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Abstract

This work presents the structural and magnetic characterization of platinum-
rich Fe,Pt,_, nanoparticles, which were prepared following a wet-chemical
organometalic nanoparticle synthesis by thermal decomposition in the pres-
ence of stabilizing oleic acid. The behaviour of anisotropy and magnetic mo-
ment of Fe,Pt;_, nanoparticles is investigated combining (quasi-)static mag-
netic magnetization measurements with dynamic susceptibility measurements
at gigahertz frequencies.

The structural characterization by TEM and XRD yield the presence of
chemically disordered spherical Fe,Pt;_, nanocrystals with a mean core diam-
eter d, of about 4 nm and having a rather narrow log-normal size distribu-
tion. A platinum-rich composition of the nanoparticles with = in the range
0.1...0.25 is indicated by the lattice constant ayg. The composition of the
particles could be verified by relating the Curie temperature determined from
ZFC magnetization measurements to the composition. By annealing of the as
synthesized particles at temperatures up to 800 K, no chemical ordering could
be achieved.

A log-normal distribution with mean anisotropy barrier energies Ex about
300 K to 600 K is revealed from temperature dependent ZFC- and AC mag-
netization measurements, from which an effective anisotropy constants K¢ of
about 10° J/m3 follows. High field (H = 10 kOe) magnetization measurements
M(T) of Fe,Pt;_, nanoparticles reveal Bloch type temperature dependent
magnetic moments p,(7") with much smaller Bloch coefficients than observed
in bulk systems. Mean particle moments p,(7" = 0 K) in the range 500 up to
1000 up extrapolated to 7' = 0 K have been determined from magnetization
isotherms M (H) incorporating the Bloch type temperature dependence.

The isotropic g-factor determined by magnetic resonance spectroscopy (MRS)
is linearly dependent on the composition x of the Fe,Pt;_, nanoparticles. The
dominating contribution to the g-factor is given by the spin moment. To de-
scribe the strong shift of the resonance field H,..s towards zero field and the
marked increase of the line-width AH,, observed in the MRS-spectra at lower
temperatures, different models based on the phenomenological Landau-Lifshitz

and Gilbert line shape models have been implemented and analysed.



The mean anisotropy field Ha could be determined from the shift of the res-
onance field H,.s using an analytical expression describing H.,..s(Ha) obtained
from energy minimization of the free energy including field and anisotropy en-
ergy. A more convincing description describing the full measured line shapes

could be achieved introducing a complex damping into the basic Landau-
Lifshitz model.

magnetic nanoparticles, iron-platinum aloys, magnetic resonance spectroscopy,

magnetization dynamics, magnetocrystalline anisotropy, line-shape analysis



Zusammenfassung

Im Schwerpunkt dieser Arbeit stand die Untersuchung der statischen und dy-
namischen magnetischen Eigenschaften nass-chemisch hergestellter Fe, Pt;_,
Nanopartikel mit organischer Umhiillung. Das magnetische Verhalten von An-
isotropie und magnetischem Moment in Fe,Pt;_, -Nanopartikeln wurde an-
hand von (quasi-)statischen Magnetisierungsmessungen und Messungen der
transversalen dynamischen magnetischen Suszeptibilitit im Bereich von Mi-
krowellenfrequenzen ermittelt.

Die strukturelle Charakterisierung mittels TEM und XRD ergab das Vor-
liegen von chemisch ungeordneten sphéarischen Fe,Pt;_, Nanokristallen mit
einem mittleren Durchmesser von 4 nm und schmaler Log-Normal Grofen-
verteilung. Die Gitterkonstanten ay deuten auf eine Platin-reiche Zusammen-
setzung der Fe,Pt;_, Nanopartikel mit z im Bereich 0.1...0.25 hin. Diese
wurde iiber die Curie Temperatur, die aus magnetischen ZFC-Messungen an
den vorhandenen Fe,Pt;_, Nanopartikeln abgeleitet wurde, prizise ermittelt.
Mit dem Heizen der Proben bis hoch zu Temperaturen von 800 K konnte keine
chemisches Ordnen der Fe,Pt;_, Partikel erzielt werden.

Aus ZFC- und AC-Messungen ergab sich eine Log-Normal Verteilung der
Anisotropieenergiebarrieren mit mittleren Energien von 300 K bis zu 600 K,
aus der eine effektive Anisotropiekonstante Koz =~ 10° J/m? folgt fiir die
4 nm Fe,Pt;_, Nanopartikel. Hochfeld-Magnetisierungsmessungen M (T, H =
10kOe) der Fe,Pt;_, Nanopartikel zeigen Blochsches Temperaturverhalten der
magnetischen Momente, allerdings mit deutlich geringeren Blochkoefizienten
als in bulk Systemen beobachtet wird. Aus den Magnetisierungsisothermen
wurden mittlere Partikelmomente p,(7" = 0) im Bereich 500 pp bis 1000 pp
ermittelt.

Mit der Magnetischer Resonanzspektroskopie bei Raumtemperatur wurde
der isotrope g-Faktor bestimmt, der linear mit der Komposition x der Fe,Pt;_,
Nanopartikel abnimmt. Dabei tragt das Spinmoment den grofiten Anteil am g-
Faktor. Die Temperatur-abhingigen Resonanzspektren zeigen mit abnehmen-
der Mess-Temperatur eine starke Abnahme der Resonanzfeldstiarke H.. bei
gleichzeitig deutlicher Zunahme der Linienbreite AHp,,. Um dieses Verhalten zu
beschreiben, wurden die phinomelogischen Landau-Lifshitz und Gilbert Mo-

delle zur Beschreibung der Linienform erweitert und analysiert. Dabei konnte



ein analytischer Ausdruck aus einer Energieminimierung unter Beriicksichti-
gung von Feld- und Anisotropiebeitrigen gefunden werde, um das mittlere
Anisotropiefeld Hy aus der Verschiebung von H, zu berechnen. Dariiber hin-
aus wurde ein Landau-Lifshitz Ansatz mit komplexer Dampfung vorgestellt,
der eine iiberzeugende Beschreibung der Linienform der Fe,Pt;_, Nanopartikel

erlaubt.

Magnetische Nanopartikel, Eisen-Platin Verbindungen, Magnetische Reso-
nanz Spektroskopie, Magnetisierungsdynamik, magnetokristalline Anisotropie,

Linienformanalyse
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Chapter 1
Introduction

Since the 1980s nanotechnology has come to be one of the most exciting and
propelling interdisciplinary research areas [1|. Originally intended to build
machines on the scale of molecules, the meaning of nanotechnology shifted
more and more in the following years to the development of systems smaller
than 100 nanometers with novel physical, chemical or biological properties [2].
Out of these systems, magnetic nanoparticles emerged from 2000 onwards as

a class with continuously growing research effort, see Fig. 1.1.

Currently, magnetic nanoparticles are of intense interest for a variety of ap-
plications, not only for the general miniaturization of devices, but because their
physical properties may dramatically deviate from their bulk counterparts,
which can be ascribed to two characteristic features of magnetic nanoparticles,
namely single domain ferromagnetism and superparamagnetism. For this, not
only the nanometre size is responsible, but especially the magnetic anisotropy

of the material constituting the magnetic nanoparticles.

Therefore, much research has been related to binary transition-metal sys-
tems like FePt, CoPt and FePd with their huge magnetocrystalline anisotropy
energy, which is in the order of 10° J/m3. While first research was focused on
the magnetism of these systems in thin-films, it was with the presentation of a
novel wet-chemical preparation route by Sun et. al. [4] in 2000, that especially
magnetic nanoparticles of FePt became promising candidates for ultrahigh-
density magnetic recording media. Even today this interest is still going on to
improve the understanding of the complex magnetism in Fe,Pt;_, magnetic

nanoparticles, as is documented by the number of publications coping with
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Figure 1.1: Yearly number of citations containing (left) combinations of the
keywords magnetic nanoparticles and iron-platinum and (right) iron-platinum
with either magnetic nanoparticles, thin films, recording media, or biomedical
applications. The counts were determined by Web of Science online queries [3]

using the keywords as search items.

this topic, as displayed in Fig. 1.1.

Fe,Pt;_, can be prepared over the continuous range of solid solutions, and
both stoichiometric and non-stoichiometric alloys with various degrees of chem-
ical order exist. Of the three ordered stoichiometric phases — FesPt, FePt,
FePt3 — the equiatomic FePt shows the largest anisotropy energy with values
up to 6 -10% J/m3. This extremely large value is almost two orders of mag-
nitude larger than the one found for the disordered fcc phase, 1-10% J/m3
[5].

