Oxidation untersucht.

Die Messungen an mit Wasserstoffplasma behandelten, 5,8 nm FePt Nanopar-
tikeln mittels magnetischem Röntgenzikulardichroismus (XMCD) zeigen, dass
das magnetische Verhalten dem der chemisch ungeordneten A1-Phase von FePt-
Vollmaterial entspricht. Nach Tempern der Partikel bei Temperaturen um 650 °C
findet ein partieller Phasenübergang in die L10 Phase statt. Dies kann belegt
werden durch hochaufgelöste Transmissionselektronenmikroskopie (HRTEM),
wobei in den Partikeln Defekte wie Zwillingsgrenzen oder Stapelfehler auftreten.
Durch eine Erhöhung der Temperatur oder eine Verlängerung des Temper-
prozesses erhöht sich Anzahl der Partikel in der L10 Phase. Dabei liegt die
durchschnittliche magnetische Anisotropieenergie der umgewandelten Partikel
unterhalb 30% der Anisotropie der geordneten Phase von FePt-Vollmaterial.
Nach Tempern der Nanopartikel oberhalb 750 °C erniedrigt sich hingegen die
mittlere magnetische Anisotropie. Der gleiche Phasenübergang aus der A1 in
die L10 Phase lässt sich auch bei FePt-Nanopartikeln mit unterschiedlichn Durch-
messern sowie bei CoPt-Partikeln feststellen. Dabei sinkt das Spinmoment von
Eisen in FePt-Nanopartikeln mit kleiner werdendem Durchmesser, wohinge-
gen das Bahnmoment nahezu konstant bleibt. Gemessen bei Raumtemperatur
sind die magnetischen Momente signifikant kleiner als bei tiefen Temperaturen
(T<20 K), woraus sich schließen lässt, dass auch die Curietemperatur der FePt-
und CoPt-Nanopartikel im Vergleich zu dem jeweiligen Vollmaterial reduziert
ist.

Während des Temperns tritt bei FePt Nanopartikeln eine Segregation des Platin
auf, was sich durch eine diffusionsgetriebene Anreicherung von Pt an der Ober-
fläche der Nanoteilchen äußert. Dies konnte anhand des verminderten Fe-Anteils
in den Spektren, aufgenommen mit Röntgenabsorptionsspektroskopie (XAS)
und Röntgenphotoelektronenspektroskopie (XPS), nachgewiesen werden. Die
Anreicherung des Pt in der Außenhaut der Teilchen reduziert die Oxidation
von Nanopartikeln mit einem Durchmesser d > 5 nm um einen Faktor 100-1000.
Bei kleineren Partikeln konnte dieser Effekt nicht nachgewiesen werden. Dieses
Verhalten kann durch die Abschätzung der Platinschichtdicke anhand eines
Kern-Schale-Modells erklärt werden.





Abstract

In this thesis FePt and CoPt alloy nanoparticles are prepared with reverse
micelles. The metallic nanoparticles with diameters of 2-12 nm and interparti-
cle distances of 20-140 nm are obtained on Si substrates. The magnetic prop-
erties of FePt and CoPt nanoparticles as well as oxidation behavior of FePt
nanoparticles are investigated.

X-ray magnetic circular dichroism (XMCD) measurements on 5.8 nm FePt
nanoparticles after hydrogen plasma reduction at 300 °C reveals that the mag-
netic moment per Fe atom and magnetic anisotropy energy match chemically
disordered FePt in A1 phase. Annealing at 650 °C transform portion of FePt
particles to chemically ordered L10 phase. The presense of nanoparticles in L10
phase is identified by high-resolution transmission electronmicroscopy (HRTEM)
investigation, where it is also observed that large fraction of the particles con-
tain defects such as twin boundaries and stacking faults. By increasing the
annealing temperature or prolonging annealing time, ratio of transformed par-
ticles increases. The average magnetic anisotropy energy of the transformed
particles is below 30% of the value of bulk FePt in L10 phase. Annealing at
above 750 °C , however, decreases the average magnetic anisotropy in the sam-
ple. Similar A1→L10 transition is observed in FePt nanoparticles with different
diameters as well as in CoPt nanoparticles. The spin moment of Fe in FePt
nanoparticles decreases with smaller particle diameter, while the orbital mo-
ment stays almost constant. Magnetic moments at room temperature are sig-
nificantly reduced compared to those at low temperature, suggesting the Curie
temperatures in FePt and CoPt nanoparticles are significantly lower than in the
bulk.

The annealing also induces Pt segregation towards the surface in FePt nano-
particles, which is identified by the decreased apparent Fe content measured
by X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy
(XAS). The segregation of Pt enhance the resistance against oxidation in nanopar-
ticle larger than 5 nm by a factor of 100-1000, but has no influence on smaller
particles. Such difference is explained by the thickness of Pt segregation, which
is estimated by a core-shell modeling.
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1 Overview

Since more than 50 years the binary alloys FePt and CoPt are known to exhibit high
magnetic anisotropy in their chemically ordered L10 phase and their bulk proper-
ties are well understood [1, 2]. Although the materials have high coercivity, good
mechanical properties and excellent chemical stability compared to other hard mag-
netic materials [3], they are rarely used as bulk magnets in industrial applications
due to their high cost. On the other hand, thanks to the combination of high mag-
netic anisotropy and good corrosion resistance, FePt and CoPt thin films as well
as nanoparticles are promising candidate for the next generation of magnetic data
storage [4, 5, 6]. FePt nanoparticles also find applications in fields of biology and
medicine, such as magnetic resonance imaging [7], drug delivery [7] and hyper-
thermia [8]. Apart from magnetism, FePt and CoPt nanoparticles can be used as
catalysts in various of reactions, where both activity and selectivity of the reactions
can be tuned by controlling the size, shape and composition of the particles [9].

Such diverse applications and researches in FePt and CoPt nanoparticles are
triggered by the progress in preparation techniques to produce monodispersed
nanoparticles with controlled particle size, shape and composition. Example of
such preparation methods are wet-chemical methods [6], inert gas condensation
[10] and micellar method [11]. However, FePt or CoPt nanoparticles prepared by
these methods are commonly not in the L10 phase, but in chemically disordered
A1 phase with very low magnetic anisotropy, which is usually not favorable for the
applications. Transformation to the energetically favored, magnetically attractive
L10 phase is kinetically blocked at ambient temperature and only after a subse-
quent annealing at temperatures above 600 °C partial chemical order can be es-
tablished [6, 11]. Moreover, even after annealing the perfect L10 order has never
been obtained in FePt or CoPt nanoparticles. Instead, magnetic anisotropy energies
observed in the nanoparticles prepared by different procedures are typically below
30% of the bulk value [12]. The reduced magnetic anisotropy energy in FePt or CoPt
nanoparticles, as well as their size dependent magnetic properties, are still not fully
understood. This thesis contributes to the knowledge of magnetic properties FePt
and CoPt nanoparticles. Especially the A1→ L10 phase transition is investigated in
nanoparticles of different sizes and under different annealing conditions.

Another important consideration for potential applications of magnetic nanopar-
ticles is the chemical stability. In the case of particles containing 3d elements like
Fe or Co a propensity for oxidation has to be expected, and the oxidation will dete-
riorate or even completely destroy the desired magnetic properties. While the FePt
and CoPt in the bulk are very noble [3], their chemical stability in nanoparticles is
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still an open question. The detailed oxidation process is investigated for differently
sized FePt nanoparticles, and the oxidation behavior of particles in A1 phase and
partially L10 phase is compared.

The thesis is organized as follows: In Section 2 the micellar method is intro-
duced. This method is used to obtain size-selected FePt and CoPt nanoparticles.
Preparational details and its advantages as well as drawbacks to other methods are
compared. Moreover a general introduction to magnetic nanoparticles and FePt as
well as CoPt alloy systems are presented.

Before discussing the detailed oxidation and magnetic properties, feature such
as size, interparticle distances, composition and crystalline structure of nanoparti-
cles need to be characterized. The corresponding characterization methods are dis-
cussed in Section 3 and morphological, chemical and structural information about
different nanoparticles are presented in Section 4. Among all characterization meth-
ods, two in-situ techniques are extensively used in this thesis: X-ray photoelectron
spectroscopy (XPS) is used to track the oxidation process and possible Pt segre-
gation, while X-ray magnetic circular dichroism (XMCD) measures the element-
specific magnetic properties. The physical principles of these two methods, as well
as their quantification are presented in detail in Section 3.

In Section 5 the oxidation of differently sized FePt nanoparticles in disordered
and partially ordered phases under successive oxygen exposure is investigated. Ob-
served huge differences in the resistance to oxidation are ascribed to Pt surface
segregation, which is identified as an apparent shift of the stoichiometry towards
Pt-rich side.

Section 6 focuses on the magnetic properties of the nanoparticles. Orbital and
spin moments as well as elemental specific hysteresis loops are measured using
XMCD. The formation of L10 order is investigated in FePt and CoPt nanoparticles.
Especially the evolution of A1 → L10 transition is discussed in detail for 5.8 nm
FePt nanoparticles. The observed magnetic anisotropy energies in nanoparticles are
compared with results in the literature and the origin of the obtained low magnetic
anisotropy is explored. Magnetic anisotropy and magnetic moments per Fe atom
in differently sized FePt nanoparticles are also compared. Finally temperature de-
pendence of magnetic moment is shortly discussed, giving the estimation of Curie
temperatures of the nanoparticles. All the results are summarized in Section 7 to
give a complete model which describes the different properties observed in FePt
and CoPt nanoparticles.
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2 Introduction

2.1 Preparation of magnetic nanoparticles

Different methods have been used to prepare monodispersed magnetic nanoparti-
cles with diameter smaller than 100 nm, all of which can basically be distinguished
between physical methods and chemical methods. An often used example of phys-
ical methods is the inert gas condensation, where nanoparticles are formed by sput-
tering atoms from certain target and the sputtered atoms agglomerate into clusters
in a continuous inert gas flow before landing on the substrate [10]. By controlling
the agglomeration process, the particle size can be controlled. Advantage of such
a method is that the complete process is usually performed in vacuum, yielding
a clean system without contamination or oxidation. Also the composition of par-
ticles can be tuned rather easily by controlling the target composition [13]. Extra
size selection mechanism can be applied to the particles that are formed during the
flight towards the substrate and very narrow size distribution can be obtained [14].
However, a major drawback of this method is the random deposition of particles on
the substrate.

In chemical methods particles are formed in solution, where the precursors
mixed with surfactant are let to react in a controlled manner. By adjusting the ki-
netics of chemical reactions and surfactants, not only spherical particles but a wide
range of morphologies can be obtained, such as nanocubes [15] and nanowires [16].
Since the particles are formed and dispersed in solution, further treatment of the
particle such as surface modification can be performed [17]. The particles can fur-
ther be deposited on substrates forming an ordered array thanks to self assembly
[18]. The chemical method requires a detailed control of reaction kinetics, and for
another particle system a new combination of precursors and surfactants as well as
reaction conditions have to be optimized.

The magnetic nanoparticles investigated in this work are prepared by a tech-
nique based on reverse micelles, which is a hybrid of chemical and physical method
[19, 11]. The main idea of this method is shortly summarized in Fig. 1. The diblock
co-polymer polystyrene-b-poly-2-vinylpyridine (PS-b-P2VP) or polystyrene-b-poly-
2-vinylpyridine (PS-b-P4VP) is dissolved in non-polar solvent like toluene. Above
certain concentration the polymer will self-assemble into spherical reverse micelle,
where the core is hydrophilic and the shell is hydrophobic [20, 21]. The hydrophilic
core can be utilized as a nanoreactor to carry the precursors of the nanoparticles.
For loading the the micelles, metal salts are added as precursors to the micelle solu-
tion and stirred for 3 to 4 days until the salts are completely dissolved. The choice of
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2.1 Preparation of magnetic nanoparticles

metal salts is critical to achieve successful loading. Roughly speaking, the salt must
form certain chemical bonds with pyridine groups on the polymer chain [22, 23].
depending on the chemical reaction occurred, the allowed relative molar ratio of
the salt to the pyridine unit on polyvinylpyridine chain (loading ratio) is different
for different salts.

In the second step, precursors loaded micelles are deposited on a substrate by
dip-coating. By controlling the dipping speed, micelles will arrange in hexago-
nally closed-packed monolayer [19]. The sample is then exposed to oxygen plasma.
During the plasma process the polymer is completely removed and the metal salts
loaded in the micelle are transformed to the corresponding metal oxide nanopar-
ticles. A subsequent hydrogen plasma can be used to reduce the oxide to metallic
state. The procedure described here belongs to a large class of methods, by which
nanoparticles are prepared thanks to the self-assembly of diblock-co-polymer [24].
As summarized by Förster and Antonietti, precursor loading can also be introduced
in monomers before polymerization, in polymer molecules before the micelle for-
mation and even after the self-assembly of micelles on the substrate. Similarly, the
formation of nanoparticles can also be achieved by chemical reaction within the mi-
celles when the micelles are still in solvent [22]. Among different procedures, the
method introduced in this study is the most versatile when dealing with nanopar-
ticles with different chemical compositions.

PS-P2VP Micelle Micelle loaded with salt

metallic particles oxide particles Micelle array

toluene metal salt

oxygen plasmahydrogen plasma

Figure 1: Successive steps of the micellar approach for preparation of supported
nanoparticles. Details are explained in the text.

By the micellar approach, the particle size, interparticle distance as well as chem-
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2.2 Magnetism of nanoparticles

ical composition can be adjusted within certain range. The size and the distance of
the particles are mainly determined by the chain length of the P2VP and PS, which
in turn governs the size of the micelle core and shell [21]. The particle size can be
further controlled by changing the loading ratio. This will lead to different particle
size, while the interparticle distance remains constant. The interparticle distance
can be further controlled by the speed of dip-coating [25]. In this study the particle
sizes range from 2 to 12 nm in diameter, and interparticle distances vary between
25 to 200 nm.

2.2 Magnetism of nanoparticles

The magnetic properties of nanoparticles are the central topics of this study. For a
thorough understanding of the magnetism of nanoparticles, several concepts will
be introduced in this subsection.

One of the most important concept in mangetic nanoparticles is the magnetic
anisotropy energy (MAE), which describes that the energy of magnetic material de-
pends on the relative orientation of the magnetization with respect to the material
[26]. Because of such energy difference, the magnetization will stay at a position
where total energy is minimized, which leads to stable magnetization in the mate-
rial. Such direction is called the easy direction of magnetization.

MAE can have many different origins, but all can be divided into two cate-
gories. The first kind arises purely from magnetostatics and can be explained at
macroscopic scale. Whenever magnetization within the material is not homoge-
neous or not parallel to the surface, a stray field will emerge and interact with all
the magnetization in the system. This effect give rise to MAE such as the shape
anisotropy, where the energy depends on the relative orientation of magnetization
to the material’s shape. For example, the easy direction for a cylinder is along its
axis and for a thin film it’s in the plane. This also means if the shape is isotropic,
i.e. spherical, there will be no shape anisotropy.

The second kind of MAE originates from the quantum effect of spin-orbit cou-
pling and is working at atomic scale. Due to spin-orbit coupling, changing the ori-
entation of magnetic moment of an atom will alter the charge distribution around
the nucleus, which further leads to energy difference if the atom is located in an
anisotropic potential field. Example of such MAE is the magnetocrystalline aniso-
tropy, where the atoms are subjected to the potential field of the crystal lattice.

In the simplest case, the symmetry of MAE is uniaxial. By expanding to different
orders, the MAE can be expressed as:
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2.2 Magnetism of nanoparticles

E = E1 sin2 θ + E2 sin4 θ + . . . (1)

, where E1, E2 . . . are the coefficients of the expansion and θ is the angle between
magnetization orientation and easy axis. In case of magnetocrystalline anisotropy,
the MAE is usually normalized to unit volume Ku = E/V. The value of Ku usu-
ally is between 103 to 107 J/m3. Such energy density is relatively low compared
to the internal energy of the material, which is on the order of 109 J/m3 at room
temperature. Although the MAE is much smaller than thermal energy at room
temperature, the MAE can still fix the orientation of magnetization with respect to
the material. The reason lies in the fact that the strong exchange coupling in ferro-
magnetic material tends to align all the moments in parallel. In the simplest view,
to change the orientation of one moment all the moments in the material need to
rotate coherently, which means the effective energy barrier to switch magnetization
direction is proportional to the volume of the material. On the other hand, the effect
of thermal fluctuation is applied independently on all atoms within the material,
meaning that the effect is independent of the system size. In larger systems, the
MAE is able to create an energy barrier sufficient to stabilize the magnetic moments
against thermal fluctuation [26].

In the nanoparticles prepared in this study, the major contribution to MAE is
the magnetocrystalline anisotropy from FePt or CoPt crystalline structure. Assum-
ing that the particles are spherical, there is no shape anisotropy for single particles.
However, another kind of shape anisotropy due to the dipole-dipole coupling be-
tween neighboring particles might arise. The energy of such coupling is:

E = −µ0m1m2

4πr3 (2 cos α cos β− cos γ sin α sin β) (2)

, where m1, m2 are the dipole moment of each particle, r the distance between
the two moments. The value of this energy depends on the relative angle of two
moments with respect to the direction vector between two moments as α and β

and the dihedral angle between the two moment-direction vector plains as γ. This
energy contribution will be significant, if the distance between the particle is small.

The micellar method usually produces nanoparticles separated by relatively
large distances. A typical example is 10 nm FePt particles separated by 50 nm.
The anisotropy due to dipole coupling in this case is estimated to be 7.12 meV,
while the magnetocrystalline anisotropy per particle is KuV = 22.9 eV assuming the
bulk saturation magnetization and magnetic anisotropy of FePt [27]. However, if
all the FePt particles form a closed packing such that the particles touch each other,
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2.2 Magnetism of nanoparticles

energy of dipole coupling will increase to 7.6 eV. As a result, particles investigated
in this study are all magnetically separated and the only effective anisotropy is the
magnetocrystalline anisotropy of each single particle.

In very small nanoparticles, the effect of thermal fluctuation might overcome
the energy barrier of the MAE and flip the direction of moment. The rate of such
flipping can be expressed by the equation proposed by Néel [28]:

τ = τ0 exp
(
−Ke f f V

kBT

)
(3)

, where kBT stands for thermal fluctuation and Ke f f V the total energy barrier from
MAE. τ0 is the attempt frequency and is physically related to the coupling between
lattice vibration and moment fluctuation. τ0 lies usually between 109 to 1012 Hz [29].
When 1/τ is much larger than the typical measurement time, the magnetization will
be stable and nanoparticles show ferromagnetic behavior. Considering the usual
time span of the measurement in 10-30 min., a stable magnetization requires:

Ke f f V > 30kBT (4)

Conversely, when 1/τ is much smaller the the measurement time, the magneti-
zation will flip randomly and the nanoparticles show no net magnetization without
external field. The behavior is named superparamagnetism, where the total mo-
ments of one nanoparticle rotate collectively like a macro spin [30].