The confinement of the geometrical extension entails a complicated interac-
tion of the magnetic and electronic structures in Fe,Pt;_, nanoparticles with
tremendous consequences for the magnetic properties compared to those mea-

sured and calculated in bulk systems. Of particular interest is the interplay



between effective magnetic anisotropy generated by the crystal structure and
shape of the nanoparticles and magnetic moment s, related to the internal
magnetic structure of the particle. But not only internal structure and param-
eters are of importance. The nanoparticle physics depends strongly on external
parameters such as temperature and external magnetic field. Furthermore, the
time scale of an experiment has a great impact on the observed behaviour of
magnetic nanoparticles. On the other hand, the appropriate choice of these
external parameters allows one to isolate an effect of interest without being
disturbed by other properties. So is the influence of magnetic anisotropy in
nanoparticles strongly reduced by thermal fluctuations at high temperatures.

This work presents a comprehensive study of the magnetic behaviour of
chemically disordered platinum-richFe,Pt;_, nanoparticles. The aim is to com-
bine magnetic susceptibility measurements, which reflect an integral (quasi-)
static magnetic fingerprint with microwave resonance spectroscopy probing the
dynamic magnetic properties of the local magnetic and electronic environment
of Fe,Pt;_, nanoparticles. To this end the influence of anisotropy and mag-
netic moment on the static and dynamic properties in Fe,Pt;_, nano-particles
is determined.

The structure of this work is organized as follows. In chapter 2, the theoret-
ical groundwork comprising the magnetism of nanoparticles and fundamentals
of magnetic resonance spectroscopy are presented. In chapter 3, the structural
and magnetic properties of the binary transition-metal compound Fe-Pt to-
gether with experimental details of the utilized measurement techniques are
collected. Chapter 4 first presents the results of the structural characterization
of the Fe,Pt;_, nanoparticles. Then, the quasi-static magnetic behaviour of
Fe,Pt;_, nanoparticles is analysed, especially the distribution of anisotropy
energy barriers and the determination of the mean magnetic moment p,. In
chapter 5 the dynamics of the magnetization at microwave frequencies is in-
vestigated, for which a description of the observed temperature dependent
magnetic resonance spectra is presented. Summary and conclusions are given

in chapter 6.






Chapter 2
Fundamentals

In this chapter, some fundamentals of the magnetism of magnetic nanoparti-
cles will be presented. First, the main interactions and energies responsible for
the magnetic behaviour observed in interaction-free magnetic nanoparticles are
introduced. After this, the general magnetic properties of magnetic nanopar-
ticles merged under the notion superparamagnetism are described. Hereby,
(quasi-)static and dynamic aspects of the magnetism are considered separately.
Furthermore, the basic theory of magnetic resonance absorption of magnetic
nanoparticles is depicted since it is the main experimental technique used in
this work. Finally, several structural and magnetic properties of the binary

iron-platinum system are described for bulk and nanoparticular Fe,Pt;_, .

2.1 Magnetism of magnetic nanoparticles

2.1.1 Magnetic interactions and energies

The magnetism in a magnetic nanoparticle is a collective phenomenon of the
electronic spins; there are different ways for the magnetic moments to com-
municate with each other. Some relevant mechanisms for possible interactions

are summarized in this section.

Exchange interaction In a magnetic nanoparticle, the exchange interaction
is responsible for the coupling of typically 10? to 10* atomic magnetic moments

to form one giant magnetic moment j,. The exchange energy of two electrons

5



with spin operators S; and S is given by
Eex - —2J12S1 . SQ, (21)

where Jp5 is the exchange integral, which for Ji5 > 0 leads to parallel alignment
of the spins, e. g. to ferromagnetic ordering. Since Ji5 is vanishing except for
neighbouring electrons, the exchange interaction is very short ranged. How-
ever, its magnitude in the order of 1072 (= 100 K) eV leads to magnetic long
range ordering of magnetic moments below a critical temperature. In a con-
tinuum approximation of the crystal the exchange energy can be expressed

as
Eex = 14/(:1‘/(ﬁ ’ ﬁ)za (22)

with the exchange constant A = 2JS%*p/a , where J is the exchange integral
(now with contributions from mainly next-neighbour moments), a the distance

between next neighbours and p the number of sites in the unit cell.

Spin-orbit interaction The spin-orbit interaction is the origin of anisotropy
in magnetic nanoparticles. Generally, electrons possess both an orbital mag-
netic moment m; (caused by their angular momentum due to the precession
around the nucleus) and an spin magnetic moment m; (due to their intrinsic
spin momentum). The spin-orbit interaction denotes the coupling of the spin
magnetic moment with their own orbital magnetic moment, and can be written
for hydrogen-like atoms with spin hS and angular moment hL as
(L-5)

Eso = anzu +1/2)(+ 1)

(2.3)

where n and [ denote the principle and angular quantum numbers. The pre-
factor 3 = Z4€?h?/(4meoad) contains the atomic number Z and the Bohr radius
ag. The crystal structure symmetry is mediated by the spin-orbit interaction
to the spin system, and is one origin of magnetocrystalline anisotropy. This
anisotropy energy is larger for crystal lattices of low symmetry and smaller
in lattices of high symmetry, and depends on the state of chemical order.
Hence, the two orders of magnitude higher anisotropy constant K ~ 107 J/m?
appearing in the ordered L1, FePt phase when compared to the unordered

phase (10° J/m?) [6] are due to tetragonal distortion and atomic arrangement.



Furthermore, the spin-orbit coupling is accountable for intrinsic magnetic
damping. For atoms in a crystal lattice, the spin-orbit interaction energy is of
the order 1072 eV (~ 10 K).

Magnetic dipolar interaction Two magnetic nanoparticles with moment
fip and fis at a distance 7 from each other give rise to the magnetic dipolar

interaction energy

/’LO — — 3 — —
Eaip = s Ml'MQ—T_Q(Ml'f)(H2‘f) : (2.4)

While the dipolar interaction in the order of 107% eV (=~ 12 mK) is not suf-
ficient to cause long range order of magnetic moments, it is accountable for
demagnetizing field effects and spin waves in the long wave length regime. Fur-
thermore, at low temperatures it may cause particle-particle interactions (spin
glass behaviour) when a coupling of moments between individual nanoparticles

is energetically favourable compared to the thermal energy kg7

Magnetocrystalline and surface anisotropy energy As mentioned be-
fore, the anisotropy is caused by the spin-orbit interaction, which projects the
crystal symmetry of the nanoparticles onto the magnetic spin and orients the
electron spin moments along an easy axis. In bulk materials, magnetocrys-
talline and magnetostatic energies are the main source of anisotropy, whereas
in magnetic nanoparticles particles additional contributions from shape and
surface anisotropy may become relevant.

Due to the magnetocrystalline anisotropy energy, a nanoparticle will, in
the absence of an external magnetic field, align its magnetic moment with
one of the easy axes, an energetically favourable direction usually related to a
principal axes of the crystal lattice of the particle.

The simplest form of anisotropy is uniaxial anisotropy, where a nanoparticle

has only one easy axis
Eui = K1V sin® 0 + KV sin® 0 + - - (2.5)

where K7 and K, are the anisotropy constants, V' is the particle volume, and
0 is the angle between magnetization and easy axis direction. The anisotropy

constants possess a temperature dependency [7], but at temperatures much



lower than the Curie temperature of the material they are considered as tem-
perature independent constants. Usually, K5 and all higher order coefficients
are negligible compared to K, so often only the first term with K; = K is
included in calculations. According to Eq. 2.5 a positive value of K implies an
easy axis.

Thus, to flip the magnetic moment direction from one easy direction, # = 0,
to the other, 8 = 7, an energy barrier KV at ¢ = 7/2 has to be surmounted.

In a crystal structure with cubic symmetry the anisotropy is given by
Eew, = K1V (afa; + a503 + a3af) + KyVajajas + - - (2.6)

Here, the direction cosines are defined as a; = sinfcos¢, a; = sinfsin ¢,
a3 = cos f, with 6 being the angle between magnetization and z-direction and
¢ the azimuthal angle.

Especially in confined nanoparticles systems, the (distorted) lattice struc-
ture and symmetry at surfaces and interfaces may lead via the spin-orbit cou-
pling to substantial anisotropy contributions in addition to the magnetocrys-
talline anisotropy. It is often convenient to combine surface, interface, and
magnetocrystalline anisotropies into one effective anisotropy K. Further-
more, it turned out that for many magnetic nanoparticle systems — even with
cubic crystal structure — the (simple) uniaxial anisotropy Eq. 2.5 is sufficient
to describe magnetocrystalline, surface, or shape anisotropy effects observed

in experiment.