Another important effect in magnetic nanoparticle is the emerging of single-
domain state. At macroscopic level, the moments in ferromagnetic material tend
to form magnetic domains with closed loop configuration in order to reduce the
stray field and thus the system’s energy. However, the domain wall that sepa-
rates different domains will cause extra energy and including domain wall in very
small structure will not be energetically favorable. Considering a spherical particle
with uniaxial magnetic anisotropy energy, a critical size for single domain can be
deduced by comparing the total energy of the homogeneous magnetized sphere
and the configuration with a single domain wall. For material with high magnetic
anisotropy, the critical diameter of the sphere can be expressed as [31]:

Dc ≈
9
√

AKu

µ0M2
s

(5)

, where A is the exchange stiffness constant, Ku the uniaxial anisotropy con-
stant, Ms is the saturation magnetization. In case of FePt Dc ≈ 46 nm is obtained.
The nanoparticles investigated in this study are well below such size, thus all are
essentially single-domain.
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2.2 Magnetism of nanoparticles

The response of magnetic nanoparticles in external magnetic field can be de-
scribed by the model proposed by Stoner and Wohlfarth [32]. The model originally
set forth to explain the magnetism of alloys but later found its applications in mag-
netic nanoparticles. The details of such applications are discussed in many literature
[33, 34, 35]. Here, the main ideas of the model are as summarized:

• The total magnetic moment of the sample is the contribution of many mag-
netic particles, and each particle is single-domained and all the magnetic mo-
ments rotate coherently.

• The magnetic anisotropy of the particles is uniaxial.

• The energy of the particle is described as the sum of magnetostatic energy due
to external field and magnetic anisotropy energy:

E = KuV sin2(φ− θ)− µ0MsVH cos φ (6)

, where φ is the angle between the external field H and magnetization Ms, θ

is the angle between easy direction of uniaxial anisotropy and external field. The
orientation of the moment will stay at the position where the total energy is at
its local minimum. If multiple local minima are present, the moment takes the
orientation which is closest to its history. Such history dependency is the source of
hysteresis in the Stoner-Wohlfarth model.

The response of the particle to external field depends strongly on the orientation
of its easy direction. If all the particles are randomly oriented, the response is the
average of all possible orientations, and the hysteresis loop of the particles have a
defined shape, shown in Fig. 2.

Certain characteristics of the hysteresis loop can be related to the magnetic prop-
erties of the particles. More specifically, the following relations are valid:

Mr/Ms = 0.5 (7)

µ0MsHc/2Ku = 0.479 (8)

µ0MsHs/Ku = 2 (9)

The Ku is the uniaxial anisotropy energy density, Ms the saturation magneti-
zation ,Mr the remanence magnetization and Hs the field needed to saturate the
sample.
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2.3 Introduction to FePt and CoPt systems

Figure 2: Hysteresis loop of an ensemble of randomly oriented uniaxial Stoner-
Wohlfarth particles. Plot taken from [26].

The Stoner-Wohlfarth has not taken into account the thermal fluctuations, thus
can only be used to explain the hysteresis when thermal energy is much lower than
anisotropy energy of the particles. The Stoner-Wohlfarth model has been extended
with thermal excitation according to the idea proposed by Néel [28] to explain the
magnetic response at finite temperature [33].

2.3 Introduction to FePt and CoPt systems

FePt and CoPt alloy systems have attracted great interests mainly due to its possible
application in magnetic data storage [6]. In this section the intrinsic properties of
both alloy in bulk and thin film systems will be shortly reviewed.

FePt and CoPt alloys have very similar phase diagrams, as shown in Fig. 3. Both
systems form A1 phase at high temperature, and can form three different ordered
intermetallic phases M3Pt, MPt, and MPt3 (M stands for Co or Pt) at lower tem-
perature. The MPt has L10 structure, while MPt3 and M3Pt have L12 structure
[38]. The crystalline structure of A1 and L10 phases are shown in Fig. 4. The L10

phase is most interesting from the magnetic point of view due to its huge magneto-
crystalline anisotropy. In this phase Co or Fe atoms and Pt atoms form an alter-
nating layered structure. Due to strong spin-orbit coupling of the Pt 5d electrons
[39] such structure has very large magneto-crystalline anisotropy, and the easy axis

9



2.3 Introduction to FePt and CoPt systems

Figure 3: The phase diagram of FePt (left) [36] and CoPt (right) [2]. The ferromag-
netic phase transition (Curie temperature) is also plotted for FePt. The two systems
behave very similar. For both system, the L10 phase can be formed in a relative
wide composition range. Details are discussed in the text.

(a) (b)

a

c

Figure 4: The crystalline structure of FePt and CoPt in A1 (left) and L10 (right)
phase. The A1 phase has face centered cubic (fcc) structure and the two atoms
occupy the fcc sites randomly, while the L10 has face centered tetragonal (fct) struc-
ture and the two atom species from alternating layers. The lattice of fct is slightly
contracted in the perpendicular direction of the alternating atomic layers. The L10
bulk lattice constant for FePt is a = 3.803 Å, c = 3.701 Å, c/a = 0.973, for CoPt
a = 3.853 Å, c = 3.713 Å, c/a = 0.964 [37]. One should notice that the lattice con-
stants here correspond to the equiatomic ratio of Fe/Co to Pt, and the degree of
chemical order S is almost 1. Deviations in the atom ratio and degree of order
will change the lattice constant slightly. Using the above bulk lattice constants the
densities are estimated to FePt 15.56 g/cm3 and CoPt 15.30 g/cm3, respectively.
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2.3 Introduction to FePt and CoPt systems

is perpendicular to the alternating atomic layers. According to the phase diagram
the L10 phase can be formed in a relative large range of composition: 35% - 62%
Pt atomic percent for FePt and 42% - 58% Pt atomic percent for CoPt. For the
atomic ratio of Co or Fe to Pt slightly deviated from 1:1, the L10 phase can still
form, but the alternating atomic layer will not be pure Pt and Fe or Co, leading
to slightly different lattice parameters and reduced magnetic anisotropy energies
[37]. However, the same crystalline phase is maintained. This is very different from
some other hard magnetic materials such as Co5Sm, where the intermetallic phase
with high MAE can only be formed in a very narrow stoichiometry window [40].
In such case, a slight deviation in the atomic ratio leads to a two phase mixture,
which exhibits different magnetic properties and the system is inhomogeneous on
the microscopic level. In this aspect, the FePt and CoPt nanoparticles with uniform
magnetic properties are usually easier to prepare and the system is also simpler to
characterize.

The phase diagrams shown in Fig. 3 is obtained under thermodynamical equilib-
rium. However, usual preparation methods [18, 41] produce a chemical disordered
structure in the as-prepared state, where the crystalline structure is face centered
cubic, and every atomic site is occupied by either Fe/Co or Pt atoms randomly,
as shown in Fig. 4. This corresponds to the high temperature A1 phase shown in
the phase diagram and the structure can be understood as a metastable system
where atoms are “quenched” from an agitated state, which is thermodynamically
unstable. Due to the disorder of the atoms, such structure usually has very low
magnetic anisotropy energy [42]. In order to transform the A1 to L10 structure, an
annealing step is typically required [41]. In this case the system is heated up to
higher temperature, where thermodynamically the L10 phase is still favorable, and
there is sufficient thermal energy to supply the kinetics of the transition. It has been
shown that such order-disorder transition is a second order phase transition, and a
corresponding order parameter S can be defined as [43]:

S = 2P− 1 (10)

, where P is the probability that the Fe/Co or Pt atoms are at the “correct” sites
of L10 lattice. In the fully ordered case, P = 1 and corresponding order parameter
is also 1, while for complete disordered structures, one atomic species has equal
probability to occupy both Fe/Co and Pt sites, thus P = 0.5 and the corresponding
order parameter S = 0. Experimentally, S is usually measured with diffraction
methods [44] by examining the relative intensity of (001) diffraction, which is not
allowed in Al (fcc) phase, with respect to the (002) diffraction.
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2.3 Introduction to FePt and CoPt systems

During the transition from A1 to L10 phase, the order parameter changes con-
tinuously with time and temperature. Similar to other order-disorder transitions,
the kinetics of the transition can be summarized as the C-shape curve in the time-
temperature-transformation or TTT diagram, shown schematically in Fig. 5. The
low transition rate at low temperature is due to the limited thermal energy to as-
sist the kinetics, while at high temperature the free energy difference between A1
and L10 phase is reduced and the reduced thermodynamic driving force limits the
transition rate.

Figure 5: A schematic illustration of a TTT diagram. Each curve represents the
degree transformed if held at a particular temperature. Details are explained in the
text.

Given a typical measurement time in the lab, a kinetic transition temperature
can be defined according to Fig. 5, where the A1→L10 transition starts. Such tran-
sition temperature in FePt reaches its minimum TD = 375 °C at composition of 46
Pt at%, and increases rapidly to TD = 500 °C for 55 Pt at%. The activation energy
of the transition lies between 1.6 - 2.1 eV, with Pt-rich composition having higher
activation energy [45]. The transition does not need long range atomic diffusion,
but only rearrangement of atoms in near range is sufficient. It is shown by Monte
Carlo simulations that the limiting factor for the transition is the number of va-
cancies available [46]. Introducing extrinsic vacancies, such as delivered by ion
irradiation, will effectively reduce the activation energy and enhance the kinetics of
the transition [47, 48].

The magnetic properties of FePt and CoPt have a close relation to the relative
ratio of Pt and the crystalline structure. For L10 phase and 50 at% Pt, the system
shows the highest magnetic anisotropy [37]. The important properties of the bulk
material with 50 at% Pt and L10 phase are summarized in Table 1. Both systems
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2.3 Introduction to FePt and CoPt systems

have uniaxial anisotropy. Only the lowest order of the anisotropy constant Ku is
discussed in this study.

Table 1: Summary of experimental magnetic properties of FePt and CoPt in L10
phase with with 50 at% Pt [1, 49]. Both saturation magnetization and anisotropy
energy are measured at room temperature. The coercive field Hc depends strongly
on the microstructure and values given here are just examples of experimental data.

Name Ms (kA/m) Hc (T) Ku (J/m3) Tc (K)
FePt 1140 12.28 7× 106 750
CoPt 765 13 4.2× 106 789

From saturation magnetization Ms and the crystalline structure it is estimated
that the magnetic moment per FePt formula unit is 3.29 µB and per CoPt formula
unit 2.28 µB, respectively. The magnetic moment of each atomic species and its cor-
responding spin and orbital moment has been measured by X-ray magnetic circular
dichroism (XMCD). Results from the literature are summarized in Table 2. The ma-
jority of the total moment comes from Fe or Co atoms. The induced moments on
Pt atoms contributes to only about 10-20% of the total magnetic moments. How-
ever, due to the presense of Pt, there are higher moments in Fe or Co compared to
elemental Fe or Co. This effect is explained by the hybridization of Fe/Co 3d and
Pt 5d orbits [50]. The moment per Fe atom increases with Pt content and reaches
maximum at equiatomic composition, and stays almost unchanged when Pt content
is further increased [51]. It is also clear from the table that the magnetic moment
is not very sensitive to chemical order, which is quite different from systems such
as FeAl [52]. Such phenomenon is confirmed by neutron diffraction measurement
[53] and squid magnetometry [54]. As it is expected by the crystal field theory, the
spin moment constitutes most of the magnetic moment and the orbital moment is
very small. Although tiny contribution to the total moment, the orbital moment is
closely related to the magnetic crystalline anisotropy [26], and in FePt/CoPt systems
chemical order leads to slightly increased orbital moments, as shown in Table 2. The
ab-initio calculations given in Table 2 yield reasonable prediction of spin moments
for both systems. In case of FePt the spin moment measured by XMCD is slightly
lower than the theoretical value. This effect is mainly due to the relatively large
magnetic dipole contribution in the L10 phase, which contributes to the effective
spin moment derived from the XMCD sum rules (refer to Section 3.3) [50]. The
neutron diffraction measurements confirm that the moment of Fe atoms in FePt is
2.8 µB [53]. The theoretical calculations, however, typically underestimate the or-
bital moment. The measured orbital moment for FePt and CoPt is almost twice of
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2.3 Introduction to FePt and CoPt systems

the theoretical prediction according to Table 2.

Table 2: Element specific spin moment µs and orbital moment µl in units of µB
per atom for FePt and CoPt systems. All the systems have 50 at% Pt. The
value is obtained either experimentally by XMCD or theoretically by layered Kor-
ringa–Kohn–Rostoker method (LKKR) and full potential method with linear muffin-
tin orbit and local spin density approximation (FP-LMTO+LSDA). The experimental
values for pure Fe and Co are also listed as reference.

System Fe µs Fe µl Co µs Co µl Pt µs Pt µl

FePt thin film A1 [55] 2.24 0.20 - -
FePt thin film L10 [55, 51] 2.45 0.24 0.47 0.045

CoPt thin film A1 [56] 1.79 0.15 - -
CoPt thin film L10 [57] 1.76 0.26 0.35 0.09
FePt L10 (LKKR) [58] 2.78 0.075 0.32 0.047
CoPt L10 (LKKR) [58] 1.72 0.095 0.35 0.059

FePt L10 (FP-LMTO+LSDA) [50] 2.87 0.072 0.33 0.046
CoPt L10 (FP-LMTO+LSDA) [50] 1.79 0.109 0.36 0.063

Fe thin film [59] 1.98 0.086
Co thin film [59] 1.55 0.153

The coercivity of FePt and CoPt in bulk or thin film depends strongly on its
microstructure [60], thus the Hc value presented in Table 1 serves only as a practical
example. The magneto-crystalline anisotropy energy (MAE), on the other hand, is
an intrinsic property of the material and depends only on its atomic structure. Due
to the L10 crystalline structure, the magneto-crystalline anisotropy energy in FePt
and CoPt is uniaxial and can be expressed by a single energy density constant Ku.
MAE depends strongly on the chemical ordering. For A1 phase the MAE energy
is only 0.1 MJ/m3 due to the high symmetry of the fcc lattice. Only chemically
ordered L10 system shows the desired high MAE. The dependence of MAE to the
chemical order S is investigated in thin film system by S. Okamoto et al. [27], where
for S < 0.8, the Ku increases linearly with raising chemical order.

The Curie temperature TC of FePt and CoPt is significantly reduced compared
to pure Fe and Co, which arises from reduced exchange interaction. Compared
to the chemically disorder phase, Curie temperature of chemically ordered CoPt
decreases only about 10 K [49]. Measurements on different chemical composition
of FePt reveals that the TC is strongly influenced by the stoichiometry. Compared
to Fe50Pt50, the TC of Fe59Pt41 is reduced by 70 K [53]. The dependence of TC with
composition in FePt system is also shown in the phase diagram in Fig. 3.
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2.4 Magnetic properties of FePt and CoPt nanoparticles

2.4 Magnetic properties of FePt and CoPt nanoparticles

FePt nanoparticles have attracted great interests in research since Sun et. al. first
demonstrated the preparation of monodispersed 4 nm FePt nanoparticles by chem-
ical methods and the self-assembly of these particles on substrate in 2000 [18]. The
prospect is that if the information could be stored magnetically on each nanopar-
ticle, the information density will reach 4 Tb/in2, exceeding even the harddisk
nowadays in 2011 by almost a factor of 10. It was, however, quickly realized that
several technical difficulties prevents its application. One of the major problem is
that the particles prepared are in A1 phase with low MAE and the particles are es-
sentially superparamagnetic at room temperature and cannot hold the information.
While annealing up to 600 °C would create the desired L10 phase with high MAE,
the particles agglomerate and the nice self-assembled array is destroyed [42]. A lot
of efforts has been put into creating the L10 phase in nanoparticle without agglom-
eration [6]. One of such method is to disperse the particles at low concentration in
a salt matrix, which allows high-temperature annealing without coalescence. After
removal of the salt matrix the particles are recovered and dispersed again in solvent
with the help of surfactants. The degree of order S reaches 0.8 for 4 nm diameter
[61]. This high degree of order, however, has not been achieved for particles pre-
pared by other method such as inert gas condensation [10] or micellar method [11],
where both measurements yield much lower MAE compared to FePt in bulk.

There are many researches setting forth to explain the low degree of order ob-
tained in FePt and CoPt nanoparticles. It has been observed that FePt nanoparticles
after annealing show an inhomogeneous MAE [12], and similar result is also ob-
tained for CoPt particles after annealing [62]. In both systems it is found that the
MAE is composed of a high anisotropic portion that is due to chemical order and
a low anisotropic portion that can essentially be described as in chemically disor-
dered phase. This inhomogeneity suggests that the transition from A1 to L10 is
incomplete, and the low degree of order obtained in these particles are in fact due
to limited kinetics. Measurements in the CoPt system shows that chemical order
is achieved in 2.4 nm CoPt particles after annealing at 500 °C for 16 hours. The
annealing has to be performed at rather low temperature since the equilibrium or-
der–disorder transition reduces from 825 °C to 500 - 650 °C, above which the L10 is
thermodynamically unstable [63].

On the other hand, Monte Carlo simulations suggest that in nanoparticles the
high degree of order is thermodynamically not favorable and extra disorder is intro-
duced by the presence of surfaces [64]. Moreover, a tendency of Pt segregation on
the (111) and (100) surface of FePt has been observed according to the simulation on
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2.4 Magnetic properties of FePt and CoPt nanoparticles

7 nm cuboctahedron FePt particles. Such segregation would shift the composition
of the remaining FePt particles to Fe-rich, which further disrupt the chemical order
[43]. It has also been shown experimentally by the salt-matrix annealing method
that S = 1 can never be obtained in FePt nanoparticles smaller than 10 nm, and
the maximum degree of order that can be obtained in 4 nm nanoparticles is 0.8
[61]. These researches suggest that the perfect L10 order in nanoparticles might be
thermodynamically unfavorable.

The intrinsic magnetic properties such as Curie temperature and saturation mag-
netization change in FePt nanoparticles. XMCD measurements on colloidal FePt
particles show reduced magnetic moment for Fe atoms compared to bulk FePt [51].
And the Curie temperature of 4 nm FePt nanoparticles is reduced by 50 - 100 K
compared to bulk [65]. These observations suggest that the ferromagnetic order is
influenced by the particle size. In extreme case, 2.5 nm FePt particles show antiferro-
magnetic order instead of ferromagnetism according to the ab-initio simulation [66].
This behavior of FePt is quite different from what has been observed on Co clusters,
where with smaller cluster size increased moment and enhanced anisotropy energy
are observed [67].

In this study the magnetic properties in FePt and CoPt nanoparticles are mea-
sured by XMCD, and its dependence with annealing conditions as well as particle
sizes will be discussed in detail.
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3 Experimental techniques and evaluation methods

3.1 Overview of experimental methods

The micellar technique typically produces a monolayer of nanoparticles with diam-
eter smaller than 10 nm and interparticle distance larger than 50 nm, where the
nanoparticles cover less than 8% of the projected surface area. This low coverage
poses a great difficulty to the characterization. Generally speaking, all characteriza-
tion methods can be divided into integral and microscopic methods. In the integral
methods, the overall properties of the sample are measured, and the obtained result
is the average over all the particles in the sample. For typical samples with a single
layer of particles and relative large interparticle spacing used in this study, the dif-
ficulty is thus the small signal from the nanoparticles compared to the supporting
matrix, e.g. the substrate. It is essential to separate the small contribution from
the particles from the overall signal. With microscopic methods on the other hand,
the properties of single nanoparticles are measured separately, and by measuring a
large number of particles not only the averaged effects but also the distribution of
the particle properties can be obtained [68]. Although microscopic methods yield
great insights to the given characterization problem, obtaining properties of a single
particle requires spatial resolution in the nanometer range, which is usually quite
difficult. In this section different experimental methods used in this study will be
shortly reviewed. Their application to magnetic nanoparticle systems will also be
discussed.

The morphology is characterized by microscopic methods. Scanning electron
microscopy (SEM) is mainly used to get a direct image of the sample, where the
particle size, interparticle distance and the ordering of the hexagonal array can be
easily resolved [68]. In this study Hitachi S-5200 field emission SEM is employed.
Using the secondary electron signal the resolution of the SEM is about 1 nm. This
is sufficient to detect and resolve the large structure of the particle, but the de-
tailed shape of the particle is somehow blurred. Since the size of prepared particles
ranges from 2 - 12 nm, with a resolution limit of 1 nm the particle diameter cannot
be determined with high precision. Atomic force microscopy (AFM) is then used to
determine the particle size more precisely [68]. Depending on the tip used in AFM,
the lateral resolution is usually restricted to about 20 nm, but the vertical resolution
can be as high as 0.1 Å. Since the interparticle distance is larger than 50 nm, the
particles can be individually resolved by AFM. If we assume the particle is spher-
ical, the AFM tip height change when scanning across the particle corresponds to
the particle diameter. In this thesis the particle size is always determined using a
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DI Nanoscope-III Multimode AFM in tapping mode. One should notice that both
method are ex-situ, namely, the sample has to be removed from the vacuum and
carried in ambient conditions to the corresponding microscope. During the inves-
tigation the sample is in high vacuum for SEM and stays in air for AFM. In both
case exposure to ambient conditions might cause oxidation of the particles. It will
be shown later in Section 5 that such effect is, however, not very prominent for the
FePt systems.

Transmission electron microscopy (TEM) is used to investigate the detailed par-
ticle morphology and the crystalline structure of the particles [69]. In this thesis
the TEM investigation is performed in collaboration with J. Biskupek and U. Kaiser
from Arbeitsgruppe Materialwissenschaftliche Elektronenmikroskopie at Ulm Uni-
versity using the FEI Titan 80-300 Cs-corrected TEM. To prepare samples for TEM
investigation, the nanoparticles are covered with a thin SiO2 protective layer against
oxidation, so that during the sample transfer and preparation stage, the particles are
kept free of oxidation. The common bright field imaging mode can reveal the de-
tailed particle morphology, while the high resolution mode (HRTEM) is used to
measure the crystalline structure. In order to resolve the crystalline structures in
HRTEM mode, the crystalline axis of the particles has to be aligned with respect to
the electron beam. Considering the random orientation of the particle crystalline
directions and the fact that only a small thin area on the sample can be investigated
by TEM, only a small number of particles can be readily investigated to reveal their
crystalline structure on one sample. For the HRTEM investigations, it is very im-
portant to get enough statistics to describe the overall properties of the particles.

The ordering parameter of L10 phase can also be measured by TEM. An indirect
but easier method would be to measure the lattice constant of the particle. Using
the relation between the degree of ordering and the lattice constant change [37],
the order parameter S can be determined. Since the relative lattice constant change
from A1 to L10 is around 3%, the lattice constant change has to be determined very
precisely. However, in FePt and CoPt nanoparticle systems, due to relaxation on
the surfaces the lattice constant in one particle can have significant changes larger
than 3% and such change can also be inhomogeneous over the particle, as observed
by Wang et al. [70]. This variation makes the estimation of overall lattice constant
in FePt or CoPt nanoparticles unreliable, thus the lattice constant cannot be used to
determine the order parameter. Instead, the scanning transmission mode (STEM)
can be employed [69]. By either the nano-diffraction [71] or by the contrast change
between Fe/Co and Pt layers [72] in STEM images, the degree of order can be
quantified.
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3.2 Quantification of XPS spectra

Some other techniques combined to TEM are also interesting for magnetic nano-
particles: the energy or wavelength dispersive X-ray spectroscopy (EDX, WDX) and
electron energy loss spectroscopy (EELS) combined with STEM could measure the
chemical composition of single particles [69]. Electron holography [73] and Lorentz
microscopy [74] mode in TEM can image the local magnetic field of a single mag-
netic nanoparticle. While the newly developed energy loss magnetic chiral dichro-
ism (EMCD, ChiralTEM) holds the promise that it might be possible to measure
the element-specific spin and orbital moment with nanometer resolution [75]. Due
to the practical limits such microscopic investigations are not performed systemati-
cally and will not be included in this thesis.

The chemical and magnetic properties of the samples are mainly measured by
integral methods. X-ray photoelectron spectroscopy (XPS) is used to measure the
chemical composition as well as the chemical state of the nanoparticles [76], while
X-ray magnetic circular dichroism (XMCD) is applied to determine the elemental
specific magnetic properties [77]. Both techniques are performed in-situ under UHV
conditions. In the following two subsections details of these two methods as well
as their quantification will be discussed.

3.2 Quantification of XPS spectra

In this thesis XPS is measured using Al Kα radiation (1486.65 eV) and a Specs EA 10+
hemispherical analyzer operating at 100 eV pass energy. The system is optimized
for overall signal intensity, and has relatively low energy resolution of about 0.5 eV.
The working principle of XPS is discussed in many textbooks in detail, see e.g. [76].
In this subsection a detailed model of the XPS signal intensity will be discussed.
It will also be shown how such model can be applied to the experimental spectra
from nanoparticles and thin films.

3.2.1 Model to describe XPS signal intensities

To quantify signal intensities obtained in XPS, the detailed process involved in XPS
has to be understood. A schematic view of a XPS system is shown in Fig. 6. When
the X-rays enter the specimen, their intensity starts to decrease due to absorption.
The reduction of the X-ray intensity follows an exponential decay with a corre-
sponding absorption length λX, depending on the photon energy as well as the
material [76]. In lab-based XPS, Al Kα and Mg Kα radiations are usually used, and
the corresponding λX in most materials is much larger than 300 nm [78, 79]. Con-
sider that the probing depth of XPS is usually less than 5 nm (discussed below), the
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3.2 Quantification of XPS spectra

change of the X-ray intensity within the probing volume is less than 2% and can be
regarded as a constant.

X-rays

λX

Material

Examined atom

e-

e-

e-

λe

Energy analyzer

Electron multiplier

Vacuum

Photoelectron

Figure 6: The working principle of XPS. Details are explained in the text.

Within the penetration depth of X-rays the photons are absorbed and electrons
are generated. The amount of photoelectron yield depends on the coupling strength
of incoming photons to electrons at certain orbits, expressed as subshell photoion-
ization cross section σnl(hν). As it is shown by the indices, the subshell photoioniza-
tion cross section is different for each atomic orbit (n, l) and depends on the photon
energy hν. Since the incoming X-rays travel almost parallel, the excited electrons
have an angular distribution. If just the dipole transition term, which is the main
contribution to σ, is considered, the differential cross section can be expressed as
[80]:

dσnl(hν)
dΩ

=
σnl(hν)

4π

[
1 + βnl(hν)

(
3
4

sin2 α− 1
2

)]
(11)

βnl(hν) is the energy dependent asymmetry parameter for subshell (n, l), and
α is the angle between the incoming X-rays and the photoelectron. In experiments
only the electrons towards the energy analyzer can be detected, thus the experi-
mental XPS signal depends on the differential cross section at a given angle α. Both
the subshell photoionization cross section and corresponding asymmetry parame-
ters have been calculated by Yeh and Lindau [80]. One should notice that when the
so-called magic angle α = 54.7° is fulfilled, the asymmetry term cancels out and
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the cross section is independent of βnl(hν), which greatly simplified equation (11).
Unfortunately, in our experimental setup α = 70°, and the correction according to
(11) has to be applied.

Given the corrected photonionization cross section σnl(hν), the flux of the pho-
toelectron from a given volume towards the detector can be expressed as:

dIe(r) = Ix σnl (hν) C(r)dV (12)

, where Ix is the intensity of X-rays, which is taken as a constant as discussed
above. C(r) reflects the atomic concentration of the examined element in the prob-
ing volume. In order to reach the energy analyzer, these electrons have to penetrate
the material between the probing volume and vacuum, and the intensity of the elec-
tron flux will decrease due to scattering of electrons within the material. Unlike the
interaction with X-rays, the electrons will gradually loose their energy when travel-
ling within the material, and their absorption is dominated by inelastic processes.
An electron inelastic mean free path (IMFP) λe can be defined to describe the expo-
nential decrease of the electron intensity. Usually λe is much smaller than λX. In the
case of XPS λe is smaller than 5 nm and the probing depth is mainly determined by
the electron mean free path. λe depends strongly on the electron energy but seems
to be independent of the material. In almost all materials the energy dependency
of the λe follows a universal curve, as shown in Fig. 7 [81]. Such behavior can be
well approximated by the formula proposed by Gries [82], especially when kinetic
energy of electrons is larger than 200 eV [83].

The effect of the electron attenuation can generally be described by an attenua-
tion factor A(r, E), which reads:

A(r, E) = exp
(ˆ

Γ
− s

λe(r + s, E)
ds
)

(13)

The integration path is a line that goes from the volume considered in (12) to
the sample surface directed towards the energy analyzer, where λe is considered as
position-dependent. As a result the attenuation is a function of the position and the
kinetic energy of the electrons. The intensity of photoelectrons from certain element
that leaves the specimen can then be calculated by integrating equation (12) over the
volume of the specimen:

Ie =
ˆ

Ω
Ix σnl(hν) C(r) A(r, E)dV (14)

The electrons that escape the sample surface will then enter the energy analyzer,
and be detected by the electron multiplier. The energy analyzer has certain transfer
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Figure 7: The “universal curve” of the electron IMFP vs. kinetic energy of the
electron. The energy dependency is almost identical among different materials [84].

function T(E) that leads to different signal transmission depending on the kinetic
energy of the electrons. Thus the signal detected in a XPS measurement is:

IXPS = Ie T(E) P (15)

, with T(E) is the transfer function and P a constant for normalization. In this
study the T(E) of the specs EA50 analyzer is proportional to the inverse of energy.
The derived formula introduced here is quite general, and can be applied to any
geometry and system. A simple case is found for a flat and homogeneous material,
where an analytical result can be obtained:

IXPS = Ixσnl(hν)λe(E)T(E)CP (16)

For spherical nanoparticles, however, an explicit form of equation (15) is more
complicated and the integration over the probing volume in equation (14) is usually
approached numerically. In the next subsection a even more complicated core-shell
structure will be discussed.

3.2.2 XPS spectra from core-shell structures

A very important geometry to consider is the core-shell structure, where the nanopar-
ticles investigated by XPS are composed of spherical core and shell. The core and
shell are assumed being of two different materials. If the particle size and the core
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Figure 8: Core-shell model for XPS. Two different materials A and B compose the
core and shell of a nanoparticle. The diameters of the particle and the core are
D2 and D1, respectively. Photoelectrons from either A or B have to penetrate two
different material, thus totally 4 different electron IMFP have to be considered when
modeling observed XPS line intensities.
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Figure 9: Relative intensity of Fe 2p to Pt 4f as a function of Pt layer thickness in
a 5 nm core-shell nanoparticle composed of a FePt core and a Pt shell. Details are
given in the text.
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thickness is comparable to the probing depth of the XPS, the exact geometry of the
particle will strongly influence the relative signals measured from core and shell
atoms. On the other hand, by knowing the relative intensity from the core and
shell, one can deduce the information about the particle geometry. The signal from
homogeneous nanoparticles is thus a special case of the model above, where the
shell thickness vanishes.

The core-shell model for XPS is illustrated in Fig. 8. The investigated material in
core and shell are defined as A and B. In the model we have 6 characteristic lengths:
the diameter of the whole particle D2, of the core D1, and the electron IMFP from A
in material A λAA, from A in material B λAB and similarly λBB and λBA, as shown
in the Fig. 8. The relative XPS intensities of A and B can be calculated by integrating
equation (15). Due to the complicated geometry, the results can only be calculated
numerically.

Experimentally, the relative intensity of A to B can be measured. And moreover,
the particle diameter can be determined by AFM. If the all material properties of
A and B are known, the thickness of the shell can be determined. An example is
shown in Fig. 9. Assuming the particle diameter is 5 nm and composed of FePt core
and Pt shell, the relative XPS intensity of Pt to Fe is estimated. The incident X-rays
are from Al Kα. The relative difference in ionization cross-sections of Fe 2p and Pt
4f is less than 2% and assume to be identical [80]. The transmission function of the
analyzer is assume to be T(E) ∝ 1/E. The IMFP parameters used in the calculation
are estimated using the predictive equation [82]:

• Fe 2p photoelectron in FePt: 1.10 nm

• Fe 2p photoelectron in Pt: 1.05 nm

• Pt 4f photoelectron in FePt: 1.70 nm

• Pt 4f photoelectron in Pt: 1.62 nm

The relative intensity of Fe 2p to Pt 4f is plotted against the Pt shell thickness. When
there is no Pt shell the intensity of Fe is stronger than Pt due to the transmission
function of the analyzer. As the Pt shell thickens, the relative intensity of Fe to Pt
quickly decreases. By measuring the decrease of relative Fe intensity experimen-
tally, the thickness of Pt shell can be deduced.

3.2.3 Evaluation of XPS spectra

In previous sections a model of XPS signal intensity has been established. How-
ever, the photoelectron current with certain kinetic energy obtained experimentally
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Figure 10: An example of the XPS spectra and its background. The O 1s peak is
shown and Shirley background is plotted as the red dashed curve. The background
has a smooth transition under the peak.
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Figure 11: An example of XPS-line fitting using reference spectra. In the left fig-
ure the normalized Fe 2p reference spectra of Fe and Fe2O3 from bulk samples are
shown. The spectra have rather complicated substructure. On the right is the mea-
sured Fe 2p spectrum from a partially oxidized FePt thin film. The spectra can be
fitted as the superposition of two reference spectra. The relative ratio of oxide to
metal is 2.74. The residue of the fitting is shown in the lower subplot.
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3.3 Quantification of element-specific magnetic moment by XMCD

is not necessarily the intensity described in the model. A typical experimental XPS
spectrum is shown in Fig. 10. At the corresponding binding energy the unscattered
photoelectrons give raise to a peak profile, whose area is proportional to the signal
intensity described in equation (15). The spectrum has a characteristic background
which shows higher intensity at the binding energy higher than the peak energy.
This change in background height originates from the inelastically scattered elec-
trons. To calculate the area under the peak this background has to be evaluated.
Shirley proposed that a smooth background can be defined as the integration of
a unknown signal, which is calculated iteratively in a self-consistent manner [85].
On the other hand, the method proposed by Tougaard describes the background
by considering the electron energy loss cross section within the material [86], and
it is generally regarded as the true background in the XPS spectra. The Shirley
background does not consider the real physical process involved in the background
formation, and usually will fail when the details of the peak shape need to be re-
solved. However, if only the relative atomic ratio between the elements is of interest,
the Shirley background method usually gives reasonable and reproducible results
[87]. In this study, the relative ratio of Fe/Co to Pt is evaluated using the Shirley
background method.

In some cases the detailed peak shape in the XPS spectra needs to be considered,
especially for transition metal oxides, where the signal from one electron orbit has
usually very complicated structure [76]. In this study this happens when the sample
are partially oxidized. The Co/Fe 2p signal originates from both the metal and
oxide signal overlapping each other. In such case the reference spectra from a bulk
metal and metal oxide are measured as reference spectra. The measured signal
from the examined sample can be fitted as the weighed superposition of reference
signal, as well as a linear background. One of such fitting is illustrated in Fig. 11.

3.3 Quantification of element-specific magnetic moment by XMCD

3.3.1 Introduction to XMCD and the sum rules

The X-ray magnetic circular dichroism is the effect that the absorption of X-rays in a
magnetic material depends on the helicity of light and the magnetization direction
of the material. A schematic view of the involved process is shown in Fig. 12. When
the incoming photon energy matches the energy difference between a core level and
Fermi level of the material, a resonant absorption occurs and the electron from the
core level is excited to the Fermi level. The absorption cross section depends on
the core level states and the empty states above Fermi level. If the incoming X-ray
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photon has a defined helicity, the excited electrons are also polarized and carry the
spin momentum. In 3d-ferromagnetic materials the density of state (DOS) around
Fermi level is asymmetric for spin-up and spin-down electrons, leading to different
absorption cross section for different helicity of the photon. The Fermi level in the
ferromagnetic material acts as a “spin-detector” for the excited electrons.

Figure 12: The schematic view of the XMCD process in ferromagnetic materials.
When linearly polarized photons are used, the electrons are excited from 2p3/2 and
2p1/2 core levels to Fermi level and the absorption is proportional to the d orbit
vacancy, shown in (a). When circularly polarized photons are used, due to the
asymmetry of the DOS around Fermi level for different electron’s spin orientation
in ferromagnetic materials, different helicity of the photon leads to different absorp-
tion. The difference is shown as A and B at L3 and L2 edges, and it is related to the
total spin moment of the atom, shown in (b). The difference between A and B is
related to the orbital moment of the atom. The figure is adopted from [88].

XMCD has the unique ability to measure the element-specific magnetic mo-
ments, as well as the contribution of spin or orbital moments. Theory suggests that
for transition metals the difference in the subshell transition cross section can be
used to deduce the moment by the so-called sum rules [77], which has also been ver-
ified experimentally [89]. XMCD sum rules for transition metals can be expressed
as:

∆AL3 + ∆AL2

3At
=

< Lz >

2nh
(17)
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for the orbital moment and

∆AL3 − 2∆AL2

3At
=

2 < Sz >

3nh
− 7 < Tz >

3nh
(18)

for the spin moment.∆AL3 and ∆AL2 are the differences of the transition cross
sections at L3 and L2 levels between left and right circularly polarized photons,
respectively. At is the total transition cross section for L2 and L3 levels for linearly
polarized photons. Usually this can be taken as the average of absorption of left and
right circularly polarized photons [89]. Equation (17) reveals the orbital moment
< Lz > in units of Bohr magneton (µB), while equation (18) calculates the spin
moment < Sz > and the magnetic dipole moment < Tz > in µB. The spin moment is
isotropic, the orbit moment and magnetic dipole moment depend on the symmetry
of the crystalline lattice and are usually anisotropic [26]. nh is the number of holes or
empty states in the 3d orbit. Unfortunately, the < Tz > term cannot be determined
independently from XMCD measurements but usually are assumed to be small, and
the spin moment term obtained by equation (18) is called the effective spin moment
< Sz,e f f >. In cubic lattice the theoretical value of < Tz > is nearly vanishing [77],
and the < Sz,e f f > approaches < Sz >. In lattices with lower symmetry, especially
in FePt system with L10 structure, the magnetic dipole moment have a significant
influence to < Sz,e f f >. Even in material with random distribution of crystalline
orientations, the < Tz > does not cancel out [90]. In such systems the influence of
< Tz > should always be considered.

The sum rules are derived for atoms and the band structure as well as the tran-
sition from 2p to s orbit around the Fermi level is ignored. Moreover, only the
dipole transition is considered. The nh defined above cannot be measured but it is
usually delivered by band structure calculations. Although with many limitations,
it has been shown that the sum rules work reasonably well for the late transition
elements such as Fe, Co and Ni [91, 92, 89].