Shape anisotropy Shape anisotropy occurs for magnetic nanoparticles which
are not perfectly spherical, so that the demagnetizing field will not be equal for
all directions creating one or more easy directions. The demagnetizing energy

is formally given by
1/ = 1~ -
Faom = =5 /u  Baow = 5N (). (2.7)

Here, the integral is very complex to calculate even for simple homogeneously
magnetized sample geometries, where Edem is the internal demagnetizing field
caused by uncompensated magnetic charges due to the nanoparticle surface.
Only for homogeneously magnetized ellipsoids Eq. 2.7 simplifies as given in

the second term with the dimensionless demagnetizing tensor N [8]. With the



magnetic moment pointing along one of the principal axes it can be diagonal-
ized with N, + N, + N, = 1.

Zeeman energy The Zeeman energy results from the interaction of a mag-
netic nanoparticle with an external magnetic field. It depends on the orienta-

tion of magnetic moment j with the magnetic field B = ,uofjl,
Erag = —(fi - B), (2.8)

favouring a parallel alignment between moment and field direction.

2.1.2 The effective field within a magnetic nanoparticle

From the functional derivative of the total energy FEi. the effective magnetic

field B.g is found to be )
Bt = — Mg 22
op

For non-interacting nanoparticles, the individual contributions to E\. are given

(2.9)

by the Zeeman energy FE.,,,, magnetocrystalline and shape anisotropy energy

E..i, demagnetization energy Fg., and exchange energy FEe,

Etot = Emag + Eani + Edem + Eex- (210)

2.1.3 Superparamagnetism of magnetic nanoparticles
Phenomenology of superparamagnetism

The definition of superparamagnetism is based on two characteristic obser-
vations. First, in thermodynamical equilibrium or at infinite time scales, the
magnetization curve shows no hysteresis, no coercivity, and no remanence. Sec-
ond, the magnetization curves M (H, T = const) of an isotropic (without any or
with negligible anisotropy) magnetic nanoparticle ensemble taken at different
temperatures T superimpose when plotted against H/T (see isotropic super-
paramagnetism in sec 2.1.5). Often, a correction for a temperature variation
of the spontaneous magnetization or the magnetic moment of the magnetic
nanoparticle is required.

There are various models for the magnetization reversal of single-domain
particles. The most prominent is the model of coherent rotation of magneti-

zation as developed by Stoner and Wohlfarth [9]. This model, which, strictly
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speaking, is valid only at 7" = 0 K, assumes non-interacting particles with
uniaxial anisotropy, in which the magnetic moments are parallel and rotate in
unison. In another model, valid at any finite temperatures also, the moments
can overcome the anisotropy energy barrier by thermal activation, thus leading
to a switching of the particle magnetization. Thus, the observed net magne-
tization of an nanoparticle ensemble shows a time dependent relaxation. This
relaxation process was first proposed by Néel [10], and further developed by
Brown [11; 12].

The time scales on which a magnetic nanoparticle system is disturbed and on
which its response is observed constitute the main difference between dynamic
and static magnetization phenomena. When applying a quasi static field, the
magnetic moments appear to be always in equilibrium since the dynamics
of the moments are in a much faster time scale (typically nanoseconds to
milliseconds). When applying an alternating magnetic field at a frequency
close to the resonance frequency of the nanoparticle system, the magnetic

moments are resonantly disturbed from their equilibrium orientation.

Magnetic moment ;, and saturation magnetization Mg of single do-

main nanoparticles

Below a critical diameter d.., the formation of magnetic domains separated by
domain walls which is observed in bulk ferromagnets becomes unfavourable, so
the magnetic nanoparticle is said to be in a single domain state. This diameter
is approximately given by [13]

_T2VAK,

d, ~ , 2.11
M0M52 ( )

with the exchange constant A, the uniaxial anisotropy constant K, and the
saturation magnetization Mg. For L1,-FePt particles, critical diameters d.
ranging from 50 nm up to 600 nm were reported [14; 15|. Depending on
the size and material, magnetic single domain nanoparticles consist of 10? —
10% individual magnetic moments coupled by the exchange interaction to act
as one giant moment p,. The a particle with diameter d has a saturation
magnetization Mg = p,/V = 6p,/(7d?).

The magnetization behaviour of single domain magnetic nanoparticles in

thermodynamic equilibrium is identical to that of an atomic paramagnetic
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material, except that much larger magnetic moments, and thus larger suscep-
tibilities, are involved. These similarities coined the term superparamagnetism

for the thermal equilibrium behaviour.

Temperature dependent magnetic nanoparticle moment f,(7) and

Curie temperature 7

At temperatures well below T, the temperature dependence of the magnetic
moment y, is ascribed to spin-wave fluctuations (propagating collective exci-
tations of the coupling between the spin moments within one nanoparticle) as
first described by Bloch [16], who found that

1p(T) = 1(0)(1 — BTE), (2.12)

where B is the Bloch constant and § the Bloch exponent, which has the value
f = 3/2 for bulk systems, but is found to decrease with particle size [17].
Furthermore, from mean-field theory, the temperature dependent magnetic

moment is given by
pp(T) = pp(0)(1 = T/Tc)). (2.13)

Here, a = 0.5 is taken for T' < T, which can only approximate the tem-
perature dependence of the magnetic moment, in particular for T/T¢ — 0.
An interesting function capable of describing (1) over the full temperature
range was proposed to be [18§]

v (2.14)

ip(T) = 11(0) [1 = 5 (T/Te)** = (1 = 4) (T Te)™”?]
where v denotes the shape factor and is determined by the intensity of the

exchange interaction. For T/T¢ — 0 Eq. 2.14 merges into the Bloch law
Eq. 2.12.

For nanoparticles a reduction of T with decreasing diameter has been re-
ported for ferromagnetic Fe, Co and Ni nanofilms [19; 20] and Fe3O4 nanopar-
ticles [21].
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2.1.4 Influence of the anisotropy on the magnetic be-

haviour of magnetic nanoparticles
Blocking temperature

The (effective) anisotropy of a magnetic nanoparticle generates an energy bar-
rier AE = KegV (Eq.2.5 with § = 7/2) which has to be overcome by thermal
energy kg7 to change the magnetization direction and thus to lead to fluctu-
ations which are of Neel-Arrhenius type'

AFE K.gV
T = Tp exp (—kBT> = Tgexp ( kBHT ) , (2.15)

with the characteristic time 7y — the attempt time — in the range 10712 s to
1079 s [10; 11]. For 7y an analytical expression can be given that is valid in

the absence of a magnetic field and in the high barrier limit [12]

o 1+ a? | mkgT M2 1 +a? | mkpT'p (2.16)
7 oy \| 4KV ay AE3 ‘

Here, a denotes the dimensionless Gilbert damping constant and v the electron

gyromagnetic ratio (see section 2.2). The relation Mg = p,/V has been used
to introduce Ex = K.gV in the second term. Though a variation of 7y with
temperature and particle size is present in Eq. 2.16, it usually is taken to be
constant.

For a given energy barrier and temperature, the time of measurement ¢,
determines the observed magnetic behaviour of a magnetic nanoparticle en-
semble. For t,, > 7, the individual magnetic moments of a particle will flip
several times during the measurement, so that the measured magnetization
will average to zero without any magnetic field applied. Once a magnetic field
is present the nanoparticle ensemble will approach a reversible magnetization
described by the Langevin function (see Eq.2.34 below). Due to the large num-
ber of magnetic moments coupled within one particle, this behaviour is called
superparamagnetism.

If t,, < 7, the individual moments will not flip during the measurement,

so that the measured magnetization will be the same as in the beginning of

!Since in this work only dried samples have been investigated, effects of Brownian re-
laxation, e.g. fluctuations of the measured magnetic moments due to rotation of complete

particle, are not considered here.
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the measurement. As the particle moments are in a blocked state, hysteresis
effects with coercivity and remanence become visible.

Therefore, the behaviour of magnetic nanoparticles (superparamagnetic or
blocked) always depends on the measurement time ¢,,,. The transition from su-
perparamagnetic to blocked state occurs at the so-called blocking temperature
T}, which logarithmically depends on the measurement time

KV KgV

Tb = kB n (%) ~ 25kB R (217)

for magnetic measurements with typical ¢, ~ 100 s duration.

Zero-field cooled and field cooled susceptibility

By zero-field cooled (ZFC) and field cooled (FC) magnetization curves, the
transition from blocked to superparamagnetic behaviour of a magnetic nanopar-
ticle ensemble according to their moment distribution and anisotropy can be
visualized. Typically, a ZFC magnetization curve is obtained by first cooling
in zero field from a high (room) temperature, where all particles show super-
paramagnetic behaviour, down to a low temperature. Then the magnetization
is measured in a small applied magnetic field with stepwise increasing temper-
atures up to room temperature. Subsequently, the FC magnetization curve is
obtained by measuring the magnetization in the same small applied magnetic
field, now stepwise decreasing temperatures again. It is assumed that each
magnetization measurement is taken after a pause time ¢, ~ 100 s to settle
the temperature and to acquire the magnetization.