Since the nh has to be calculated and cannot be simply measured, the spin and
the orbital moment obtained by sum rules might have a systematic error depending
on the choice of nh. However, the ratio between orbit and spin moment is indepen-
dent of nh:

< Lz >

< Sz,e f f >
=

4(∆AL3 + ∆AL2)
3(∆AL3 − 2∆AL2)

(19)

Thus, this quantity is a robust measure of the change of orbital moments, such
as in FePt in A1 and L10 crystal structures [93].
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3.3.2 Experimental setup and the total electron yield

XMCD measurements are performed with synchrotron radiation, where the photon
energy as well as its helicity can be tuned continuously in wide range [94]. To
determine the transition cross sections, one can measure the absorption directly by
measuring the absorption before and after the X-ray penetrating the sample. The
linear absorption coefficient can then be calculated and its change at absorption
edge corresponds to the subshell transition cross section. This method, however,
needs samples thin enough that X-rays can pass, which means the total thickness
should not be larger than about 200 nm. Since the absorption takes place over the
complete thickness of the sample, this method gives basically the bulk properties
of the material. An alternative method is to measure the relaxation effect after
the X-ray absorption. The core level hole created after X-ray photon absorption will
relax either by the photon emission (X-ray fluorescence) or electron emission (Auger
process). If X-ray fluorescence is measured, the absorption within the penetration
depth of the corresponding fluorescence X-rays is detected, which is usually around
100 nm for soft X-rays [79]. In case that the electrons are measured, the process is
more complicated. The generated electrons have certain energy distribution, which
is similar to the case of XPS. Either the electrons with certain energy (partial yield)
or the total electron yield (TEY) is recorded. While photoelectron from both X-ray
excitation and primary Auger process exists, the majority of the electron yield arises
from the secondary electrons that are generated by the electron inelastic scattering.
The energy of such secondary electron is lower than 10 eV and the corresponding
penetration depth is below 10 nm (see Fig. 7). When using the TEY method, only
the absorption very close to the surface is detected by this method, providing a high
surface sensitivity. On the other hand, in element number Z < 30 the probability
of Auger process exceeds that of X-ray fluorescence [77]. These combined factors
suggest that the TEY is the most favorable method for nanoparticles composed of
3d transition metals. In this study only the TEY method is used.

The experimental setup of the TEY method is summarized in Figure 13. The
sample is placed facing the incoming polarized X-ray beam. The generated pho-
toelectrons are collected by applying a voltage between the electrically isolated
sample and the chamber ground (100 V in this study), so that all the generated
photoelectrons will be collected. The photoelectron current is then measured by
an electrometer. The typical total current is in pA range. An external magnetic
field is applied parallel to the X-rays, in order to switch the sample magnetization.
One should notice that since the photoelectrons are continuously extracted from the
sample, the sample must be conductive so that the charging due to loss of electrons
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can be compensated from the circuit.

Circularly polarized
X-rays

UHV chamber

H

A

Sample

Electrons

+
_

100 V

Figure 13: Scheme of the experimental setup for an XMCD measurement based on
the TEY method. A high voltage is applied between the sample and the vacuum
chamber and the total photoelectron current is measured. The total photoelectron
current is proportional to the absorption of the X-rays under certain restriction
discussed in Section 3.3.3.

In this study all the measurements are perform at PM-3 bending magnet beam-
line at BESSY II synchrotron facility in Berlin, Germany using the end station of
Prof. Dr. Fauth from Universität Würzburg. The measurement temperature can be
adjusted between 11 to 300 K and a bipolar superconducting magnet can supply
external magnetic fields up to 3 T.

3.3.3 Saturation effect in the total electron yield method

As discussed above, the photoelectron measured by TEY is proportional to the ab-
sorption of X-rays. This proportionality factor, however, depends on the photon
energy. The reason can be understood qualitatively as follow: the total electron
yield is proportional to the integration of total X-ray absorption within the probing
depth, which is determined by the electron penetration depth. When the energy
of the incoming photon is changed, its absorption length will also change. Espe-
cially around the absorption edge, where the photon energy matches the energy
difference between the core level and Fermi level, the absorption will enhance dra-
matically. In case of Fe the absorption coefficient at L2 resonance is 3 times the
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absorption before the edge [95]. This means that the integrated total absorption
within the probing depth will also change dramatically.

Based on this idea, a general model similar to the quantification of XPS sig-
nal above can be established. Photoelectrons coming from a unit volume can be
expressed as:

dIe = P C(r) Ix(r) µX(r) dV (20)

The P is a proportional constant between X-ray absorption and the initial pho-
toelectron flux, which is assumed to be a constant for certain material. C(r) is the
atomic concentration of the excited element. Since now we are considering a chang-
ing X-ray absorption length, the X-ray intensity Ix is position-dependent and the
absorption within this volume is Ix(r)µX(r), where µX is the absorption coefficient
of X-ray, which can be expressed as reciprocal of absorption length µX = 1/λX. The
IX(r) can be expressed as the integration of the absorption factor:

IX(r) = I0 exp
(ˆ

Γ
− l

λX(r + l)
dl
)

(21)

, where I0 is the intensity of the incoming X-rays and Γ is the path from the
volume considered to the sample surface opposite to the direction of X-ray inci-
dence. Unlike in the case of XPS, the generated photoelectrons have a wide energy
distribution and all need to be considered. In fact, the major contribution to the
photocurrent is due to secondary electrons (SE), which are generated by the Auger
cascade process within the sample [76]. A typical photoelectron energy distribution
is shown in Fig. 14. It is clear that most of the electrons have energies from 4 - 15 eV,
with average value of 7 eV. Other contributions such as the photoelectrons from core
levels are, compared to SE, very tiny. The energy of the SE is basically a constant
and independent of the material, and as a good approximation it is also generated
isotropically [96]. According to the universal curve in Fig. 7, the electron mean free
path λe can be fixed at 2.5 nm, which is comparable to 2.2 nm measured in Co [97].
Since λe is the only material dependent parameter in the model, by assuming it as
constant the model discussed here can be applied to any material system.

Unlike XPS, all the electrons reaching the surface of the sample will be col-
lected and measured. Thus, equation (20) has to be integrated across the upper half
sphere, namely in the direction where the electrons are escaping the sample surface.
This can be expressed as:

dITEY = dIeG(r) (22)
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Figure 14: Energy distribution of photoelectron from Au thin film excited by X-ray
of Al Kα radiation. Secondary electrons constitute the majority of the total electron
yield.

G(r) =
ˆ 2π

0
dφ

ˆ π/2

0
dθ exp

(
− s(θ, φ, r)

λe

)
sin θ (23)

Here, G(r) is a factor accounts for the geometry of the sample. The integration
of G(r) is expressed in spherical coordinates. s(θ, φ, r) is the distance to the surface
from position r at direction angle (θ, φ). λe is the electron mean free path, assuming
as constant. Finally, to get the total TEY signal equation (22) needs to be integrated
across the volume of the sample:

ITEY =
ˆ

Ω
P C(r) Ix(r) µX(r) G(r) dV (24)

The formulation above is very general and can be applied to any combination
of material and geometry. The only assumption made here is a constant electron
mean free path in equation (23). Such limitation can be easily lifted by modifying
equation (23) to include another integral in radius direction. Applying equation
(24) to a homogeneous and planar sample made of a single component, the TEY
signal can be expressed as:

ITEY ∝ 2
[

1 +
λX

λe
ln
(

λX

λe + λX

)]
(25)

In limiting case that λX � λe, equation (25) simplifies to ITEY ∝ λe/λX, showing
that the TEY signal is just proportional to the X-ray absorption coefficient. If λX �
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λe or the absorption of X-rays is very strong, the TEY signal approaches a constant,
i.e. the TEY does not increase although the X-ray absorption is increasing. This is
called saturation effect. It is essential to correct the saturation effect for TEY method
by considering the sample geometry [98].

For nanoparticles the saturation effect of the XMCD spectra also needs to be
corrected [96]. Using the model discussed above and consider the geometry of a
sphere, a correction factor for TEY can be calculated by:

ITEY ∝ S(r, µX)µX (26)

The correction factor S(r, µX) needs to be calculated numerically. The explicit
formula to calculate this factor is given in [99]. In Fig. 15, the correction factor
is plotted against µX for different nanoparticle diameters. Similar to the planar
geometry, the correction term decreases as absorption becomes stronger. The effect
in smaller particles is not as pronounced as in large particles. For example in case
of 12 nm FePt nanoparticles, the resonance absorption at L2 edge is about 3 µm−1,
and intensity measured by TEY is 85% of the true absorption.
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Figure 15: The correction factor for XMCD saturation effect in nanoparticles, calcu-
lated for spherical particle with different diameters. The correction is more promi-
nent for larger particles.
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3.3.4 Evaluation of XMCD spectra

The raw data in a XMCD measurement has to be properly corrected and normal-
ized to yield the subshell ionization cross-sections, on which the sum rules can be
applied. Details of data evaluation process is discussed in this subsection. As an
example, measured spectra from 5.6 nm CoPt particles on Si substrate are analyzed
step by step. The sample is measured at 300 K, with external magnetic field of +/-
3T. Degree of photon polarization is 92.5%.

The photocurrent from the sample as a function of photon energy is plotted in
Fig. 16. In first step the measured photoelectron current needs to be normalized
according to the incoming X-ray intensity. A gold grid is used to determine the
incoming X-ray intensity, where the TEY from the grid is measured. The TEY cur-
rent from the sample is divided by the current from the grid to cancel the effect of
X-ray intensity variation from the beamline or storage ring itself. The normalized
spectrum is shown in the right panel of Fig. 16.
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Figure 16: Normalization of the sample current to the grid current. In the left figure
both the sample and grid current are shown. The variation of grid current against
photon energy is due to the X-ray optics of the beamline. The right figure shows
the sample current divided by the grid current.

This normalization procedure is applied to spectra measured in positive and
negative magnetic field with respect to the X-ray beam direction (later called plus
and minus spectrum). The normalized spectra are shown in left panel of Fig. 17.
There is a slight energy shift between plus and minus spectrum, which can be
corrected according to the position of the L2 and L3 peaks. The vertical offset of two
spectra are corrected by taking a linear background which fits the pre-edge (< 770
eV in the sample) and post-edge (> 820 eV) regions. The corrected result is shown
in right panel of Fig. 17

The measured spectra shown in Fig. 17 arises not only from the nanoparticles
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Figure 17: In the left figure the uncorrected plus and minus spectra are shown.
There is a linear offset between two spectra, which can be fitted using the data
point before L3 and after L2 edge. After correction the two spectra fit each other
and the average spectrum of plus and minus can be calculated, as shown in the
right panel.

but also from the Si substrate. This contribution can be fitted by a polynomial
in the measured energy range. Additionally, a two-step function is introduced to
describe the increase of absorption in the particles after the L2 and L3 edge. The
total background can be expressed as:

B(E) = h

 tanh(
E−EL3

w )− 1
3

+
tanh(

E−EL2
w )− 1
6

+ a0 + a1E + a2E2 + a3E3... (27)

The first term in equation (27) describes the resonant absorption at L2,3 edges,
i.e. from the particles. It contains only one fitting parameter h describing the total
increase of the absorption. The width of the step w and step postion EL2 , EL3 are
defined according to the spectrum. The polynomial terms in equation (27) account
for the contribution of Si substrate. Since the background is not expected to show
any dichroism, identical background can be used for both plus and minus spectra.
This procedure is shown in Fig. 18.

The corrected spectra in Fig. 18 are related to the real absorption spectra by the
following relation:

I(E) = A · µ(E) · S(r, µ(E)) + B (28)

Here, I(E) is the corrected spectrum shown in Fig. 18, and µ(E) is the real ab-
sorption spectrum. S is the correction factor introduced in equation (23) and shown
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Figure 18: Background fitting of the XMCD measurement. The average spectrum
obtained in Fig. 17 is used to fit the background as shown in the left figure. By
subtracting the background the plus and minus spectra are shown in the right
figure.

in Fig. 15. A and B are just normalization factors. The reference absorption coef-
ficient µ before and after the absorption edges can be obtained from NIST X-ray
Attenuation Databases [79] and their corresponding S can also be calculated. With
the help of these two reference points the normalization factors A and B can be
determined. Afterwards, µ(E) can be calculated numerically.

The sum rules in equations (17) and (18) can then be applied to the corrected
spectra. The total transition cross section is obtained by integrating the average
of plus and minus spectra and considering the two-step background defined in
equation (27). ∆AL2 and ∆AL3 can be obtained by integrating the difference of plus
and minus spectra. The procedure is illustrated in Fig. 19 and 20.
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Figure 19: X-ray absorption spectrum and its background (left). The integration of
the area under the peak gives the curve shown on the right. The total height of the
curve is measured as the At in the sum rule.
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Figure 20: XMCD spectrum (left) and its integration (right). By definition p = ∆AL3 ,
q = ∆AL3 + ∆AL2 .

For practical reasons, the parameters p and q are defined according to Fig. 20.
The sum rules can then be rewritten as:

< Lz >=
nh
σ

2q
3At

(29)

< Sz,e f f >=
nh
σ

3p− 2q
At

(30)

The formula above also take correction for the degree of photon polarization σ.
The procedure described here is slightly different from what is commonly used

in literature, where the sum-rules are applied to spectra measured by TEY with-
out saturation correction, but the obtained moments are then corrected by certain
factors, which are calculated using the reference absorption spectra of the same
material in a thin film or bulk sample [96, 99]. Both procedures are equivalent.
However, the procedure described here does not need extra reference. This can be
useful in case that the measured element is in a complicated chemical environment,
such as partially oxidized state, where the absorption spectra could have rather
complicated structure and extra reference spectra are usually not feasible.
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4 Morphological, chemical and structural characteriza-

tion of FePt and CoPt nanoparticles

The magnetic properties of FePt and CoPt nanoparticles are closely related to its
crystalline structure, microscopic morphology and chemical state. Before discussing
the detailed magnetic properties, the morphology and chemical state of the particles
should be clearly defined and their structure investigated. In this section the sample
preparation method will be summarized in detail. The achievement of the sample
preparation will be investigated by SEM, AFM, XPS and HRTEM, so that well-
defined FePt/CoPt nanoparticle systems are established, on which their oxidation
and magnetic properties can be discussed in the following sections.

4.1 Sample preparation

All the nanoparticles in this study are prepared by the reverse micelles (discussed in
Section 2.1). 25 mg of PS-b-P2VP or PS-b-P4VP diblock co-polymer is dissolved in
5 ml of toluene. The polymers are commercially available from Polymer Source Inc.,
Canada. Afterwards Zeise’s salt (K[Pt(C2H4)Cl3] ·H2O, Aldrich) is loaded as the
Pt precursor. The solution is stirred continuously for a few days till complete dis-
solving of Pt precursor, after which the Fe (iron(III) chloride, 99.99%, Alfa Aesar) or
Co (cobalt(II) chloride, 99.999%, Alfa Aesar) precursors can be added. The stirring
continues till all the precursors are completely dissolved. The amount of precursor
is chosen such that the atomic ratio between all metal ions of precursor and all the
pyridine units of polymer is 1:2. The relative atomic ratio of Pt to Fe/Co precur-
sor is set to 1:1. After complete dissolving of the precursor, the solution is filtered
successively with filters of 1µm, 0.45 µm and 0.2 µm pore sizes (CHROMAFIL®,
apolar). The micelles in the solution can then be deposited on substrates.

The micelles are deposited using dip-coating by a home-made linear stage. The
substrate is emerged in the solution and pulled out perpendicularly to the liquid
surface. Substrates are usually 10x5 mm Si with natural SiOx on surface. The
pulling speed will influence the interparticle distance [12]. In this study the speed
is fixed at 15 mm/min.

The Si substrate deposited with micelles are loaded into a custom-build plasma
etcher. An oxygen plasma treatment (frequency 13.56 MHz, operating pressure
4·10−2 mbar, power 50 W resulting in a dc self-bias of –500 V with the sample
holder grounded) is applied for 30 min. while the sample temperature is raised up
to 250 °C or 300 °C for smaller and larger micelles, respectively. The polymer is
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completely removed by the plasma treatment and the precursor loaded in the core
of the micelles are transformed into metal oxide nanoparticles [11]. The sample is
then exposed to a hydrogen plasma for 20 min. to reduced the nanoparticles into
the metallic state. The condition of the hydrogen plasma is identical with oxygen
plasma except the plasma is maintained at 0.1 mbar.

As discussed in Section 2.4, the particles after hydrogen plasma is in chemically
disordered state. To transform the particles into partially L10 ordered state, different
annealing steps are applied in the plasma chamber. The annealing is applied with
background hydrogen gas at 1 · 10−3 mbar. After annealing the sample is cooled
down within a hydrogen plasma.

4.2 Morphology and chemical state

Magnetic properties of nanoparticles are strongly influenced by its chemical state
[100]. In case of FePt nanoparticles, the presence of oxide will greatly influence the
formation of chemical order and deteriorate the desired high magnetic anisotropy
[101]. Before any further investigation, the chemical state of nanoparticles needs
to be characterized. XPS spectra of deposited micelles loaded with Fe and Pt pre-
cursors after oxygen plasma and hydrogen plasma are presented in Fig. 21. After
oxygen plasma (as discussed in Section 4.1), at the Fe 2p3/2 only the Fe3+ signal at
711.5 eV can be identified, indicating the Fe atoms are completely oxidized. At Pt 4f
the 4f7/2 peak of PtO or Pt2O is clearly visible. The exact oxidation state, however,
cannot be clearly distinguished. Since Pt oxide is unstable against heating [102],
heating up to 300 °C during the oxygen plasma decompose certain portion of the
Pt oxide. As a result small shoulder at metallic Pt position can be found in the
spectrum. After hydrogen plasma treatment, both Fe and Pt shows purely metallic
signal. The reduction with hydrogen plasma is proven to be very effective.

Typical SEM images of FePt nanoparticles prepared by different polymers are
presented in Fig. 22 and details are summarized in Table 3. The SEM image is taken
after the oxygen plasma and the particles are expected to be oxidized. The size
of the particle is determined by AFM after the particles are reduced by hydrogen
plasma. After oxygen plasma, the Fe and Pt precursors in the core of the micelle
are fully transformed into single particles. The nanoparticles form a homogeneous
cover on the surface thanks to the dip-coating process. The particles show a near
range hexagonal arrangement, but long range order is disrupted. Overall, the ar-
rangement of particles on the substrate is isotropic in long range. Under the same
dip-coating condition, the interparticle distance is mainly determined by the poly-
mer. The PS(266)-P2VP(41) give very similar interparticle distance of 30 and 28 nm
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Figure 21: XPS spectra at Fe 2p and Pt 4f for deposited micelles loaded with Fe and
Pt precursors after oxygen plasma treatment and after hydrogen plasma treatment.
Both Fe and Pt are purely metallic after hydrogen plasma treatment. The spectra
are smoothed with 5-point moving averaging. The peak positions for Fe 2p3/2 and
Pt 4f7/2 in metallic and oxidized states are marked in the diagrams.

for 2.6 and 4.5 nm particles, respectively. Larger polymer PS(1779)-P2VP(685) gives
much larger interparticle distance of 61 nm, and also larger particle sizes of 9.4
nm. It is remarkable that the 2.6 and 4.5 nm particles are prepared with the same
polymer. This effect is ascribed to the slightly different ambient condition during
micelle formation. It is well known that change in temperature will influence the
morphology of micelle dramatically [25]. Moreover, high humidity in air may cause
water entering the micelle cores [12], resulting larger nanoparticle sizes. The com-
positions shown in Table 3 are determined by XPS after the particles are reduced
in hydrogen plasma. All compositions are within the range where the L10 order is
possible according to the phase diagram in Fig. 3. The slight deviation of concentra-
tion from 50:50 is mainly due to the inaccuracy of weighing the precursors. Since
the FeCl3 salt is extremely hygroscopic, weighing in ambient atmosphere tends to
give less Fe amount than desired.