Following the pioneering work of Wohlfarth [22|, the initial susceptibility
for a single nanoparticle in the superparamagnetic state is given as xg =
poMZV/(3kgT) and in the blocked state xp = poM3/(3K.g). The transition
occurs at the so-called blocking temperature T;,(E},), which depends on the
energy barrier Ey, = KegV = Keg 1,/ Ms given by the effective anisotropy Keg
and moment fi;, of the particle. Furthermore, it depends on the time scale of the
measurement so that Tp(Ey,) = B,/ (kg In(tm/70)) = Kegt f1p/ (Mskp In(tm/70))-

Here, the small contribution of blocked particles, (T, > T), to xzpc is ig-
nored, while for superparamgnetic particles, (T}, < T'), T'xzrc follows a Curie
law. At a given temperature T, only particles with T}, ~ T significantly con-

tribute to d(7xzrc). Thus, from a ZFC magnetization curve the distribution
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of energy barriers f(E,4) can be obtained

d(T'xzrc)

f(E4) =kpIn(twm/70) T

(2.18)

where the observation time t,, is in the order of 100 s.

The ZFC and FC magnetization curves of a random-oriented, non-interacting
nanoparticle system may be calculated numerically, as proposed by Hansen and
Morup [23]

Myzpc(T) =

poH M2 %/T/Tbmg /OO |
K | T o /W[ Sy (2.19)

and

pioH M2 Ey, /T/Tbm Y / >yl
Ny — HoHME B Y rond _ 2 qyl. (2.20
re(T) 3K.s kg |Jo Tf<y) v /T Tt (Y Eom) / ( )

They use the reduced energy variable y = F},/Fyy,, where Eyp, is the median
energy barrier and introduce the volume weighted log-normal distribution of
energy barriers f(y) = (21)""/?(oy) ' exp[— In®yy/(20?)] with median at one.
Here, T,,(Ey) = Ey/(kgIn(tm/70)), so that y = T3, /Thm. Different other ap-

proaches exist [24; 25|, a collection of which may be found in the appendix.

AC-susceptibility

Measuring the temperature dependence of the complex AC susceptibility is
another common procedure to probe the dynamic answer of magnetic nanopar-

ticles to a small magnetic field harmonically varying in time.

Arrhenius analysis of AC-data Based on the classical Debye theory, the
real and imaginary parts of the complex dynamic susceptibility at a frequency

w are given by

/ 1 .
X (w) = 0T e (2.21)
X' (w) = XO#- (2.22)

where xo is the linear static zero-field susceptibility (in the limit w — 0)
of N, particles with moment p,. The relaxation time 7 is given by the

Arrhenius-Néel relaxation Eq. 2.15. In Eq. 2.22 the loss component x"(w)
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has a maximum at wr = 1. By means of Eq. 2.15, this can be written
w=r71"'=71"exp(—Ex/(kpT,) and cast into the form [26]

E 1
2 log(n), (2.23)

1 A
08(w) = =10 T,

where T, is the temperature at the maximum of x”(w). According to Eq. 2.23,
plotting the (logarithm of the) excitation frequencies w as a function of the
inverse maximum temperature T, of y”(w) allows one to extract the energy
barrier £y and the pre-factor 75. Generally, an ensemble of magnetic nanopar-
ticles exhibits a size distribution, while by Eq. 2.23 only one mean energy
barrier is obtained in the case of a narrow size distribution. A more sophisti-
cated analysis resolving the complete energy barrier distribution is presented

in the following paragraph.

Distribution of anisotropy energy barriers

For non-interacting nanoparticles with random distribution of easy axes the
temperature dependent complex AC-susceptibility y(w,T) may be written as
[27; 28]

X(w,T) = %/OOO deP(e)e{ R/R + Lo R,/R}

1+iwr(e) 14wty (2.24)
where C' is the Curie constant, and w = 27 f = 27 /t,, is the frequency of the
AC-field. The complex susceptibility is divided into longitudinal and transver-
sal contributions. The longitudinal relaxation time contant 7(¢) in the first
term in the brackets of Eq. 2.24 describes just as in Eq. 2.22 the thermally
activated coherent flipping of the magnetic moment between two energy min-
ima, for which the Néel-Arrhenius ansatz Eq. 2.15 with the reduced anisotropy

energy € = E4/E4,, and the abbreviation o = E4/(kgT) is utilized

GEAm

7(€) = Tpexp < ka ) = 19exp(o). (2.25)

The transversal relaxation time constant 7, in the second term of Eq. 2.24
reflects the dynamics of the magnetic moment within one of the energy minima.
The transversal susceptibility is probed by magnetic resonance spectroscopy,
see Sec. 2.2.2. The ratio o between anisotropy energy and thermal energy at

a given temperature determines the relative weights of both mechanisms and
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is given by the statistical factors

R(o) = /01 dzexp(c2?); (2.26)
R'(o) = % = /01 dz 2% exp(02?). (2.27)

Furthermore, a log-normal distribution P(¢) of the (reduced) anisotropy energy
is included.
By decomposing Eq. (2.24) into real and imaginary parts, individual ex-

pressions for the dissipation and absorption are obtained

X', T) = Relx(w,T)] =

_C | RIR |- RJ/R)
_ T/O deP(e) {1+(m(6))2+1+<wm2}, (2.28)

X', T) = Imx(w T)] =

C e wr(e)R'/R  wr 1—R'/R
_ ?/o deP(e)e{1+<wT(€))2+ e } (2.29)

Generally, the transversal relaxation time is assumed to be much shorter
than the longitudinal 7, ~ 75 < 7(€). Thus, for low measurement frequencies
w the second term in Eq. 2.24 can be neglected. Furthermore, 7(¢) varies
rapidly as compared to €P(€), so that under the integral of the imaginary part
X" (w) the substitution can be employed [29]

wT(€) s

———————= =~ —kgT - d(e — ¢,). 2.30
14 (wr(e))® 2 B ( ) (2.30)

Here, ¢, = T/T,, = kT (—In(w7y))/Eam is the largest relative energy barrier

that can be surmounted by thermally activation within the given observation

time 27 /w. With this the integration of Eq. 2.29 is carried out to yield

mkgC(T) R'(e)
2 Ep R(e,)

X'(w,T) = P(e,)ew. (2.31)

This means in the absorption x” the dynamic contribution P(e,)de of the
anisotropy distribution is picked up. Except for P(e,), the other factors in
Eq. 2.31 vary little as compared to the distribution function. This includes the
ratio R'(e,)/R(€,), which for Ey ,,,/(kgT,,) =~ —In(wTp) > 1 is always close to

one

R' ) ksT.,
R Eam

(2.32)



17

Therefore, in a plot of x”(w, T') (measured for individual excitation frequencies
w) as a function of the renormalized temperature —71 In(w7y) = €,E4.,/kp all
data should collapse on a single curve, directly providing the distribution of

anisotropy energy barriers

P(e,) = X" (w, =T In(w)). (2.33)

2.1.5 Influence of the external magnetic field on the mag-

netic behaviour of magnetic nanoparticles
Isotropic superparamagnetism in a magnetic field: Langevin-function

Well above the blocking temperature 7, the magnetization of the nanoparticles
is reversible within the time of measurement, thus no hysteresis effects are
observed. Neglecting the influence of any anisotropy the resulting orientation
of a magnetic moment /i of a nanoparticle in an external applied magnetic
field H is determined by the ratio of Zeeman energy (see Eq. 2.8) tending to
align the moments with the field direction and thermal energy kg7 aiming
the equipartition of moment orientations at temperature 7. The resulting
magnetization of an ensemble of magnetic nanoparticles follows Boltzmann
statistics and is expressed by the Langevin function £(z) = coth(z) — 1/z.
Its argument is x = ppoH/(kgT). Thus, the field dependent magnetization
curve of an ensemble of N, nanoparticles per kilogram measured at a constant

temperature 7', also known as magnetization isotherm, is given by

(2.34)

M(H) = N, p (coth ('LL'LLOH) _ kel ) :

kgT o H

Real nanoparticle systems are never found to consist of identical particles, but
show variations in sizes and structure leading to a distribution of magnetic
moments . This is accounted for by incorporating a log-normal distribution
P(u) of the moments p in Eq. (2.34)