Table 3: Polymer used, interparticle distance, size and composition of nanoparticles
shown in Fig. 22. The polymer is expressed as PS to P2VP monomer ratio. The
composition is determined by XPS after oxygen and hydrogen plasma etching.

Polymer PS-P2VP Distance (nm) Diameter (nm) Composition (Fe:Pt)
266:41 30±5 2.6±0.7 48:52
266:41 28±6 4.5±1.3 44:56

1779:685 61±12 9.4±1.3 44:56

In order to transform the nanoparticles at least partially into L10 phase, anneal-
ing up to 600 °C is required. A major problem occurred for colloidal nanoparticles is
that the high annealing temperature will cause agglomeration of the nanoparticles,
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4.2 Morphology and chemical state

Figure 22: SEM micrographs of FePt nanoparticles with 2.6 nm, 4.5 nm, and 9.4 nm
diameter and their corresponding size distribution as measured by AFM. Details
are given in the text. Figures adopted from [12].

and the ordered array is thus destroyed [6]. This problem is avoided in nanopar-
ticles prepared by the micellar method. SEM images of 9.8 nm nanoparticles just
after oxygen plasma and after reduction and annealing at 700 °C for 30 min. are
shown in Fig. 23. The array of the particles are preserved after annealing, which is
mainly due to the relative large interparticle distances with respect to particle sizes.
Due to the oxide formation, the particle size just after oxygen plasma is slightly
larger than after annealing under SEM.

Figure 23: SEM micrographs of 9.4 nm FePt nanoparticles after oxygen plasma (a)
and after reduction and annealing up to 700 °C for 30 min. Images adopted from
[103].

The SEM image of CoPt nanoparticles shown in Fig. 24 resembles the results
obtained for FePt. The SEM image is obtained after particles are formed by oxy-
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4.3 Structure of FePt nanoparticles

gen plasma, and AFM size distribution is obtained after particles are reduced by
hydrogen plasma. The applied polymer is PS(1779)-P2VP(685), yielding 55 nm in-
terparticle distance, which is comparable to 61 nm obtained with the same polymer
for FePt. The particle size of 5.6 nm, however, is smaller than that 9.4 nm of FePt.
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Figure 24: SEM micrograph of CoPt nanoparticles (left) and the corresponding size
distribution measured by AFM (right).

4.3 Structure of FePt nanoparticles

The magnetic properties of FePt system is closely related to its crystalline struc-
ture. Due to the limitations discussed in Section 3.1, the TEM investigation is most
reliable way to probe the crystalline structure of FePt nanoparticles. Example of
HRTEM images of 3 nm FePt nanoparticles after annealing are shown in Fig. 25.
The particles are annealed at 650 °C for 30 min. In Fig. 25(a), the L10 order is iden-
tified from the alternating atomic layers along the [001] direction. The insert shows
the Fourier transform of the nanoparticle image, confirming the presence of 001
superstructure. The particle is also nearly spherical and contains no visible defects.
Similar alternating atomic layers are visible In Fig. 25(b), but in the right half of the
particle the crystalline orientation is misaligned, possibly due to the presence of
twining boundary within the particle.

According to HRTEM image simulation, the alternating contrast along [001] di-
rection in FePt nanoparticles has rather complicated relation with degree of order S,
and HRTEM imaging cannot be used to quantify of S accurately [72]. Nevertheless,
the simulation suggests that in 5 nm FePt nanoparticle, clear 001 superstructure is
only visible with S > 0.56. This suggests that the nanoparticles shown in Fig. 25
tend to have relatively high degree of order.
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4.3 Structure of FePt nanoparticles

Figure 25: HRTEM images of 3 nm FePt nanoparticles after annealing at 650°C for
90 min. The images are taken along the [100] direction. The insert in (a) is Fourier
transform of the particle image. The superstructure is clearly visible. The chemical
ordering can also be identified in HRTEM image along the [001] direction from the
alternative atomic layers. Images are taken from [12].

Due to the limit of microscopic methods, only a small number of particles can
be investigated by TEM. On the other hand, the 001 superstructure is only visible
along 001 direction. Since the crystalline orientations of the particles are random,
only a small fraction of the particles lies in the specific direction where the chemical
order can be identified. The HRTEM shown in Fig. 25 proves the existence of L10

chemical order in some FePt nanoparticles, but a statistics among many particles is
still missing.

Defects within the nanoparticles are more clearly visible in 8 nm FePt particles
shown in Fig. 26. The images are taken along the [101] direction, thus the L10 super-
structure as well as the alternating atomic layers are not visible and chemical order
cannot be distinguished. While the particle shown in Fig. 26(a) contains no defects,
stacking faults and twin boundaries are clearly visible in particles in Fig. 26(b,c).

A statistical analysis of in total 70 nanoparticles (3 nm) shows that 38 FePt NPs
exhibit defects along the [101] direction. From this result and the fact that additional
defects may exist which cannot be seen in the [101] projection, it can be concluded
that for the majority of particles crystal defects are a common feature. For 8 nm
FePt NPs defect-free NPs are rare [12]. The presence of defects in nanoparticles
may have large influence to its magnetic properties. Nanoparticles such as shown
in Fig. 26.(b,c) are divided into small regions with different crystalline orientation
and thus different easy axis orientation of the magnetization. On the other hand,
all the magnetic moments within the particle are pointing to the same direction,
as the particle size is well below the critical size of single domained particle. The
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4.3 Structure of FePt nanoparticles

Figure 26: HRTEM images of 8 nm FePt particles along [101] direction. Crystalline
defects such as twining and stacking faults can be identified, shown as dashed lines
in (b,c). Images are taken from [12].

total anisotropy energy experienced by the particle is the averaged effect of different
magnetocrystalline anisotropy terms originated from each small regions. The total
effective anisotropy energy can be very low, even when the chemical order in each
small region is high. As a result, the presence of the defects reduces the effective
anisotropy energy density within the particle.
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4.3 Structure of FePt nanoparticles
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5 Oxidation of FePt nanoparticles and the effect of sur-

face segregation

Similar to other nanoparticles composed of transition metals, FePt and CoPt nanopar-
ticles will oxidize when exposed to air [101], which will deteriorate or destroy their
desired magnetic properties. In this section the details on the oxidation of FePt
nanoparticles will be discussed [104]. Especially, the initial oxidation behavior of
FePt nanoparticles from the metallic state is investigated as functions of particle size.
It is found that after annealing the oxidation is greatly hindered in FePt nanopar-
ticles. Also the apparent Pt to Fe signal increases after annealing, suggesting a
possible surface segregation of Pt. This surface segregation might be responsible
for the change of oxidation behavior.

5.1 Experimental details

FePt and CoPt nanoparticles of different sizes are prepared by reverse micelles as
discussed in Section 4.1. The parameters of different nanoparticles used in the study
of oxidation are summarized in Table 4. The particle size is measured by AFM, and
the composition is determined using XPS. For all the samples the composition lies
within the possible range of L10 phase formation. As a reference for oxidation
experiments, a 50 nm thick FePt film was prepared on top of a MgO(001) substrate
at room temperature by pulsed laser deposition. The as-prepared film is found
in the chemically disordered state (A1 structure) and shows (001)FePt‖(001)MgO;
[100]FePt‖[100]MgO cube on cube epitaxy as proven by x-ray diffraction [54].

Table 4: Summary of the nanoparticle samples investigated in the oxidation exper-
iments. All particle’s compositions are found around equiatomic. The size dis-
tributions are quite narrow, thus size dependent effects can be investigated. As a
reference a FePt thin film is also examined.

Name Used polymer Diameter (nm) Composition (Fe/Co:Pt)
FePt NP PS(1192)-b-P4VP(400) 11.5±2.3 53:47
FePt NP PS(1788)-b-P2VP(857) 9.8±0.6 53:47
FePt NP PS(528)-b-P2VP(177) 4.9±0.7 51:49

FePt thin film - 50 (thickness) 50:50

After 15 min. hydrogen plasma reduction at 250 °C the nanoparticles are in
chemically disordered A1 state [11]. Nanoparticles are then subjected to successive
molecular oxygen exposure, and XPS spectra of Fe 2p and Pt 4f levels are measured
in-situ after each exposure step. For oxygen doses below 1011 Langmuir (L), molec-
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5.2 Oxidation of FePt nanoparticles

ular oxygen is used, while for higher oxygen doses the samples are exposed to the
ambient atmosphere. After one complete series of oxidation steps the samples are
reduced by hydrogen plasma and annealed at 650 °C for 90 min at 10−3 mbar hy-
drogen atmosphere. During this step FePt nanoparticles partially transform into
the chemically ordered L10 state [11]. Identical oxidation steps are then applied to
these annealed samples and the oxidation behavior is compared to the as-prepared
state.

To quantify the degree of oxidation, measured spectra of Fe are fitted using
the method shown in Fig. 11, where the relative signal intensity of Fe0 to Fe3+ is
extracted. The possible surface segregation of Pt is quantified with a core-shell
model of XPS shown in Fig. 30, where the change of Fe-to-Pt intensity ratio can be
related to the thickness of Pt shell.

5.2 Oxidation of FePt nanoparticles

As a first step, the changes of the chemical state in the nanoparticles by oxidation
should be understood. XPS spectra of FePt nanoparticles before and after the oxy-
gen exposure are shown in Fig. 27. The Pt 4f and Fe 2p spectra are measured on
11.5 nm FePt nanoparticles in the reduced state and after exposure to ambient air
for 24 h. In the reduced state a fully metallic signal is observed for both Fe and Pt,
which confirms that the hydrogen plasma treatment is able to completely reduce
the nanoparticles, providing a defined initial state for the following oxidation steps.
The exposure to ambient condition causes clearly a shift of Fe 2p3/2 peak to about
711 eV, while at the metal position (707 eV) only a small shoulder can be observed,
indicating the formation of iron oxide in Fe3+ state [105], where both Fe2O3 and
Fe3O4 are possibly formed [106]. Due to insufficient signal to noise ratio in this
measurement, the exact phase of the iron oxide cannot be distinguished from fine
structures of the XPS spectra. Contrary to Fe, the spectrum at Pt 4f peaks reveal
no significant change. Both, before and after the oxygen exposure, the Pt 4f7/2 re-
mains at 72 eV, indicating the metallic state of Pt is unchanged. This finding is quite
astonishing, since even bulk Pt will form a thin layer of oxide when exposed to
oxygen [102]. In case of FePt, however, the Fe acts as the reduction agent for oxide
of Pt. This behavior is very similar to the case of sacrifice anode in electrochemistry,
where one metal connected to another less noble metal will be protected against
corrosion, and oxidation only occurs on the other metal. Such behavior has also
been observed for alloy systems in a single phase such as FeCr [107].

To track the development of oxidation with successive oxygen exposure, the
relative ratio of Fe3+ to Fe0 is determined for each exposure step. Note that in
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Figure 27: Pt 4f and Fe 2p XPS spectra of 11.5 nm FePt particles before and after
exposure to ambient air for 24 h. After the exposure majority of Fe signal is from
the Fe3+ state, while Pt atoms remain metallic. All spectra are smoothed by three-
point moving window averaging. The spectra are vertically off-set for clarity and no
further normalization is performed. Solid green lines in lower panel are fits based
on Fe0 and Fe3+ reference spectra as shown in Fig. 11. The figure is adopted from
[104].

case of metal nanoparticles, the oxidation usually starts at the surface [100], which
has also been shown for FePt nanoparticles [55]. Since XPS has probing depth of
only few nanometers, the contribution to the oxide signal might arise from the thin
surface oxide, and the remaining metallic signal is from the core of nanoparticles.
As a consequence, the ratio of Fe3+ to Fe0 determined here is not necessarily the
portion of the Fe atoms that are oxidized. Assuming the oxidation initiates from the
surface, the same Fe3+ to Fe0 ratio for larger nanoparticles corresponds to a lower
Fe3+ content compared to smaller nanoparticles. A quantitative measure between
the experimental ratio and the actual oxidized portion can be established if the
spherical geometry of the nanoparticles is taken into account [104].

The result of successive oxidation for differently sized FePt nanoparticles as
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5.2 Oxidation of FePt nanoparticles

well as the reference film is presented in Fig. 28. For the thin film sample in the
as-prepared metallic fcc state a minimum dose of molecular oxygen of 108 L is
necessary to observe a Fe3+ signal above the detection limit. For higher exposures
the ratio of Fe3+ to Fe0 changes logarithmically. In the partially L10 ordered state
of the film, however, as obtained after annealing, pure molecular oxygen does not
lead to significant formation of Fe oxides. In that case, exposure to ambient air is
necessary to increase the Fe oxide-to-metal ratio to detectable range. It is possible
that the humidity presented in ambient condition plays a significant role in the
oxidation of chemically ordered film.
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Figure 28: Oxidation experiments of differently sized FePt nanoparticles and FePt
thin film before and after annealing at 650 °C for 90 min. The relative ratio of Fe3+

to Fe0 as obtained by fitting XPS spectra is plotted against the exposure in Langmuir
(L). Due to the reduced signal to noise ratio in the spectra, the relative error in the
ratio is 10% for NP samples. For exposure larger than 1011 L the sample is directly
exposed to ambient air, which is shown as dashed line in the plot. Figure adopted
from [104].

Similar oxidation behavior is also observed for 11.5 nm and 9.8 nm FePt particles.
In both cases the as-prepared nanoparticles show detectable oxidation above 108

L, and the annealed nanoparticles start to oxidize only after exposure of 1010 L.
Compared to other metallic nanoparticles such as Fe and Co [100], the FePt system
is relatively inert. Annealing leads to further enhanced resistance to oxidation,
and the partially ordered FePt nanoparticles can withstand 100-1000 longer oxygen
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5.3 Surface segregation of Pt

exposure compared to the as-prepared nanoparticles. After the nanoparticles are
exposed to air, both the as-prepared and annealed samples show the same rate of
oxidation. A completely different oxidation behavior is observed for the 4.9 nm FePt
nanoparticles. Within the experimental error, the onset of oxidation occurs equally
at around 106 L for as-prepared and annealed sample, and the rate of oxidation
afterwards is identical within the error bar.

Although NP of smallest size shows significant different oxidation behavior
compared to larger nanoparticles after annealing, it has been shown that for all the
nanoparticles the low temperature coercivity increases after annealing, indicating
the partial formation of L10 phase [12]. As a consequence, the increased resistance
to oxidation after annealing in FePt thin film and larger particles cannot be ascribed
solely to the chemical order. Rather, the inertness of FePt system after annealing
might be due to the surface segregation of Pt. This effect is investigated in the next
subsection.

5.3 Surface segregation of Pt

Several theoretical studies have focused on the order–disorder transition in FePt
nanoparticles due to annealing, and suggest that Pt segregation towards the particle
surface is likely: A Monte Carlo approach with an Ising-type Hamiltonian revealed
a strong tendency for Pt segregation on (001) facets and a less pronounced tendency
on (111) facets of any excess amount of Pt in the particles [43]. At equiatomic
composition another Monte Carlo simulation [108] has shown that Pt segregation is
likely even before reaching the typical annealing temperatures used in experiments
(600–800 °C). Ab initio calculations assuming pure Fe(001) or Pt(001) facets in FePt
cuboctahedra containing 561 atoms yielded a strong, scalable energy difference of
44 meV/atom in favor of Pt(001) facets [66].

Experimentally, the effect of Pt segregation in FePt nanoparticles has been ob-
served indirectly by HRTEM, where icosahedral FePt nanoparticles show increased
lattice constants towards the particle surface, suggesting a gradual enrichment of Pt
towards the surface [70]. Also these icosahedral FePt nanoparticles are quite inert
to oxidation. In this thesis, the elemental specific XPS measurement is performed
to investigate the segregation of Pt towards nanoparticle surface.

The relative intensity of Fe to Pt is measured before and after the formation of
partial chemical order. Result of one of such measurement on 9.8 nm nanoparticles
is shown in Fig. 29. Fe 2p and Pt 4f spectra are measured before and after annealing
without any oxygen exposure. The spectra are normalized such that for both cases
the area under the Pt 4f doublet peaks is identical. In Fig. 29 it is clearly shown that
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5.3 Surface segregation of Pt

the normalized Fe signal decreased drastically to about 40% after annealing. If the
Fe and Pt atoms in the particles stay homogeneous, the composition of the nanopar-
ticles would shift from Fe53Pt47 to Fe31Pt69. Such composition change would forbid
the formation of L10 chemical ordering. However, in Section 6 the measured mag-
netic properties on these nanoparticles clearly prove that partial chemical order after
such annealing steps is achieved. Thus, the apparent composition change observed
here cannot be explained by a loss of Fe atoms. Rather, a core-shell model with
FePt core and segregated Pt shell needs to be introduced to explain the apparent
composition change in XPS.
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Figure 29: Intensity of Fe 2p normalized to the Pt 4f intensity for 9.8 nm FePt
nanoparticles in the metallic as-prepared state and after annealing to 650 °C for 90
min. The significant decrease of Fe intensity indicates the segregation of Pt atoms
towards the surface.

The core-shell model is established according to procedures described in Fig. 8
of Section 3.2.2, with FePt core and Pt shell. Such model assumes that a distinct
boundary is formed separating Pt shell and FePt core, which is usually not realis-
tic in nanometer scale. As it is suggested by HRTEM result [70], probably the Pt
concentration increases gradually towards the surface. Thus, the core-shell model
is a simplification of the real situation and the Pt layer thickness should be under-
stood as an effective segregation effect. Furthermore, the composition of the core
is assumed to be Fe50Pt50. In reality prepared particles always have slight varia-
tion from 50:50 composition, and even for FePt particles in equiatomic composition,
by forming a thin layer of Pt the core will shift to Fe rich. Thus the assumption
for the composition is sound only when the Fe:Pt ratio is close to 50:50 and the Pt
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5.3 Surface segregation of Pt

segregation layer is thin.

Based on the predictive formula by Gries [82], the following IMFP values were
chosen: within the FePt core a value of 1.1 nm is attributed to the Fe 2p and of
1.7 nm to the Pt 4f photoelectrons, while the corresponding values in the pure Pt
shell are 1.05 nm and 1.62 nm, respectively. Similarly to Fig. 9, a relation between
the apparent Fe intensity change and Pt layer thickness can be established. Here,
the Pt layer thickness is taken as a constant and the intensity ratio of Fe to Pt is
calculated for different particle diameters. This ratio is then normalized to the
same ratio calculated for a homogeneous FePt particle, i.e. Pt layer thickness of 0.
Such normalized ratio is then equivalent to the relative decrease of the normalized
Fe signal obtained experimentally. Dependence of such normalized ratio to particle
diameter is presented in Fig. 30. Three different Pt shell thicknesses of 0.1, 0.2
and 0.3 nm are calculated. The reduction of apparent Fe signal depends on the
particle size and its effect is most obvious for particles smaller than 6 nm, where
smaller particle leads to significant decrease of apparent Fe signal. This is also
expected since smaller particles have higher ratio of surface atoms. As Pt segregates
towards the surface, the increase of Pt signal is more obvious for smaller particles.
Conversely, for particles larger than 12 nm the change of relative Fe signal does not
show strong size dependence. As a comparison, the reduction of apparent Fe signal
is also calculated for thin film geometry. The nanoparticles always shows a stronger
reduction compared to thin film, which is mainly due to the spherical geometry, i.e.
more surface atoms are probed.

It is worth noticing that the core-shell model assumes a continuous distribution
of material, and the atomic nature of the material is ignored. In this sense the Pt
layer thickness is better understood as an equivalent Pt content on surface. For
example, 0.1 nm layer thickness is even smaller than the Pt inter-atomic distance,
and should be understood as an incomplete monatomic layer of Pt segregation on
the surface.

The measured Fe 2p to Pt 4f ratios for three nanoparticle samples and the thin
film are also plotted in Figure 30. Compared to the simulated, the Pt layer thick-
nesses of 0.2 nm and 0.3 nm are deduced for 11.5 nm and 9.8 nm particles, respec-
tively, and for the reference film a value of 0.3 nm is obtained. The larger particles
and the film deliver similar results, as already observed in the context of oxidation.
For the smallest particles (4.9 nm), however, a very thin Pt layer thickness smaller
than 0.1 nm is observed for 4.9 nm particles. Comparing the extracted Pt shell
thicknesses to that of a close-packed Pt monolayer of about 0.23 nm immediately
suggests the following explanation for the various observed oxidation behaviors: in

53



5.3 Surface segregation of Pt

[I
(F
e
)/
I(
P
t)
] c

-s
/[
I(
F
e
)/
I(
P
t)
] H

o
m

0

0.2

0.4

0.6

0.8

1

 

particle diameter (nm)
2 4 6 8 10 12 14 16 18

 

0.1 nm Pt

0.2 nm Pt

0.3 nm Pt

experimental: particles

experimental: film

filmparticles

Figure 30: FePt–Pt core–shell model: ratio of Fe(2p)-to-Pt(4f) XPS intensities as cal-
culated for a spherical core–shell particle of given diameter and Pt shell thickness
normalized to the corresponding ratio[I(Fe)/I(Pt)]C−S/[I(Fe)/I(Pt)]Hom for a ho-
mogeneous FePt particle of identical diameter. Different curves are calculated for
three shell thicknesses as given in the inset. The crosses on the right of the vertical
dashed line are obtained for a planar geometry with corresponding Pt top layers.
Experimental data obtained for nanoparticles (solid triangles) as well as for a refer-
ence film (solid square) are included.

the as-prepared metallic state the reference FePt film as well as all particles behave
similarly, forming detectable amounts of Fe oxide after exposure to pure oxygen
for approximately 106 L. Annealing the samples causes Pt to segregate towards the
surface. In this way, in the case of the film and the larger particles a Pt surface
layer approximately one monolayer thick is formed which strongly impedes further
oxidation. In the case of the small particles, however, this Pt monolayer is no longer
complete and thereby loses its protecting effect. As a consequence, annealing of
these small particles does not lead to a shift of the oxidation curve towards higher
oxygen doses.

The reason why smaller particles do not form a complete Pt surface layer may
be attributed to the compositional change within the core of the particle induced by
Pt segregation. Generally, the relative number of Pt atoms needed for a complete
surface layer increases with decreasing particle diameter due to the increasing ratio
of surface-to-bulk atoms. For example, assuming that the 4.9 nm FePt particle
formed complete Pt shell, the atomic composition of the core would shift from
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from Fe51Pt49 to Fe68Pt32. According to the FePt bulk phase diagram, this change
in composition is related to a structural transformation into the Fe3Pt phase. The
driving force of a decreasing total surface energy due to Pt segregation is probably
overcompensated by the energy needed to form Fe3Pt from FePt.
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6 Magnetism of FePt and CoPt nanoparticles

6.1 Experimental details

FePt and CoPt nanoparticles are perpared by the reverse micelles as discussed in
Section 2.2. The resulting particle sizes as determined by AFM and composition
measured by XPS are summarized in Table 5. XPS spectra are obtained after the
reduction by hydrogen plasma but without annealing, in order to avoid the effect
of Pt surface segregation discussed in the Section 5.3.

Table 5: Summary of the nanoparticle samples investigated by XMCD method. The
particle diameter is measured by AFM and composition is determined by XPS.

Material Polymer Diameter (nm) Composition (Fe/Co:Pt)
FePt PS(266)-b-P4VP(41) 2.6±0.7 48:52
FePt PS(266)-b-P2VP(41) 4.5±1.3 44:56
FePt PS(1779)-b-P2VP(695) 5.8±2.6 48:52
FePt PS(528)-b-P2VP(177) 6.3±1.4 50:50
FePt PS(1779)-b-P2VP(695) 9.4±1.3 46:54
CoPt PS(1779)-b-P2VP(695) 5.8±2.0 56:44

The magnetic properties are characterized by XMCD performed at beamline
PM3 at BESSY II synchrotron facility, Berlin (Germany). The plasma etching cham-
ber is attached to the high-field XMCD end station, so that the sample can be ex-
posed to reducing hydrogen plasma or high temperature, and the sample can be
characterized in-situ. Each sample is reduced in hydrogen plasma for 15 - 30 min-
utes at 300 °C prior to inspection. Different annealing steps are then applied to the
sample. During the annealing a hydrogen background pressure of 1× 10−3 mbar
is maintained to prevent oxidation. After annealing, the sample is cooled down
within a hydrogen plasma. After each step, XMCD spectra are measured at Fe
or Co L2,3 edges with fixed photon helicity in magnetic field of ±3 T at different
sample temperatures. For each XMCD spectrum, 4 separate absorption spectra are
obtained in +3 T, -3 T, -3 T, +3T magnetic field, respectively. The spectra of identi-
cal external fields are then merged together to compensate any systematic drift in
the background signal. XMCD spectra are then analyzed according to the method
described in Section 3.3.

Additionally, elemental specific hysteresis are taken at fixed photon energy at Fe
or Co L3 edge with maximum dichroic difference and scanning the external field.
The correspondence of such measurement to hysteresis loops measured by standard
magnetometry has been shown earlier [109].
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6.2 XAS and XMCD of FePt and CoPt nanoparticles

6.2 XAS and XMCD of FePt and CoPt nanoparticles

Before discussing the magnetic properties, the chemical state of nanoparticles should
be characterized by XAS spectra. XAS and XMCD spectra of 5.8 nm FePt nanoparti-
cles just after hydrogen plasma reduction at 300 °C for 20 min. and after annealing
at 740 °C for 30 min. are shown in Fig. 31. The spectra are measured at 15 K for
the reduced sample and 11 K for the annealed sample. Normalization according
to reference grid current has been applied, while background correction has not
been performed, yet. The resonant absorption at Fe L2,3 edges clearly shows that
the Fe atoms are in metallic state. Only a single asymmetric peak exists at L3 or L2

edge, which is the fingerprint metallic Fe [93]. The Fe L3 peak is located at 708.45
eV, which is identical to previous result from our group [11] and other literature
reports [93, 55]. The XAS spectrum after annealing is virtually unchanged except
for a constant shift in the background. The XMCD spectra (right panel in Fig. 31)
show also the typical behavior of metallic Fe [55]. The L2 edge exhibits a broad
positive peak while the L3 edge is composed of a narrow and large negative peak
with a tiny positive contribution (indicated by arrow in Fig. 31). This small positive
feature is characteristic of the Fe-L3 XMCD spectrum [89] and should also be taken
into account when applying the sum rules. As expected, the shape of the XMCD
spectrum remains almost unchanged after annealing. For all the FePt nanoparticles
measured after different annealing steps and at different temperature, the shape of
the XAS and XMCD spectra stay nearly identical, which guaranties that no oxida-
tion or other chemical reactions occur.
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Figure 31: XAS (left) and XMCD (right) spectra of 5.8 nm FePt nanoparticles after
hydrogen plasma reduction at 300 °C for 20 min. and after annealing at 740 °C
for 30 min. The signal is obtained by normalizing the sample’s total electron yield
Is with respect to that of the reference grid Ig. XAS spectra are averaged over
single spectra measured in +/- 3T field, while the XMCD spectra are the difference
between merged +/- spectra. No background correction is applied.
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6.2 XAS and XMCD of FePt and CoPt nanoparticles

By normalizing sample current to reference grid current, the beam intensity
variation should in principle be eliminated. However, a relative large change in
the background is observed between the two measurement shown in Fig. 31. This
effect is, most probably, due to small variation of the X-ray beam spot position and
relative angle between the X-ray beam and sample. Such effect is an uncontrolled
systematical error involving all measurements. Since the shape of the L2,3 absorp-
tion edges remain unchanged, the spectra are fitted onto each other by introducing
a linear background shift and a scaling factor for each spectrum, namely:

I f it(E) = a · E + b + c · I(E) (31)

I(E) is the measured spectrum. The linear background a · E + b accounts for the
uncontrolled systematically error and the scaling factor c corresponds to possible
change of the Fe content. An example of such fitting is performed to spectra mea-
sured on the 5.8 nm FePt nanoparticles after annealing at different temperatures.
The result of the fitting is shown in Fig. 32. All spectra can be fitted onto a single
curve. Parameters of the linear background for each fitting show no systematic
trend, but scaling factor c decreases systematically when different annealing steps
are applied. As it is shown in Fig. 32, the scaling factor is reduced to about 90% of
the initial value after annealing at high temperature. This means that the Fe content
in the probing depth of TEY method is slightly reduced. Such apparent reduction
of Fe content is consistent with the model of Pt surface segregation discussed in
Section 5.3.
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Figure 32: The XAS spectra of 5.8 nm FePt particles after different annealing steps
are fitted onto each other according to (31). The result of the fitting is shown in the
left figure. In the right figure the scaling factor for Fe L2,3 signal is plotted against
different annealing temperatures. The dashed curve is added as guideline for The
slight decrease of the scaling factor from 1.06 to 0.90 indicates the reduction of the
Fe content in the probing depth of XAS.
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6.3 Formation of the L10 phase

The XAS and XMCD spectra of 5.6 nm CoPt nanoparticles are shown in Fig. 33.
The sample is measured after annealing at 700 °C for 90 min. and the spectrum is
taken at 300 K. The XAS spectrum of CoPt shows that the Co atoms are also purely
metallic [57]. Unlike Fe, the XMCD spectum at Co L3 edge has only one negative
peak without the positive shoulder.

To quantify the result and calculate the spin and orbital moment, all spectra are
treated according to the method described in Section 3.3. According to (29) and
(30), three quantities need to be extracted from the measurement: p and q as the
integration of XMCD spectrum for L3 and L2,3, and At as the integration of XAS
for L2,3 peaks. As it is shown in Fig. 31, in the case of XAS the signal from the L2,3

peaks is small compared to the background, while in XMCD the background virtu-
ally vanishes. The background correction such as shown in Fig. 18 will introduce a
relatively large systematic error in At. Such error is different for each single spec-
trum, which makes the quantitative comparison between different measurements
difficult. To remedy such difficulty, all the XAS spectra measured on the same sam-
ple are fitted together like shown in Fig. 32 and the corresponding scaling factors
c are applied to each XMCD spectra. The average of the fitted XAS spectra is then
taken as the universal XAS spectrum for all the measurements. Different measure-
ments on the same sample can then be compared with the same systematic error
in At. To compare the measurements on different samples, one further restriction
is imposed when trying to fit the background described defined in (27). Here, the
height parameter h in equation (27) is not taken as a fitting variable, but fixed such
that in the final XAS spectrum after saturation correction the relative ratio of height
after L2,3 edges and L3 peak height is a constant. This is illustrated in Fig. 34. Phys-
ically, the ratio h1/h2 is related to the number of empty s and d state around Fermi
level, which should be a constant as long as chemical environment of Fe atom is
unchanged. Such ratio is taken as identical for all the samples and the value is 0.20
for FePt. This value is comparable to the literature value obtained on FePt thin film
of 0.18 [55] and nanoparticles of 0.19 [93].

6.3 Formation of the L10 phase

FePt nanoparticles prepared by the micellar method are generally found in the
chemically disordered state after hydrogen plasma reduction and annealing over
600 °C is needed to achieve partial chemical order [11]. In order to track the tran-
sition from A1 to L10 phase, successive annealing is applied to the 5.8 nm FePt
nanoparticles. The sequence and condition of the annealing steps are summarized
in Table 6. The sample is treated with gradually increased temperature or longer
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Figure 33: The XAS and XMCD spectra of 5.6 nm CoPt particles after annealing at
700 °C. The spectrum is taken at 300 K. The signal is obtained by normalizing the
total electron yield from the sample Is to the reference grid Ig. The XAS spectrum
is the average between the spectra measrued in +/- 3T field, while the XMCD spec-
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a constant.
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6.3 Formation of the L10 phase

annealing time. After each step the XMCD spectra as well as the hysteresis are
measured.

Table 6: Series of annealing steps on 5.8 nm FePt nanoparticles. Every step is
applied successively on the same sample, after which the XMCD measurement
is performed at given temperature. Larger step number means higher annealing
temperature or longer annealing time. In step 1, the sample has been reduced in
hydrogen plasma while all other steps are in 10−3 mbar hydrogen background. In
measurement of step 6 the X-ray spot is not fully focused on the sample, and the
result is not valid.

Step Annealing temperature (°C) Time (min.) Measurement temperature (K)
1 300 20 300
2 650 30 290
3 650 60 290
4 700 30 265
5 740 30 260
6 758 60 N.A.
7 768 120 260
8 794 60 300

As discussed before, a universal XAS spectrum is obtained by fitting spectra of
all the measurements. The result after saturation correction is shown in Fig. 35. The
background is determined considering the condition imposed on the peak shape
as shown in Fig. 34. By applying such normalization procedure, XMCD spectra of
different measurements can be directly compared and element-specific moments
can now be extracted from the XMCD spectra by applying sum rules.

XMCD spectra and hysteresis are measured at 15 K and 300 K after hydrogen
plasma reduction (step 1), presented in Fig. 36. XMCD spectra clearly reveal dif-
ferent intensities at two different temperatures, but the shape of the curves match
each other. The magnetic moment of Fe atoms is calculated by sum-rules and the
number holes in d shell is taken as 3.705 [50]. The moment per Fe atom at 15K
is µ

e f f
s = 2.36± 0.12 µB, µl = 0.19± 0.03 µB and µl/µ

e f f
s = 0.082± 0.014. At 300

K the moment decreases significantly: µ
e f f
s = 1.83± 0.12 µB, µl = 0.16± 0.03 µB

and µl/µ
e f f
s = 0.087± 0.018. However, the ratio of orbital-to-spin moment stays

constant, indicating there is no change in the magnetic ordering and the reduced
moment at 300 K is the effect of thermal fluctuations. The hysteresis measure-
ment at 15 K shows clearly ferromagnetic response, with coercivity µ0Hc = 0.13 T
and remanence Mr/M(3T) = 0.58. The coercivity and remanence of the hysteresis
measured at 300 K are both close to 0. The opening the hysteresis curve at 300 K
is very small and within the experimental error, thus the nanoparticles are super-
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Figure 35: XAS spectrum at Fe L2,3 for 5.8 nm FePt nanoparticles after normalization
according to Section 6.2. After subtracting the two-step background the total area
of the Fe L2,3 is obtained by integration.

paramagnetic at 300 K. In both hysteresis measurements, the sample is saturated
at 3 T, which means the moment measured by XMCD is proportional to the true
spontaneous magnetization, and the reduced moment at 300 K is due to the effect
of thermal excitation. Such dependence of spontaneous magnetization to tempera-
ture is well understood in ferromagnetic materials [26]. The Curie temperature is
estimated later in Section 6.5.

In the superparamagnetic state the response of nanoparticles to external field
can be expressed by the Langevin function [26]:

M(H)/Ms = coth
(

µ0mH
kBT

)
− kBT

µ0mH
(32)

, where H is the external magnetic field, kBT the total thermal energy and m
is the magnetic moment of the particle. By fitting the superparamagnetic curve
the total moment of each particle can be obtained, providing another indepen-
dent method to measure the moment. Here, the moment per particle is 9.5(7) ×
10−20A ·m2. Assuming spherical shape with diameter of 5.8 nm, the saturation
magnetization is then 940 kA/m. This value is 82% of the saturation magnetization
of bulk FePt at room temperature according to Table 1. If one assumes that the
relative change of magnetization is identical to the relative change of Fe atomic mo-
ments, the spontaneous magnetization at low temperature should be 1210 kA/m,
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Figure 36: The XMCD spectra (left) and hysteresis (right) of 5.8 nm FePt nanopar-
ticles after hydrogen plasma at 300 °C for 20 minutes (step 1). The measurements
are performed at 15 K and 300 K, respectively. The hysteresis measured at 300 K
shows superparamagnetism and the curve can be fitted with Langevin function.
The fitting reveals an average moment per particle of 9.5(7)× 10−20A ·m2.

which is very close to 1250 kA/m observed in FePt thin films at 10 K [110]. The
discrepancy of room temperature magnetization can only be explained by reduced
Curie temperature: while the low temperature magnetization in nanoparticles is
identical to the bulk, due to reduced Curie temperature, the saturation magnetiza-
tion will have a larger decrease compared to bulk.

After annealing at 740 °C for 30 min. (step 5) XMCD and hysteresis are measured
at 17K and 265 K and shown in Fig. 37. The shape of the XMCD spectra remains
unchanged and compared to those measured after step 1 (Fig. 36), only different
intensities are observed. The moment per Fe atom at 17 K is µ

e f f
s = 2.27± 0.12 µB,

µl = 0.12± 0.03 µB, µl/µ
e f f
s = 0.053± 0.014 and at 265 K µ

e f f
s = 1.96± 0.12 µB,

µl = 0.16± 0.03 µB, µl/µ
e f f
s = 0.082± 0.017. Similar to the observed moment differ-

ence after step 1, the Fe moment reduces significantly at higher temperature. Com-
pared to the moment observed after step 1, the spin and orbital moment measured
at low temperature are slightly reduced, and the spin moment at higher tempera-
ture is slightly increase. However, such change is relatively small and comparable
to the error bar of the moment determination. The hysteresis loops, however, show
a significant change. The curve measured at 17 K behaves as a very hard ferromag-
netic material, with µ0Hc = 0.78 T and Mr/M(3T) = 0.56. Moreover, the hysteresis
curve opens already at 3 T field. This indicates that with 3 T field it is not suf-
ficient to fully magnetize the particles, and the measured hysteresis is in fact a
“minor loop”. This also means that the moment observed at 3T is lower than the
true spontaneous magnetization, which is in line with the slightly reduced moment
measured by XMCD at low temperature compared to the moment measured before
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Figure 37: The XMCD spectra (left) and hysteresis (right) of 5.8 nm FePt nanopar-
ticles after annealing at 740 °C for 30 minutes (step 4). The measurements are
performed at 17 K and 265 K, respectively.

annealing. The overall shape of the hysteresis loop also changes compared to those
presented in Fig. 36. In the re-magnetization process, the magnetization decreases
rapidly at around 0 T shown as a “narrow waist” around 0 field, but then switches
gradually across a large field range shown as a long tail in the negative field range.
This suggests that there are two components in the total magnetic moments with
two different magnetic anisotropy energies [12]. The hysteresis measured at 265
K shows clearly an open hysteresis, with µ0Hc = 0.20 T and Mr/M(3T) = 0.40,
and its shape also suggests that there are two components with different magnetic
anisotropies. By thermal excitation, however, the Hc is strongly reduced and with
3 T field one is able to saturate the sample. The remanence is a bit lower than the
expected value of 0.5 from Stoner-Wohlfarth model, which means some portion of
the particles are still superparamagnetic at 265 K.