P(u) = \/%w exp <—W> , (2.35)
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with two characteristic parameters, the median £ and the width o of the

distribution?. Thus we obtain

o0 ,u,uoH kgT
M(H, T :N/ P th( )— d H,  (2.36
(.7 =N, [P0 (com (HET) - BT ot (230

where a linear susceptibility xpgq has been introduced to account for any dia-
and paramagnetic contributions mainly from the inorganic shell of the nanopar-
ticle. Equation 2.36 provides a common basis for the description and analysis
of measured magnetization curves.
For ppuoH > kgT the Langevin function becomes 1 and the saturation
value is approached:
Mg = Ny, (2.37)

where the mean particle moment i = fiexp(c?/2) is related by the width o
to the median ji of the log-normal distribution, Eq. 2.35. In the linear regime,

for ppugH < kgT the Langevin function £ is approximated by x/3 so that

NouoH [0 N, i ugH
M(H,T) = =225 [ 12 P(uydp = =210

2
S fot . 2.
ksl Jo kT exp(o7) (2.38)

2.1.6 Behaviour of magnetic nanoparticles in the pres-

ence of anisotropy and external magnetic field
Anisotropic superparamagnetism

Upon decreasing the temperature, but still keeping it above T, the influence of
the anisotropy on the magnetization curve M (H) can no longer be disregarded.
In order to facilitate numerics, non-interacting magnetic nanoparticles with an
uniaxial anisotropy £4 and randomly distributed easy axes are assumed. Thus,
the energy of a magnetic nanoparticle with a moment /i in a magnetic field H

taking an uniaxial anisotropy of the particle into account is given by

E(0,a,¢,v) = —KVcos’0— pu(H|cosf + H, sinfcos )
= — KoV cos?0 — pH (cos acos 6 + sin a sin 0 cos ¢).(2.39)

Here, 6 denotes the angle between easy axis and magnetic moment direction, as

defined in the spherical coordinate system displayed in Fig. 2.1. The volume V'

2The median of the log-normal distribution is not to be confused with the mean diameter,

see appendix (B) for more details on this distribution B
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of the particle is expressed relative to the median volume v = V/f/ In Eq. 2.39,
the field has been divided into a component parallel and perpendicular with
respect to the easy axis direction. The field H is assumed to lie in the xrz-plane

where cos¢ = 1.

z1 Ha

'____.r____________

o

e X

Figure 2.1: Definitions of the angles used in the calculation of the magnetiza-

tion in the anisotropic superparamagnetic regime.

Following Garcia-Palacios [29], the partition function Z of a particle at an
individual angle o between external field and easy axis can be defined as

Z(H,T,a,v) = %/OW d@sin@/o% d¢ exp <—%) , (2.40)

while the associated free energy is given by F = —kgT'In Z. At equilibrium,

the probability distribution of magnetic moment orientations is given by the
Boltzmann distribution P(a, cosf, ¢, v) = Z exp(—E(«, 0, ¢,v)/(kgT)).

From the partition function, the (equilibrium) magnetization M = N, (fi -

H )eq Of an ensemble of IV, nanoparticles can be derived by the logarithmic

derivative
Npu2 Oln Z

" kT OH
The integration over ¢ can be performed by introducing the modified Bessel-

(2.41)

function of order zero Iy(y) = 7~ [ dt exp(y cost) [30] to obtain

KV cos® 0 + fiH cos v cos 6)
kgT

Z(H,T,a) = /ﬂdesinﬁexp <v(
0
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(i) "
B

Substituting the variable z = cos# and thus dz = sin # df, the integration over

f may be written more compactly as

VKV 22 + vt H cos o z)

1
Z(H,T,a,v) = /1dzexp< T

nH sin a1 — 22
x 1y LR sma “). (2.43)
kgT
Then, the integration over « is executed
1 u InZ(H,T
M(H, T,v) = 5NpkBT/ dasin a2 <a];[ . 0) (2.44)
0

where the integration over a for symmetry reasons can be reduced to the
interval [0, 7|, leading to the factor 1/2.
Finally, a log-normal distribution for the particle volumes is used to calcu-

late the magnetization of an ensemble of magnetic nanoparticles
M(H,T) = / dvP(v)M(H,T, ). (2.45)
0

In Fig. 2.1.6, magnetization curves M(H,T) (for the fixed volume v = 1)
according to Eq. 2.44 for individual angles « are displayed together with the av-
eraged curve (red curve) and the Langevin function without anisotropy (blue).
This shows that the influence of the anisotropy leads to a decrease of magneti-
zation in the mid-field range compared with the isotropic Langevin curve. Fur-
thermore, with increasing magnetic field the anisotropic magnetization Eq. 2.44

approaches more and more the Langevin curve and finally its saturation value.

The limit £, = 0: Isotropic superparamagnetism In case of vanish-
ing anisotropy F4 = 0, which can be assumed if F4 < kg7, the partition
function Z does not depend on «, so & = 0 can be chosen (meaning that
Hy = H and H, = 0), so that the Bessel function becomes I,(0) = 1. Using
J1, dz exp(az) = a~'(exp(a) — exp(—a)) = a~! 2sinh a the partition function
Eq. 2.43 becomes Z = f_ll dz exp (zﬁ;—h;) = 2kl ginh (ﬂ) Therefore, for an

(H ke T
ensemble of NV, particles the Langevin expression Eq. 2.34 is reproduced
olnZ wH kgT
M(H,T) = NkpgT—— = th{— ] ———1. 2.46
(1.7) = Nt 2 = (o (L) - 28) 2

Thus, the isotropic Langevin magnetization is obtained from the partition

function in the limiting case of vanishing anisotropy.
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Figure 2.2: Magnetization curves according to Eq. 2.43 for individual values of
the angle o and fixed v = 1 (no size distribution) for 7' = 30 K (left panel) and
T =300 K (right panel) assuming an anisotropy energy of KV /kg = 1000 K.
Additionally, M(H,T) after integration over « (straight red line) and isotropic

Langevin-magnetization (dotted blue line) are plotted.

2.2 Magnetic resonance spectroscopy (MRS)

Magnetic resonance spectroscopy (MRS) is a powerful spectroscopic technique
for probing the magnetization of magnetic materials. It is similar to nuclear
magnetic resonance except that the sample magnetization resulting from the
magnetic moments of unpaired electrons are probed ,rather than the atomic
nuclear magnetic moments. Due to the much lower electron mass, the reso-
nance frequency is shifted towards microwave frequencies (gigahertz). Para-
magnetic resonance and ferromagnetic resonance are the most prominent res-
onance absorption techniques classifying the type of magnetic material under

investigation.

Paramagnetic resonance An atom or molecule with unpaired electrons
possesses a non-vanishing magnetic dipole moment p, which is generated by

the angular momentum L and spin S
i = —pp(9sS +gLL) /D, (2.47)

where gg¢ ~ 2.0023 and g, = 1 are the Landé-factors of spin and orbital
moment of an electron. In a homogeneous magnetic field ﬁres, the field will

exert a torque T = [I X H,es on the moment, leading to a precession of i about
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the field direction at the Larmor frequency w

g,uBHres
W=

— VHyee, 9.48
: ¥ (2.48)

with the gyromagnetic ratio v = gug/h containing the effective g-factor, which
reflects the coupling of angular with spin moment. Quantum-mechanically, this
is equivalent to the effect of splitting AE = gupB,es of the two degenerated
energy levels of the unpaired electron moment i%ms by the static magnetic
field (Zeeman effect).

In a basic setup for an MRS-experiment a microwave resonant cavity and
an electromagnet are utilized. The resonant cavity has a main eigenresonance
at a microwave frequency we.,. A microwave detector is placed at the end
of the cavity. A magnetic sample positioned in the cavity placed between
the poles of an electromagnet providing a homogeneous quasi-static magnetic
field. This field is slowly swept while the resonant absorption intensity of
the microwaves is detected. When the Larmor precession frequency of the
magnetic moment and the resonant cavity (eigenresonance) frequency are the
same W = Weay, absorption of microwave energy P by the sample takes place,

which is indicated by a decrease in the intensity at the detector.

Ferromagnetic resonance Unlike in paramagnetic materials, strong ex-
change interactions between individual spins are present in ferromagnet. This
results in a coherent precession of the spins, and thus of the total particle mo-
ment p, if a magnetic field is applied. The coupling of the (spin) moments due
to exchange interaction, as well as magnetocrystalline and shape anisotropies
caused by spin-orbit interaction within a nanoparticle, involve large internal

magnetic fields which can be probed by MRS of a magnetic material.

2.2.1 Phenomenological equations of motion

The microscopic origin of the damping is not completely understood in detail
and constitues an active area of research. Possible relaxation mechanisms are
divided into intrinsic (spin-orbit interaction) and extrinsic (magnon-magnon
scattering due to crystal imperfections) processes, but are hard to separate by
experiment. Hence, these are commonly taken into account by one effective

damping constant .
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In an MRS experiment, the precession of a particle moment /i, in an effective

magnetic field is described by the classical equation of motion [31; 32|

d . =
gt = VBen X fi, + R, (2.49)

which represents an undamped precession with the left hand side describing
the temporal development of the magnetic moment driven by the torque acting
on the moment on the right hand side. To account for energy losses due to
interactions of the moments with each other (magnons) and the environment
(phonons) a damping term R is added to the right hand side of Eq. 2.49.

One approach for this damping is the Landau-Lifshitz damping given by
[33]

R;, = — (Beg X X —, 2.50
L MS ( ff ,up) 1y ( )

with damping frequency A\, = 1/7, which corresponds to an inverse relaxation
time. But this damping approach leads to the non-physical behaviour that
very large damping causes very fast precession of the moment. This problem
was circumvented by introducing a viscous damping term [34]

R —
G adt ,upa

(2.51)

with & = \/(yMg) being a dimensionless damping parameter. This approach
is referred to as the Landau-Lifshitz-Gilbert (LLG) equation.

2.2.2 Dynamic susceptibility in MRS

The magnetic resonance absorption signal is proportional to the imaginary
part of the transverse® dynamic susceptibility y. A coordinate system is cho-
sen where the static magnetic field component of H is along the z-axis, the
microwave magnetic field h = (hg, hy) lies in the perpendicular plane. Using
the Polder tensor method [35] the phenomenological equations may be solved.
The magnetization response m = (m,, m,) to the microwave field h may be

expressed as

i = ( X e ) h, (2.52)

KX

3See the second term of Eq. 2.24. In the following the index L for the transversal
susceptibility x will be omitted.
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where x and x describe the response to the x- and y- components of h. For a
circularly polarized microwave field h* = hoe™™?, the dynamic susceptibility
is given by x+ = xFr = X, —ix/L. The £ signs stand for the two polarization
directions and are usually referred to as resonant (or Larmor) and non-resonant
(anti-Larmor) polarization. For a linear polarized microwave field h = hqg coswt

applied along the x-axis, the complex susceptibility is

: 1 1 :
X=X —ix"= 50 +x-) =5 I+ x- =i+ X)) (2.53)

so the absorption for linear and circular polarization are related by x"(H) =
5 [ () + ) (H)].

2.2.3 Landau-Lifshitz and Gilbert line shape

Associated with the two phenomenlogical equations of motions Eq.2.49 - 2.51
are two individual complex MRS-susceptibilities. So, for Landau-Lifshitz damp-
ing R = R; the two normal, circularly polarized modes for NV, independent
nanoparticles per gram take the form

1Fia
YH(1 Fia) Fw

Xi(H) = Npipy

(2.54)

Accordingly, for Gilbert damping R= ﬁg the normal susceptibility follows as
1
vH Fw(l +iag)

XE(H) = Nypyy (2.55)

Using Eq. 2.53 the experimental, transverse susceptibility x,. = %(XJF + x-)
takes the form for Landau-Lifshitz damping
YH(1 4 a?) — iaw

2.56
(vH)2(1 + a?) — w? — 2iawyH’ (2:56)

Xﬁm(H) = Nphipy

and
vH —iaw

(vH)? — w?(1+ a?) — 2iawyH’

X5 (H) = Nypiyy (2.57)

for Gilbert damping*

4 Alternatively, introducing the resonance field H, = w/v eq. 2.56 and eq. 2.57 can be
written more compactly
H(1+a?) —iaH,
L w
H) =N,
X:nz( ) pﬂpHQ(l—i—aQ)—Hg—%aHHw’

(2.58)

and

H —iaH,
XS, (H) = N T (2.59)

PHP Y T2 (1 + o) — 2iaH H,
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Taking the imaginary part the experimentally observed Landau-Lifshitz line

shape becomes

X""(H) = Tm[x"(H)]
(VH)*(1+a?) +w?

pu— N 2-
YT + a2 + 2(on A — 1)+t )
and accordingly,
X"“(H) = Im[x“(H)]
H)2 2(1 2

P )+ 2(wy H)2(0? — 1) + w3 (1 + 02)2

for the Gilbert damping®

As can be seen in Eq. 2.60 - Eq. 2.61 both line shapes are very similar in
their mathematical structure, one main difference is that the factor 1 + a? is
placed at the external field H in the Landau-Lifshitz model, while it stands
with H, = w/~v in the Gilbert model. Formally, the Gilbert line shape eq. 2.57
can be obtained from the Landau-Lifshitz line shape eq. 2.56 by replacing the
gyromagnetic ratio v by v/(1 + a?). For a < 1 both line shapes conincide.

In Sec. 5 the behaviour of resonance field H,es and line-width AH, of
both line shape models are investigated in detail to describe the temperature-

dependent behaviour of Fe,Pt;_, nanoparticles found in the MRS-spectra.

2.2.4 Resonance conditions

Alternatively, the equation of motion can be expressed in terms of the free
energy F'. The general resonance condition (without damping) is then obtained
from the derivatives of the free energy density F'(6, ¢) in spherical coordinates

with polar angle # and azimuthal ¢ of the equilibrium magnetic moment [36]

T
MS sin ¢

®Again, using H, = w/v eq. 2.56 and eq. 2.61 can be written more compactly

H?(1+a?) + H2
H*(1+a2)2 + 2H2H2(a2 — 1) + HY’

w

X" (H) = Npﬂp'YQO‘Hw (2.62)

and
H? + H2(1+a?)
H*(1+a?)?2+2H?H2(a? — 1) + HY

xX"¢ (H) = Npﬂp72an (2.63)
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¥ Fyg cos 0 Fyy cos 0

— | Fi F — — Fy—— 2.65

MSJ oo (sin2 0 + 5o sin 6 sin 6 ?sin20 )’ (2.65)
using the short notation F,, = 0(0F/0x)/0y for the partial derivatives. The
resonance condition Eq. 2.65 is an extension of Eq. 2.64 [37] also including
the case § = 0 [38]. Together with the resonance conditions requires the
minimization of the free energy Fy = 0 and Fy < 0 to obtain the equilibrium

of the magnetic moment orientation.

The intrinsic resonance line width is given by [36]

Y
Aw = — | F Fys ) 2.
w Mg < 00+ sin? 6 ¢¢>’ (2.66)
0B
AB;, = —Aw, 2.67
o O (2.67)

where the intrinsic resonance line width AB is obtained from the frequency
line width Aw.

2.2.5 Damping and linewidth

The spin-orbit interaction is the main microscopic origin of damping effects
observed in resonance absorption. In a simple picture it is assumed that the
orbital magnetic moment which is coupled to the precession of the spin moment
is distorted by phonons leading to a phase shift, and thus damping of the
resonance. It has been shown that the damping « is proportional to the spin-
orbit coupling constant [39] a o v*(Ag)?¢? , where Ag is the difference of the
g-factor of the nanoparticles with the g-value of the free electron g ~ 2.0023.
In magnetic systems with small spin-orbit interaction the ratio between
angular gy, and spin moments g can be determined from the g-factor [40; 41;

42|
pr/ps = (g —2)/2. (2.68)



Chapter 3

Materials and Methods

3.1 Iron-platinum alloys Fe,Pt,_.

Since many years the Fe-Pt system has been intensely investigated for its
interesting magnetic properties and the variety of crystallographic structures.
At the beginning of 1900 studies were focussing on bulk Fe,Pt;_, compositions
used as material for permanent magnets [43; 44; 45; 46]. From 2000 onwards,
the Fe-Pt system experienced a revival when magnetic nanoparticles became
interesting as potential materials for high density recording media [4; 47|. Here,
most attention was drawn to Fe,Pt;_, systems near the equiatomic state x =
0.5, since these alloys show a huge uniaxial magnetocrystalline anisotropy of
K; ~ 10°]J/m? in the ordered state [48]. The resulting high coercivity is

essential for the thermal stability of such a material used in a storage medium.

But besides the technical application, Fe,Pt;_, is interesting for the in-
vestigation of fundamental effects in magnetism. Platinum-rich alloys with
x < 0.45 exhibit interesting magnetic properties [49], with a competition be-
tween antiferromagnetism and ferromagnetism depending on composition x
and structural order. Relatively little focus has been put onto Fe,Pt;_, with
x < 0.3 [50] or highly diluted compositions with = < 0.1 [51]. Additionally,
iron-rich Fe,Pt,;_, alloys were intensely investigated to study the thermody-
namics of the Invar effect [52], which denotes the uniquely low coefficient of
thermal expansion observed at x =~ 0.65...0.75 analogous to fcc Ni-Fe alloys

with the same Fe content.