Although a significant change in hysteresis is observed after the annealing step,
the orbit and spin moment as well as their ratio remain almost unchanged. This is
in distinct contrast to the result obtained in 6 nm FePt colloidal particles reported
by Antoniak et al. [93], where the orbital moment of Fe was almost completely
quenched after hydrogen plasma reduction at room temperature (µl = 0.056 µB),
and increased to about 0.24 µB after annealing at 600 °C. The relatively large incease
in the orbital moment was related to the formation of partial chemical order. On the
other hand, the XMCD measurements on FePt thin films suggest that the change
of orbital moment due to chemical order should be fairly small [55], with 0.20 µB

for A1 phase and 0.24 µB for L10 in [001] orientation. It is worth noticing that
the extreme small Fe orbital moment in chemically disordered FePt nanoparticles
reported by Antoniak et al. [93] has never been observed in disordered FePt thin
film or bulk and its value is even smaller than the orbit moment observed in pure
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Fe [59]. On the other hand, the observed orbital moment for chemically disordered
5.8 nm particles according to Fig 36 is in line with the thin film result. This suggests
that the extreme low orbit moment observed by Antoniak et al. [93] cannot be
due to chemical disorder alone. A possible explanation is the slightly different
plasma reduction condition: while the hydrogen plasma reduction is carried out at
300 °C in this study, the temperature was kept at room temperature in [93]. The
hydrogen plasma might introduce the hydrogen impurities or hydride formation in
FePt lattice, changing its magnetic properties. Simliar effect of hydrogen plasma has
been observed in Co nanoparticles, where CoHx is formed after hydrogen plasma
reduction at room temperature. The the hydrogen could be expelled by annealing
at 650 °C for 5 min. Compared to pure Co nanoparticles, the orbital moment of Co
in CoHx nanoparticles is reduced from 0.16 µB to 0.06 µB per Co atom [111].

The Stoner-Wohlfarth model can be used to relate the hysteresis curve to the
magnetic anisotropy energy [26]. The detailed application of the model to mag-
netic nanoparticles is discussed in many literature’s [33, 34, 35]. Hysteresis loops
shown in Fig. 36 and 37 have been analyzed quantitatively by Wiedwald et al. [12],
where the low temperature hysteresis curves are simulated considering a distribu-
tion of uniaxial anisotropy energy Ku among the particles. While the hysteresis
loop after reduction can be simulated using a single anisotropy energy constant
Ku = 0.15 MJ/m3, a bimodal distribution of Ku is necessary to reproduce the fea-
tures of the hysteresis curve after annealing, where a low anisotropy component
KL = 0.10 MJ/m3 and a high anisotropy component KH = 1.90 MJ/m3 are ob-
served. The distribution of anisotropy energy is shown in Fig. 38, where variance
of the low anisotropy component is much narrower than the high anisotropy com-
ponent. The emergence of a high anisotropy component indicates the formation
of chemical order. However, the high anisotropy component KH in nanoparticles
is only about 30% of that observed in L10 FePt bulk material. Assuming that the
dependency of anisotropy energy to the degree of order is the same as in FePt thin
films [27], the degree of order can be estimated to S = 0.3.

Similar bimodal distribution of anisotropy energy has also been observed in 2.6
nm FePt particles after annealing up to 790 °C for 60 min. According to fitting of the
hysteresis measured at 10 K, the anisotropy energy of the low and high anisotropy
portion are KL = 0.15 MJ/m3 and KH = 1.71 MJ/m3, respectively. The anisotropy
distribution is shown in Fig. 38. The shape of the distribution is similar to what
has been observed in 5.8 nm particles. Alternative to a low temperature measure-
ment, the hysteresis measured at higher temperature is influenced by the thermal
excitation, where particles with lower magnetic anisotropy will become gradually
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Figure 38: Distribution of anisotropy energy of 2.6 nm and 5.8 nm FePt particles
are obtained by fitting the hysteresis loops measured at low temperature. 5.8 nm
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for 2.6 nm FePt particles after annealing at 790 °C for 60 min.
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superparamagnetic. To track such transition the hysteresis loops are measured suc-
cessively as function of temperatures. The temperature dependence of coercivity
Hc and normalized remanence Mr/M(3T) are presented in Fig. 39. As temperature
increases, both Hc and Mr/M(3T) are reduced as larger portion of the particles
becomes superparamagnetic. A distinct feature of the Mr/M(3T)− T dependence
is that it does not follow a smooth curve. Mr decreases rapidly when temperature
increases from 10 K to 45 K, then stays constant from 45 K to 70 K, followed by a
gradual decrease from 70 K to 350 K. As a first approximation, deviation of normal-
ized remanence to 0.5 can be viewed as proportional to ratio of particles that are
superparamagnetic according to Stoner-Wohlfarth model:

R = 1− 2Mr/Ms (33)

According to this relation, the temperature where Mr/M(3T) decreases repre-
sents that portion of particles crossing their blocking temperature and become su-
perparamagnetic, and the magnitude of the decrease is proportional to the relative
amount of these particles. And such temperature can be converted to anisotropy
energy density according to equation 4. The shape of Mr/M(3T) − T curve sug-
gests that there are two portions of anisotropy energy among the particles: a low
anisotropy portion with narrow energy distribution and a high anisotropy portion
with broad energy distribution. Such expectation is consistent with the anisotropy
distribution obtained by fitting the hysteresis measured at low temperature, as
shown in Fig. 38.

In both 2.6 nm and 5.8 nm FePt particles, the anisotropy energy after annealing
is strongly reduced compared to bulk value, and the anisotropy energy shows a bi-
modal distribution. The low anisotropy energy component KL is around 0.1 MJ/m3

for both samples, which coincides with the effective magnetic anisotropy energy of
FePt in A1 phase [27]. This raises the question whether the A1 → L10 transforma-
tion by annealing is incomplete and some portion of the particles stays in A1 phase,
giving raise to the low anisotropy energy component. To help answering this ques-
tion, it is very helpful to track the evolution of A1 to L10 transition. In Fig. 40 the
Fe moments, coercive field Hc and remanence Mr/M(3T) after different annealing
steps (see Table 6) are presented. To avoid unsaturated sample due to emerging
high anisotropies, only the results obtained at high temperature are discussed here.
Although the slightly different measurement temperatures for each steps will in
principle change the Fe moment, such change is expected to be smaller than the
error bar. The temperature dependence of moment will be discussed further in
Section 6.5.
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Figure 40: The evolution of Fe magnetic moment (left), coercive field and remanence
(right) after each annealing step according to Table 6. Spin and orbital moments are
obtained by applying the sum rules to the XMCD spectra. The coercive field is
obtained from hysteresis measurement. At each step the measurements are per-
formed at slightly different temperature between 265 K and 300 K. The influence
of temperature variation to the result is expected to be fairly small and below the
experimental error.

First, it is noticed that the evolution of Fe moments shows only little variation
after each annealing step, indicating that the chemical environment of Fe remains
almost unchanged. The orbital moment stays constant around 0.16 µB within the
error bar. The spin moment increases slightly from 1.83 µB to 1.95 µB when anneal-
ing starts (step 2), and decreases at the last annealing step to 1.77 µB. However, the
relative change is just on the edge of the error bar. Such behavior is, to a certain
degree, also expected, since the difference in the Fe moment in A1 and L10 phase is
found to be small in thin film [55]. On the other hand, the coercive field Hc changes
dramatically. Starting from 0 as superparamagnetism (µ0Hc = 0) in the reduced
state, Hc gradually increases for higher annealing temperature or longer annealing
time. Hc reaches a maximum of µ0Hc = 0.38 T after annealing at 760°C for 120 min.
and then decreases to µ0Hc = 0.30 T after annealing at 794 °C for 60 min. In the first
approximation, Hc is proportional to the anisotropy energy, and thus this quantity
can be related to the degree of chemical order [48]. Successive annealing gradually
increases the average degree of chemical order of the particles, until the anneal-
ing temperature exceeds 760 °C, after which the average degree of chemical order
decreases again. This conclusion is consistent with remanence change after each an-
nealing steps. According to equation (33), the ratio of superparamagnetic particles
decreases gradually from 100% after reduction to 10% after annealing at 760°C for
120 min. But annealing at 794 °C for 60 min. increases the ratio to 18%. It seems
that at temperature up to 794 °C the L10 phase is no longer thermal dynamically
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favorable.

According to the bulk phase diagram of FePt (Fig. 3), the thermal equilibrium
transition from L10 to A1 in FePt would occur around 1300 °C at equiatomic compo-
sition, and decreases rapidly when composition differs from 50:50. In nanoparticles,
this transition temperature TD can be significantly reduced up to 400 K [112, 43].
In similar CoPt system, the TD of nanoparticles is reduced by 325–175 K compared
to bulk, and TD of smaller particles is lower [63]. Such effect might provide the
explanation for the reduced coercivity after annealing at very high temperature.

It is noteworthy that after each annealing step, the superparamagnetic com-
ponent always exists, and simulation of low temperature hysteresis loops always
yields a bimodal anisotropy distribution. It is quite reasonable to postulate that the
low anisotropy portion of particles from the fitting corresponds to the superparam-
agnetic component observed in the hysteresis measured at higher temperature, and
those particles are still in A1 phase. By longer annealing time and higher anneal-
ing temperature, more particles are transformed to partially ordered phase, but the
transformation is never complete. The presence of A1 phase at each annealing step
means the system is kinetically hindered and is not at thermodynamic equilibrium.
Similar limit of kinetics in A1 → L10 transition has also been observed in colloidal
FePt particles [113]. While increasing temperature would enhance kinetics of the
phase transition, thermodynamic driving force will decrease and possibly leads to
reduced degree of order at equilibrium. This is especially important in nanoparticle
system, where transition temperature TD can decrease significantly. To achieve high
degree of order the annealing has to be performed at relative low temperature for
very long time [63].

According to this model, the portion with high anisotropy energy as shown
in Fig. 38 corresponds to particles transformed to partial L10 order. Even when
the degree of order is not restricted by kinetics in these particles, the maximum
anisotropy energy can never reach the bulk value. The average anisotropy energy is
below 40% of the bulk value. This suggests that an intrinsic limit to the anisotropy
energy exists in FePt nanoparticles. Similar reduction has also been observed in
FePt nanoparticles prepared by colloidal methods [93] and inert gas condensation
[114]. In all these cases the maximum effective anisotropy energy Ku is no more
than 30% the bulk value.

Different mechanism has been proposed to explain the low value of Ku. One
idea is that the chemical composition varies between different particles, and de-
viation from stoichiometry will decrease the degree of order [12]. Following this
explanation, if the variation is totally random, the composition distribution would
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follow a Gaussian distribution centered at equiatomic composition, which would
lead to an anisotropy energy distribution with a higher weightage at high Ku. The
observed anisotropy energy distributions clearly differ from such pattern, which
suggests that either the composition variation is not random but towards Fe rich or
Pt rich, or other mechanisms are influencing the anisotropy energy.

One possible explanation for non-random composition variation is the tendency
of Pt segregation on FePt nanoparticle surfaces, which has been discussed in Section
5.3. Due to the Pt segregation on the surface, the core of the particles will be Fe-rich,
shifting its composition away from equiatomic and reducing the degree of order as
well as anisotropy. Lattice Monte Carlo simulations confirm that the Pt segregation
on surfaces will disrupt the chemical order in the core of FePt nanoparticles [43].

Yet another completely different reason might explain the low anisotropy ob-
tained in FePt nanoparticles. According to Fig. 26, defects such as twin bound-
aries and stacking faults exist in nanoparticles and one particle is divided into
several regions with different crystallographic orientations. This means the effec-
tive anisotropy energy of the whole particle is averaged over different magneto-
crystalline anisotropy terms pointing towards different directions. Depending on
the situation, the final effective anisotropy could be very low even when the chemi-
cal order in each small region is high.

The formation of L10 phase has also been observed in CoPt nanoparticles. Here,
5.6 nm CoPt nanoparticles are annealed at 700 °C for 90 min. The hysteresis loops
are then measured at different temperatures, shown in Fig. 41. The result is very
similar to that obtained on the FePt nanoparticles of the same size. The hysteresis
loop measured at low temperature also shows a bimodal distribution of anisotropy
energy. The observed open hysteresis loop at 300 K shows µ0Hc = 50 mT and
Mr/M(2.9T) = 0.20. While the remanence of ideal Stoner-Wohlfarth particles is
expected to be 0.5Ms, small remanence observed at 300 K indicates that 60% of
the particles are superparamagnetic at 300 K, which originates from the portion of
particles with low anisotropy. The average anisotropy energy is estimated to be
1.5 MJ/m3, which is 29% of the CoPt bulk value.

The moment of Co atoms is determined by applying the sum rules, using the
number of d holes nh = 2.628 [57]. The result is summarized in Table 7. The spin
moment at low temperature is 1.60 µB, which is 9% smaller than the value of 1.76
µB observed in CoPt thin film [57]. This small difference can be ascribed to an insuf-
ficient external field to saturate the sample, as indicated by the “minor loop” shown
in Fig. 41. The spin moment measured at higher temperature shows a systematic
decrease. This trend is similar to that observed in FePt particles, where the magneti-
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6.4 Size dependent magnetic properties of FePt nanoparticles
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Figure 41: Hysteresis loops of 5.6 nm CoPt nanoparticles after annealing at 700 °C
for 90 min. Note that the signal is normalized to the magnetization at maximum
field [12].

zation decreases as the temperature approaches TC. The orbital moment measured
at different temperatures shows little change. The µl/µ

e f f
s = 0.11 is comparable to

the ratio observed in CoPt thin films [57, 115].

Table 7: Spin and orbital moment of Co atoms in CoPt nanoparticles after annealing
at 700°C for 90 min. The ratio of orbital-to-spin moment is also listed.[12]

T(K) µ
e f f
s (µB) µl(µB) µl/µ

e f f
s

11 1.60± 0.16 0.19± 0.04 0.13± 0.02
100 1.56± 0.19 0.15± 0.04 0.10± 0.03
300 1.26± 0.01 0.15± 0.01 0.11± 0.01

6.4 Size dependent magnetic properties of FePt nanoparticles

The results from the previous subsection gives evidence for the formation of L10

phase in the 5.8 nm FePt particles after annealing. It is an interesting question
whether this transition can be observed in particles of different sizes, and what
degree of chemical order can be obtained. In this part these questions will be
addressed.

First of all, the formation of the L10 phase in differently sized particles can be
tracked by hysteresis measurements [12]. The results are summarized in Fig. 42. Af-
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6.4 Size dependent magnetic properties of FePt nanoparticles

ter annealing at 700 °C for 30 min, hysteresis loops are measured at 300 K and 15 K,
respectively. Coercivity measured at 300 K shows a systematic decrease as particle
size is reduced. For particles with diameter smaller than 4.5 nm, coercivity reduces
to 0 and the particles are superparamagentic. For particles showing superparamag-
netism at a given temperature, its anisotropy energy obeys 30kBT < KuV, assuming
the time window for the measurement to be 600 s [26]. In case the bulk anisotropy
energy is reached in FePt nanoparticles, the critical diameter can be calculated to be
3.2 nm, below which the particles would show superparamagnetism at 300 K. The
experimental critical diameter at 4.5 nm, however, indicates that the bulk anisotropy
energy is not achieved in nanoparticles. The insert in Fig. 42 shows the coercivity
measured at 15 K versus particle size, which has significant scattering. Similar to
what has been shown in Fig. 37, hysteresis loops measured after annealing always
exhibit two kinds of switching behavior, corresponding to two components with
different anisotropy energy. Depending on relative ratio of two components and
the value of anisotropy, the observed coercivity can vary within a large range.

Using a bimodal anisotropy energy distribution hysteresis loops measured at 15
K can be successfully fitted [12]. As a result, the low anisotropy energy component
KL stays constant around 0.1 MJ/m3 among different sizes. This value coincides
with the effective magnetic anisotropy energy of FePt in A1 phase [27]. The high
anisotropy energy components KH have no clear correlation with particle size but
all are found below 2.5 MJ/m3. The median effective magnetic anisotropy energy
Ke f f shows similar scattering. Assuming the same relationship between anisotropy
energy and degree of order observed in FePt thin film [27], the degree of order
in nanoparticles can be estimated. Independent of particle size, maximum degree
of order S obtained in FePt nanoparticles is always below 0.35. This result is quite
different form those obtained in ultra-thin granular FePt films, where the anisotropy
energy reaches value of bulk FePt for film thicker than 7nm, and starts to decrease
as the film thickness is reduced [44, 110].

As it was discussed in the previous subsection, presence of low anisotropy por-
tion indicates that the system does not reach equilibrium, i.e. the measured KH and
Ke f f has not reached the maximum value allowed in equilibrium. In contrast, the
hysteresis loops measured in thin films show a homogeneous anisotropy energy as
well as chemical order, indicating that the system has reached equilibrium and the
chemical order is only limited by the thermodynamic driving force [110]. Indeed,
even anisotropy measured in 3 nm thick FePt films is 3.5 MJ/m3 [110], larger than
all anisotropy values observed in the nanoparticles, which again suggests that tran-
sition to the chemically ordered phase in nanoparticle is not complete. As a result,
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6.4 Size dependent magnetic properties of FePt nanoparticles

the dependence of chemical order in equilibrium to particle size cannot be testified
in this study. The measured anisotropy energy distribution is due to the limited
kinetics of A1→ L10 transition.
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Figure 42: Size dependence of coercive field (left) and magnetic anisotropy energy
(right) of FePt nanoparticles after annealing at 700 °C for 30 min. Both curves are
extracted from element specific hysteresis loops. Compositions shown in the left
figure are determined by XPS. The coercive fields in the left figure are measured at
300 K, while in the insert are those measured at 15 K. The magnetic anisotropy is
evaluated using the Stoner-Wohlfarth model. In the right figure size dependence of
the median effective magnetic anisotropy constant Ke f f and the peak values KH and
KL are presented (details are given in the text). All KL values are almost identical
and corresponds to chemically disordered FePt, and KL values lie in a region much
lower than the bulk anisotropy energy. Left panel is taken from [12].