27
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3.1.1 Structural properties

Binary intermetallic Fe,Pt;_, sytems form stable alloys over the whole con-
centration range x, as shown in the phase diagram of Fig. 3.1. At high temper-
atures Fe and Pt are miscible at any ratio resulting in a disordered fcc solid so-
lution (A1)[45; 53]. The transition from a chemically disordered to an ordered
phase by annealing is driven by volume diffusion and kinetically suppressed,
so it becomes infinitely slow at temperatures below 600°C in conventional bulk
alloys. The fraction of the ordered phase increases with the annealing time.
A correlation between lattice constant ag and iron concentration x has been

found experimentally [54] for disordered Fe,Pt;_, .

In thermodynamic equilibrium, three stable chemically ordered phases are
observed [45]. At low iron concentration, Fe,Pt;_, alloys with z in the range
0.18 < & < 0.45 order in a stable fcc CugAu type superstructure (L1y) below
1350°C. The platinum-rich FePt3 alloys show antiferromagnetic ordering.

Fe,Pt;_, alloys close to the equiatomic composition (0.45 < x < 0.65)
exhibit a disorder-order transformation from the Al state to an ordered fct
CuAu-type superstructure (L1g) by annealing at temperatures between 600°C
and 1300°C [55; 56; 57]. The L1y phase of ordered FePt consists of alternating
layers of Fe and Pt along a (100)-direction, where the different atomic radii
of Fe rpe = 1.24 A and Pt rp, = 1.39 A [58] induce a tetragonal distortion
(contraction) of the otherwise cubic lattice. The bulk lattice parameter are
a=3.838 A and ¢=3.715 A in the ordered state [59] and a=3.804 A in the
disordered Al-state.

At high iron concentrations Fe,Pt;_, alloys with x in the range 0.65 <
x < 0.85 order in a L1y superstructure below 750°C. A lattice constant of
3.72 A has been reported [60]. The iron-rich FesPt alloys show ferromagnetic

behaviour.

Finally, iron-rich compositions with z > 0.85 form a bcc structure (a-Fe)

below 900°C, which also is ferromagnetic.
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Figure 3.1: Phase diagram of Fe,Pt;_, alloys (adapted from [61]).

3.1.2 Ferromagnetism and Antiferromagnetism in

Fe,.Pt,_, -alloys

The magnetocrystalline anisotropy energy of Fe,Pt,;_, Asintroduced
in section 2.1.1, the magnetocrystalline anisotropy is related to magnitude and
anisotropy Apuy, of the orbital magnetic moment p;. In the binary itinerant
Fe,Pt;_, system consisting of a 3d (Fe) and a 5d (Pt) element, the total mo-
ment, cannot be attributed to the Fe moment alone. Hybridization and Po-
larization effects have to be taken into account. Therefore, an influence of
composition and order in Fe,Pt;_, nanoparticles on the magnetocrystalline
anisotropy is expected. From the corresponding g-factor, the effective ratio
u‘zﬁ/ ugﬁ is obtained. Fe,Pt;_, follows the Slater-Pauling rule describing the
dependence of the magnetic moment x on the iron concentration u(x)[54|. Fur-
thermore, saturation magnetization Mg and Curie temperature T crucially
depend on the composition x and chemical order in Fe,Pt;_, nanoparticles
[62] as depicted in Fig. 3.2. The saturation magnetization Mg is linearly in-

creasing with increasing iron content x of the Fe,Pt;_, nanoparticles (omitting
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the compostion range x = 0.25...0.33 where antiferromagnetic behaviour of

the chemically ordered structure has been observed[50].
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Figure 3.2: Curie temperature T or Néel temperature Ty (left panel) and
room temperature saturation magnetization Mg (right panel) as a function
of composition x in ordered Fe,Pt;_, nanoparticles. The dotted area mark
the composition range x where antiferomagnetic order has been observed in
Fe,Pt;_, alloys. Adapted from [62].

FePt3

Completely disordered FePt; (Al-phase) has an fcc structure in which each
lattice site is occupied with 25% probability by an Fe and 75% by a Pt atom.
FePts is ferromagnetic in the chemically disordered state with Fe moments of
2 up and a Curie temperature in the range of T = 360...400 K.

In the chemically ordered L1s-phase FePts exhibits antiferromagnetism with
two different magnetic phases, as observed by neutron scattering [50; 63; 64]. In
the QQ1-phase with Néel temperature Ty; = 160 K, the Fe moments are located
in alternating ferromagnetic layers along the (110) plane, and the antiferro-

magnetic unit cell is given by doubling of the L1 unit cell along the (001)- and
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(010)-axis [49]. In this configuration, the Fe atoms carry a magnetic moment
of about 3.3 pp. In slightly iron-enriched FePt; the (Q1-phase changes into a
second antiferromagnetic ()2-phase below T' < Ty =100 K. The Fe moments
are now located in alternating ferromagnetic layers along the (100)-plane with
a magnetic moment of about 2.0 pug. The unit cell in this phase is here given
only by doubling of the L1, unit cell along the (001)-axis. It is important to
note that only the Fe atoms carry a magnetic moment in both antiferromag-
netic phases without inducing any moment at the Pt sites. Antiferromagnetism
was also reported for ordered FePt3 nanoparticles [65]. The appearance of an-
tiferromagnetism in ordered FePts with x in the range 0.22...0.34 is strongly
dependent on the composition [66; 67]. As displayed in Fig 3.3 (adapted from
[50]), the antiferromagnetic ordering occurs at T~ 110 K emerging as a cusp
in the magnetization data.

Additionally, by plastic deformation, which can be obtained by cold work-
ing of the chemically ordered alloy, chemical disorder is introduced [68] with
consequential increased dislocation densities, e. g. Fe atoms occupying face cen-
tered positions rather than corner positions in the fcc ordered lattice. By this,
positive exchange between next neighbour Fe atoms introduces a tendency to

ferromagnetic order.

FePt

In the disordered state (Al-phase), the equiatomic FePt alloy shows ferromag-
netic behaviour with a vanishingly small cubic magnetocrystalline anisotropy
(observed in thin films) of K; &~ 6 -10% J/m3 [69], and therefore only a low
thermal stability. In the ordered state (L1¢-phase), the regular arrangement of
Fe- and Pt-layers leads to a tetragonal distortion of the crystal structure (along
the c-axis), which induces by large spin-orbit coupling (mediated by Pt atoms)
the high uniaxial anisotropy with K ~ 6-10°% J/m? [4; 70; 71]. This leads to a
transition from a magnetic soft material without significant coercivity for dis-
ordered FePt to a hard magnet with a tremendous increase of coercivity up to
9 kOe in thin films [72]|. For these high anisotropy and coervicity values FePt
storage devices with recording densities up to 1 Thit/in? have been predicted
[73].

In the ferromagnetic phase of the ordered FePt alloys, the Fe-atoms as well



32

50 T T T T
o
(4
x=036 o %0-29
) 00 40.5
S (034 o =
= o o)
I ¥4
E | ‘. (Y ~
< o £
= 0.33 ® =
J .. @ =
&
° 032

—— 0.0
0 100 200 0 100 200 300
T/K T/K

Figure 3.3: Competition between ferromagnetism and antiferromagnetism in
ordered platinum-rich Fe,Pt;_, bulk alloys revealed by the variation of mag-
netization M with temperature 7" measured in a magnetic field H = 8.2 kOe.

Note, the different scales of the magnetization M. Adapted from [50].

as the Pt-atoms show a magnetic moment of 2.83 pp and 0.41 up, respectively.
The induced magnetic moment at the Pt atom is resulting from its eight nearest
Fe neighbours.

For bulk FePt [74] as well as FePt nanoparticles [62], a Curie-temperature
of about 670 K has been reported. The room temperature saturation magneti-
zation Mg of about 43 Am?/kg for disordered bulk FePt is slightly larger than
the value of about 40 Am?/kg for ordered FePt [45; 60]. For 15 nm ordered
FePt nanoparticles, a saturation magnetization of about 40 Am?/kg has been
found [62]. A comparatively large critical single domain diameter of 600 nm

has been found for FePt-particles [15].

FegPt

Chemically disordered FezPt shows ferromagnetic order below T < 297 K

with a magnetic moment per unit cell of 4.5 up/iron atom [75]. Although
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the Invar effect (negative coefficient of thermal expansion) is more pronounced
in the disordered state of FezPt, the saturation magnetization value of about
100 Am?/kg [60] and Curie constant seem to be independent of structural

order.