Spin and orbital moments of Fe atoms after the annealing at 700 °C for 30 min.
are determined from XMCD spectra using sum rules. The results are shown in
Fig. 43. The orbital moments stay within 0.1 - 0.2 µB and possess no clear size
dependence. The spin moments, however, slightly increases with increasing particle
size. The spin moment of 9.8 nm particles approaches the bulk value of 2.45 µB

measured by XMCD [55]. Unlike the anisotropy energy, the relative change of
magnetic moments with respect to chemical order is small. According to Table 2,
the spin moment per Fe atom in FePt is 2.24 µB in A1 phase and 2.45 µB in L10

phase. The variation of spin moments according to the degree of order is too small
to account for the observed moment change. Besides, all the particles have relatively
low degree of order as indicated in Fig. 42. It is thus plausible that the observed
change in spin moments is a finite size effect. Indeed, similar positive correlation
of magnetization with film thickness has been observed in FePt thin films, where
saturation magnetization Ms of 3 nm thick film is reduced to 70 % of Ms in 10
nm thick film, and the 10 nm thick film has almost the same Ms as bulk FePt
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6.4 Size dependent magnetic properties of FePt nanoparticles

[110]. Similar trend is evident in the nanoparticles, where spin moment in 2.57 nm
particles is 76% of that in 9.8 nm particles.
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Figure 43: Spin and orbital moments of Fe atoms in differently sized FePt nanopar-
ticles after annealing at 700 °C for 30 min measured at temperatures between 10 to
15 K. Corresponding compositions determined by XPS are also given.

Many models have been proposed to explain reduced magnetic moments as well
as their size dependence in FePt nanoparticles. One explanation is due the intrinsic
problem of XMCD measurement, where sum-rule analysis of the spectrum yields
an effective spin moment which contains a negative contribution from the magnetic
dipole moment. Such contribution cannot be canceled out even for randomly ori-
ented crystallographic axes [90]. Assuming an increased negative contribution from
the surface atoms, the effective spin moment could give certain correlation with par-
ticle size considering the limited probing depth of TEY detection method. However,
such effect is quite small and it is not likely to account for almost 30% change in
the moment observed in nanoparticles as well as in thin films. Also the reduced
moments in thin films and nanoparticles can be observed using standard magne-
tometry, where the total magnetic moment of the sample is measured [116, 110].
Another possible explanation is that Fe atoms on the particle surface are subjected
to an even stronger anisotropy contribution, which forces moments of surface atoms
pointing perpendicular to the surface, effectively reducing the observed magneti-
zation of the surface atoms in limited external field. Example of such behavior has
been observed in γ− Fe2O3 nanoparticles, where hysteresis curve at high field has
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6.5 Temperature dependent magnetization

a slightly positive slope [117]. Similar canting effect in FePt has not be reported
in the literature, and an extremely strong surface anisotropy for FePt nanoparticles
with relative small degree of order is unlikely.

An alternative model proposed by Antoniak et al. ascribes reduced moments in
FePt nanoparticles to local chemical environment of Fe atoms [51]. To summarize
shortly, the moment of Fe atoms depends on its local chemical environment. The
Fe moment will increase with increasing local Pt concentration, till local composi-
tion reaches 50:50, after which further increase of Pt content does not influence Fe
moment. In case of FePt nanoparticles, it has found out that Fe atoms are in Fe-rich
environment and Pt atoms in Pt-rich environment by extended X-ray absorption
fine structure (EXAFS), which effectively reduces the moment per Fe atom. If we
take into account of the Pt segregation effect discussed previously, the following
model may explain the reduction of magnetic moment in nanoparticles: assuming
a layer of Pt atom is formed on the particle surface, the core of the particle will be
depleted of Pt. Such effect will be stronger for smaller particles, leading to more
Fe-rich core and smaller Fe moment. Assuming a monolayer of Pt (thickness of 0.23
nm) is formed on particle surface due to segregation, for 9.4 nm Fe50Pt50 particles
composition will shift to Fe56Pt44. But for 5 nm Fe50Pt50 particles composition will
change to Fe60Pt40. The effect of composition shift is stronger for smaller parti-
cles, leading to more reduced moments in smaller nanoparticles. For particles even
smaller than 5 nm, as discussed in Section 5.3, a complete Pt layer segregation is
not favorable due to strong composition change which would require a phase tran-
sition towards Fe3Pt in the core. In other words, the shift in the core composition
has certain limited range and the Pt segregation is hindered so that the composition
change is kept within this range. Due to the limited composition shift the magnetic
moment for particles smaller than 5 nm does not show significant size dependence.

6.5 Temperature dependent magnetization

As discussed in previous sections, the magnetic moments per Fe atom decreases
when measured at higher temperature. Such temperature variation is summarized
in Table 8. The average moment measured around room temperature is about 80
% of the value obtained at low temperature. According to the estimation of mean
field theory, such reduction in moment corresponds to a temperature reaching 0.8
of Curie temperature, assuming spin quantum number S = 3/2 [26]. However, it
is well known that mean field theory underestimates the effect of thermal fluctu-
ations at low temperature. In order to get a more reasonable estimation of Curie
temperature a phenomenological model of M ∼ T by Kuz’min [118] is used:
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6.5 Temperature dependent magnetization

µ(T) = µ(0)
[
1− γ(T/TC)3/2 − (1− γ)(T/TC)5/2

]1/3
(34)

The 0 K magnetic moment µ(0) and Curie temperature TC serves as scaling
factor for the curve, and γ is the factor which influence the shape of the curve. γ

value for FePt with low degree of order is experimentally determined to be 1.40 [53].
By scaling (34) onto the experimental points, Curie temperatures are estimated and
listed in Table 8. It is worth noticing that at low temperature the nanoparticles after
annealing cannot be saturated with external field as shown in Fig. 37, which means
the moments obtained at low temperatures are underestimated, and the true Curie
temperature is even lower than the value reported in Table 8. Due to the fact that
only two points with a relatively large error bar are available, the determined Curie
temperatures have large uncertainty and a size dependence cannot be identified.
Nevertheless, all the TC in nanoparticles are significantly below the bulk value at
750 K.

Table 8: Spin moment per Fe atom in FePt nanoparticles measured at two different
temperatures. All the particles are annealed at 700 °C for 30 min.

Diameter (nm) Low temp. moment (µB) High temp. moment (µB) TC (K)
4.5 2.14 (15K) 1.63 (290K) 483
5.8 2.39 (11K) 2.10 (280K) 716
6.3 2.38 (15K) 1.72 (300K) 445
9.4 2.58 (15K) 2.19 (300K) 615

The Curie temperature of CoPt can also be estimated from Co moment measured
at different temperature as listed in Table 7. Compared to the moment variation
measured in bulk CoPt [115], Curie temperature of the CoPt nanoparticles after
annealing at 700 °C for 90 min. is around 525 K, which is also much lower than the
value of bulk CoPt at 789 K.

The reduced Curie temperature has also been reported for FePt colloidal nanopar-
ticles [65, 112] and thin films [110]. In the case of thin films, the Curie temperature
decreases as film thickness reduces, and for 3.5 nm film thickness Curie temperature
is reduced to 580 K [110]. The Curie temperature measured on 4 nm colloidal FePt
particles, however, depends strongly on the composition. The Curie temperature
reaches a maximum of TC = 700 K at Fe50Pt50 composition, and decreases rapidly
when composition deviates from 50:50 [65]. The Curie temperature estimated for
FePt nanoparticles in this study shows similar trend.
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6.6 Summary of magnetic properties

6.6 Summary of magnetic properties

Before analysis of magnetic properties, the chemical state of nanoparticles is checked
using XAS spectra, which proves that both, FePt and CoPt nanoparticles, are metal-
lic after hydrogen plasma reduction and all annealing steps. The apparent Fe signal
intensity decreases by 14% with successive annealing steps ranging from 650 °C
to 790 °C. Such decreasing Fe signal intensity is consistent with the reduction of
apparent Fe content measured by XPS, as discussed in Section 5.3.

Magnetic properties of FePt and CoPt nanoparticles are investigated in detail
by XMCD. 5.8 nm FePt particles after hydrogen plasma reduction show rather low
magnetic anisotropy energy, indicated by the low coercive field µ0Hc = 0.20 T at
15 K and the superparamagnetic behavior at 300 K. The effective anisotropy energy
is estimated to be Ku = 0.15 MJ/m3. The magnetic moment per Fe atom measures
µ

e f f
s = 2.36± 0.12 µB, µl = 0.19± 0.03 µB at T = 15 K. These results compare well

with those obtained in chemically disordered FePt thin films shown in Table 2. FePt
nanoparticles after hydrogen plasma reduction are found in the chemically disor-
dered A1 phase. The magnetic moment at ambient temperature is significantly
reduced, resulting in µ

e f f
s = 1.83 ± 0.12 µB, µl = 0.16 ± 0.03 µB. Such reduction

of the Fe magnetic moment at higher temperature is related to disruption of mag-
netic order by thermal excitation. The superparamagnetic response measured at
300 K is fitted by a Langevin function, yielding the saturation magnetization of
FePt Ms = 940 kA/m at 300 K. Assuming the relative change in Ms with tempera-
ture is identical to the relative change of the Fe atomic moment, Ms is estimated to
be 1210 kA/m at 15 K, close to 1290 kA/m observed in FePt thin films at 15 K [110].

Annealing at 740 °C for 30 min. significantly increases the magnetic anisotropy
energy in the particles. The coercive field increases to µ0Hc = 0.78 T at 17 K and
the particles cannot be fully saturated with the maximum field of 3 T in the experi-
ments. The moment per Fe atom measures µ

e f f
s = 2.27± 0.12 µB, µl = 0.12± 0.03 µB

at 17 K. The slightly reduced moments compared to those directly after reductions
is due to limited external field that cannot fully drive the sample to saturation.
The “narrow waist” shape of the hysteresis loops at low field of annealed par-
ticles indicates the presence of two components in magnetic anisotropy energies.
Fitting of hysteresis loops using the Stoner-Wohlfarth model gives a bimodal dis-
tribution of the magnetic anisotropy energy, with a narrow component centered
at KL = 0.10 MJ/m3 and a broader component centered at KH = 1.90 MJ/m3. It
is suggested that the A1 → L10 transformation is not complete in FePt nanoparti-
cles, where the low anisotropy portion corresponds to particles still in the A1 phase
and the high anisotropy portion corresponds to particles with partial L10 order.

78



6.6 Summary of magnetic properties

Successive annealing from 650 °C to 750 °C gradually increases the portion of parti-
cles with higher anisotropy, as indicated by the hysteresis loops measured at room
temperature. Annealing at 790 °C, however, decreases this portion again, which
suggests that at 790 °C the L10 is thermodynamically unstable for 5.8 nm particles.

2.6 nm FePt particles show similar increase in magnetic anisotropy energy after
annealing at 790 °C. Due to their small dimension, however, these particles do not
exhibit ferromagnetism at ambient temperature. Hysteresis loops measured at low
temperature also suggest a bimodal distribution of the anisotropy energy, which
is confirmed independently by the temperature dependence of hysteresis, where
particles with low magnetic anisotropy energy have blocking temperature between
10-45 K and other particles have a broad blocking temperature ranging from 70 to
350 K.

L10 ordering is also observed in 5.6 nm CoPt particles after annealing at 700 °C
for 90 min. According to the shape of the hysteresis, the anisotropy energy in
CoPt particles exhibits a bimodal distribution as well. The moment per Co atom
measured at 11 K gives µ

e f f
s = 1.60± 0.16 µB, µl = 0.19± 0.04 µB. Compared to

an equiatomic CoPt thin film sample the spin moment is reduced by 9%, which is
expected due to unsaturated sample at 3 T. The µl/µ

e f f
s = 0.11 is comparable to the

ratio observed in chemically ordered CoPt thin films of µl/µ
e f f
s = 0.14 [57].

The formation of chemical order is investigated as function of FePt particles
diameter after annealing at 700 °C 30 min. In the size range of 2 nm to 10 nm, all the
particles show partial chemical order after annealing, and the magnetic anisotropy
energies show the bimodal distribution as observed in 5.8 nm particles, with low
anisotropy portion at around KL = 0.10 MJ/m3 and high anisotropy portion KH

below 35% of the bulk value of 7 MJ/m3. The spin moment per Fe atom measured
at low temperature shows a systematic decrease as particle size is reduced. In
9.8 nm particles µ

e f f
s = 2.5 µB and is close to that of bulk FePt measured by XMCD,

while the spin moment for 2.6 nm particles decreases to 1.9 µB. The orbital moment
per Fe atom for different particle sizes almost stays constant at 0.1-0.2 µB.

The Curie temperatures of FePt and CoPt nanoparticles are estimated by con-
sidering the decreased magnetic moment at ambient temperature. Due to lack of
complete information about the exact temperature dependence of the magnetic mo-
ment, Curie temperatures cannot be determined precisely. However, for all FePt
particles the estimated Curie temperatures are found below the bulk value at 750 K.
The estimated Curie temperature for 5.6 nm CoPt particles after annealing at 700 °C
for 90 min is 525 K, much lower than the bulk value of CoPt at 789 K.
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7 Summary

In this thesis ordered arrays of metallic FePt and CoPt nanoparticles are prepared by
a micellar method. According to the morphological and chemical characterization
in Section 4, particle sizes from 2 - 10 nm having interparticle distances between 20
to 140 nm were achieved. The particles can be reduced to the pure metallic state
by hydrogen plasma and the composition of the particles are successfully adjusted
within the range where L10 order is the favored structure in the bulk. Due to large
distances between the particles, the samples can be safely annealed to high tem-
perature not risking agglomeration or sintering of nanoparticles. The main focus
of the thesis is set to the magnetic properties and oxidation behavior of FePt and
CoPt nanoparticles. In this summary the main results are summarized to give a
comprehensive view on the particle systems investigated.

FePt nanoparticles after hydrogen plasma reduction are found to be in the chem-
ically disordered state. Elemental specific magnetic moments per Fe atoms agree
well with results obtained in chemically disordered FePt thin films according to the
XMCD result in Section 6.3, which proves that alloying of Fe and Pt is obtained in
the nanoparticles. The low magnetic anisotropy energy of 0.1 MJ/m3 is consistent
with FePt in the A1 phase.

The A1 phase is thermodynamically unfavorable at ambient temperature in the
bulk, but the transition to thermodynamically stable L10 structure is hindered by
limited kinetics. To enhance the kinetics annealing above 600 °C is required. In FePt
nanoparticle annealing at different temperature only leads to partially chemical or-
der. More specifically, the A1→L10 transition only takes place in certain portion
of the particles during annealing, while other particles stay unchanged in the A1
phase. These transformed particles have a rather broad magnetic anisotropy energy
distribution and their average value is below 40% of the magnetic anisotropy en-
ergy in FePt with perfect L10 order. The magnetic anisotropy energy distribution in
the particles after annealing then shows a bimodal distribution, which is observed
from the distinct “narrow waist” shape of the hysteresis loops measured at low
temperature. Such bimodal distribution of magnetic anisotropy energy is observed
among all different particles sizes and all different annealing conditions, suggesting
that one limiting factor of magnetic anisotropy energy is the limited kinetics of the
transition. A higher portion of the particles can be transformed by prolonging the
annealing time, which is verified experimentally by successive annealing of 5.8 nm
FePt particles at 650 °C. Similar effects can be achieved by enhancing kinetics of the
transition, where successive annealing of 5.8 nm particles at increasing temperature
from 650 °C to 750 °C also results in increasing number of transformed particles.
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However, after annealing these particles at 790 °C, a decrease of the portion of par-
ticles with higher magnetic anisotropy is observed, indicating that certain particles
with partial chemical order are brought back to A1 phase. This finding suggests
that the equilibrium transition temperature between A1 and L10 phase is above
300 °C and below 790 °C for 5.8 nm FePt nanoparticles. This value is strongly re-
duced to the bulk value of 1550 K. To achieve high degree of chemical order, the
annealing temperature must be kept below such decreased equilibrium transition
temperature, which on the other hand leads to limited kinetics. A way out of this
dilemma is an annealing step at moderate temperature for very long time, which
has been reported by Alloyeau et al. [63] for CoPt nanoparticles.

In the particles already transformed to partial chemical order, the magnetic
anisotropy energy is still much lower than the bulk value. In FePt nanoparticles
of different sizes and annealed at different temperatures, the distributions of high
anisotropy energy portion always cover a wide range of values from nearly 0 up
to 7 MJ/m3(bulk value for FePt), with average value below 3 MJ/m3. This suggests
that the low magnetic anisotropy energy obtained in transformed FePt nanopar-
ticles is not limited by kinetics, but most probably is an intrinsic property of the
nanoparticles.

Different models have been proposed to explain the limited magnetic anisotropy
in this thesis. One of the models is that during annealing, Pt atoms have a tendency
to segregate towards surfaces. Such Pt segregation is consistent with the observed
decrease of apparent Fe signal in XPS and XAS after annealing. Using a core-shell
model the decreased Fe signal intensity in XPS spectra is related to an effective
Pt segregation layer thickness. For thin film and nanoparticles larger than 9 nm,
the Pt segregation layer thickness is found between 0.2-0.3 nm, while for 4.9 nm
particles this thickness is below 0.1 nm. Since the thickness of Pt monolayer in
close packing is 0.23 nm, Pt segregation layer forms a complete cover layer in larger
particles and thin films. Such Pt covering on surfaces would provide an enhanced
resistance against oxidation. As discussed in Section 5, the onset of oxidation of
annealed 9.8 nm and 11.5 nm FePt nanoparticles is observed for 100-1000 times
higher oxygen doses as compared to the identical samples before annealing. On the
other hand, due to the incomplete Pt cover layer, oxidation starts almost at the same
oxygen exposure in 4.9 nm particles.

The Pt segregation have a profound influence on magnetic properties. Due to the
large fraction of surface atoms in nanoparticles, a complete Pt segregation layer will
significantly change the composition of the remaining core towards the Fe-rich side.
Such deviation from equiatomic composition would disrupt the L10 chemical order,
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thus reducing the magnetic anisotropy energy. On the other hand, the observed size
dependence of Fe magnetic moment in nanoparticles can also be explained by the
shift of composition. Assuming identical thicknesses of the Pt overlayer are formed
due to segregation, in smaller particles the composition will be Fe-rich. According
to the XMCD measurement on FePt thin films of different composition [51], the
magnetic moment per Fe atom in FePt system is reduced when composition shifts
towards the Fe-rich side. This means that for smaller nanoparticles the magnetic
moment per Fe atom is expected to be reduced compared to larger particles or bulk
FePt, as observed in Section 6.4. Additionally, any deviation from the equiatomic
composition significantly reduces the Curie temperature TC. Although TC of FePt
nanoparticles cannot be determined precisely, in all particles TC is well below 700 K,
which is smaller than the bulk TC = 750 K. Such finding is also consistent with the
model of Pt segregation and a Fe-rich core.

On the other hand, results from the HRTEM investigations suggest additional
explanation for the low magnetic anisotropy. FePt nanoparticles with L10 order is
clearly identified from HRTEM images and the estimated degree of order S should
be larger than 0.56. However, a large fraction of the particles contain defects such
as twin boundaries and stacking faults as shown in Section 4.3, which divide one
particle into several small regions with different crystalline orientations and thus
different directions of the easy axes. The effective anisotropy energy of a whole
particle consisting of several well-ordered structural grains is the averaged effect
of different magneto-crystalline anisotropy terms pointing at different directions.
In the extreme case, the final effective anisotropy could be very low although the
chemical order in each small region is high.

For CoPt nanoparticles, the process of A1→L10 transition is very similar to FePt.
After annealing at 700 °C for 90 min., a bimodal distribution of anisotropy is ob-
served in 5.6 nm particles. The average anisotropy energy in these particles is es-
timated to be 1.5 MJ/m3, which is also below 30% of the CoPt bulk value. From
temperature-dependent Co moments, the Curie temperature of CoPt nanoparticles
(5.6 nm) is estimated to TC = 525 K, which is also much lower than the bulk value
of 789 K.
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