3.2 Preparation of Fe-Pt nanocrystals

3.2.1 Organometallic synthesis of Fe,Pt,;_, nanocrystals

The preparation of the Fe,Pt;_, nanoparticles which are investigated in this
work was carried out at the Institute of Physical Chemistry at Hamburg Uni-
versity. Comprehensive synthesis and chemistry details of sample preparation
can be found in the thesis of E. Shevchenko [76]. The approach followed the
wet-chemical organometallic route for Fe-Pt nanoparticles presented by Sun [4]
in 2000. A general overview of the organometallic nanoparticle synthesis lead-
ing to narrow size distributions was given by Murray et al. [77].

As shown schematically in Fig. 3.4, the preparation of crystalline Fe,Pt;_,
nanoparticles consists of a short-perioded nucleation phase followed by a pro-
longed growth and healing period of the seed nuclei. This is achieved under
airless conditions by a rapid addition of iron pentacarbonyl (Fe(CO)s;) pre-
cursor together with a binary stabilizer mixture of oleic acid/oleyl amine into
a 100°C hot solution of platinum(II)-acetylacetonate (Pt(acac)s) dissolved in
a coordinating mixture of hexadecanediol and dioctylether. The stabilizing
agents will reversibly adsorb to the nanoparticle surface thereby mediating
the growth rate and hindering the formation of larger (bulk) particles. Thus,
each nanoparticle consists of an inorganic and at first disordered crystalline
Fe,Pt;_, core surrounded by an organic layer of oleic acid/oleyl amine to sta-
bilize the colloidal suspension against agglomeration and to prevent the cores
from oxidizing.

To improve the crystallinity the solution is subsequently boiled under argon
atmosphere for 30 min at 300°C to heal crystal defects and afterwards slowly
cooled down to room temperature, followed by washing steps to remove the
excess of organic materials. To narrow the nanoparticle size distribution, size-

selective precipitation steps have been carried out under ambient atmosphere
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Figure 3.4: Synthesis scheme for Fe,Pt;_, nanoparticles by thermal decompo-

sition following the organometallic route [4].

by slowly titrating non-solvent ethanol into the suspension of nanocrystals.
This procedure can be repeated to further narrow the size distribution, as long
as the resulting nanoparticle yield is sufficient.

Finally, the nanoparticles are redispersed in a non-polar organic solvent
(toluene) for storage making up the individual stable colloidal batches from
which particular powder and film Fe,Pt,_, samples' were prepared by drying
which then were employed in this work for structural (TEM, XRD) and mag-
netic characterization (magnetometry, magnetic resonance spectroscopy), see
Sec. 4.1-5.

!Several Fe,Pt;_, nanoparticle film samples have been produced by evaporation of the
nanoparticle solution on a sapphire substrate, but due to their poor quality and stability

they are not considered in this work
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3.2.2 Fe,Pt;_, samples prepared for magnetic character-
ization

For magnetic characterization individual Fe,Pt;_, samples have been produced
out of the basic colloidal nanoparticle batches prepared as described in the
previous chapter 3.2.1. Theses samples were dried by evaporating the organic
solvent under argon atmosphere. This yielded black to grey-brown powder
samples of 5 to 30 mg weight, which then were filled into gelatine capsules for
the magnetic measurements. Table 3.1 shows a compilation of the samples,

which have been investigated in this work.

sample- | batch as synth. annealing
name weight m(mg) | m (mg)/treatment /7Ty (K)
A 1 18.9 7.8 / MRS-ht / 530
B I 20.2 5.0 /furnace,/820
C 11 25.8 10.0 / MRS-ht / 630
2.5 /SQUID-oven /640
D v 16.4 5.5 / MRS-ht /635
E v 7.0 6.5 /MRS-ht / 545

Table 3.1: Overview of Fe,Pt;_, nanoparticle powder samples. Listed are
sample name and colloidal batch together with the as synthesized sample mass.
In the course of magnetic measurements, some samples have been divided into
smaller fractions to investigate the influence of annealing on chemical order
and magnetic behaviour. Therefore, partial masses, type of annealing, and

maximum temperature are quoted.

3.2.3 Annealing of Fe,Pt;_, nanoparticle samples

In the course of magnetic characterization, some samples have been divided
into smaller fractions in order to investigate changes in chemical order by an-
nealing of the Fe,Pt,_, samples. This was done for sample B in a furnace under
Ny inert gas atmosphere for 2 hours at 820 K, during the MRS-measurements

using the heater up 640 K, or for a fraction of sample C in the SQUID-oven
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at 640 K. Therefore, the corresponding partial masses, type of annealing, and

maximum temperature are quoted in Tab. 3.1.

3.3 Structural characterization techniques

The structural characterization of the nanocrystals was carried out at the Insti-
tute of Physical Chemistry using the two well-established techniques Transmis-

sion Electron Microscopy (TEM) and X-ray Diffraction (XRD), respectively.

3.3.1 Transmission electron microscopy (TEM)

TEM images were obtained using a Philips CM-300 microscope operated at
300 kV. All samples for TEM-measurements had to be individually prepared
by depositing a droplet of the nanocrystal suspension batch onto a 400 mesh
carbon-coated copper grid. The excess of solvent was sponged up by filter pa-
per, and the grids were dried in air to evaporate the organic solvent. Therefore,
it can not be ruled out that the structure of the sample, especially the surfac-
tant, may be changed during this drying process. Additionally, high resolution
imaging (HRTEM) of the crystallographic structure of the nanoparticles at an

atomic scale was performed with the same device.

3.3.2 X-ray Diffraction

Crystallinity, mean size, composition, and structural order of the Fe,Pt;_,
nanoparticles were investigated by X-ray diffraction. These measurements
were performed on a Philips X’Pert diffractometer operated at a wavelength
A = 1.54 A (Cu K, radiation? ), in a Bragg-Brentano 6-20 geometry using a
secondary monochromator. As for TEM measurements the samples for XRD
had to be prepared directly from the Fe,Pt,_, batches by depositing single
droplets of the nanoparticle suspension onto standard single crystal Si sup-
ports and drying in air by evaporating of the organic solvent. Additionally,
some of the powder samples prepared for magnetic measurements were mea-
sured by XRD after their magnetic characterization. See table 3.1 for sample

assignment details.

2Cu Koy =1.54056 A, Cu Kay=1.54439 A, I(an /a1 )=0.497



37
3.4 Magnetic characterization techniques

3.4.1 SQUID-Magnetometry

For the main magnetic characterization of the Fe,Pt;_, nanocrystals a com-
mercial SQUID-magnetometer (MPMS,, Quantum Design®, San Diego) was
used. The magnetometer allows sensitive detection of magnetic moments down
to 10~ Am? with high accuracy in the presence of an static external magnetic
field to magnetize a sample. The moment detection is based on a rf-SQUID
sensor (SQUID=Superconducting Quantum Interference Device) connected to
a superconducting flux transformer wound in a second order gradiometer pick-
up coil configuration in order to suppress effects of the static magnetic field and
external interfering stray fields. Static magnetic fields up to +1 T (410 kOe)
with a resolution of 0.1 T (10 mOe) are provided by a superconducting magnet
housing the gradiometer coil. The sample temperature can be varied continu-
ously over the range 1.3 K to 350 K, with a stability of better than 0.1 K.

For accurate mounting of samples two thin paper strips folded across are
inserted half-way up a plastic drinking straw, providing a robust sample sup-
port on which either a powder sample within a gelatine capsule or a sapphire
disk with a Fe,Pt;_, film on top was fixed. The straw with a sample inside
was then connected with the transport unit of the magnetometer. From back-
ground measurements without sample, a parasitic diamagnetic susceptibility
of about —5-1078 Am?/T (=—5-10"Y emu/Oe) arising from the paper sample
support was determined.

Additionally, an AC-option was an integral part of the magnetometer, allow-
ing for the detection of the real and imaginary parts of the magnetic response
of a sample to a sinusoidal magnetic excitation. To this end, AC-fields in the
frequency range up to 1 kHz and at amplitudes up to 2 Oe were provided by
a small integrated copper coil wound around the gradiometric pick-up coil.

Optionally, an oven could be inserted into the device, allowing for magnetic
measurements at elevated sample temperatures up to 650 K. In this case, the
sample had to be transferred from the gelatine capsule into a temperature-
resistant glass teflon sample holder.

To reduce interfering external rf-noise entering the pick-up the magnetome-

3Magnetic Property Measurement System 2
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ter was operated within an electrically shielded room. Furthermore, by means
of a three-axis Helmholtz coil system located outside the He-Dewar, the earth’s
magnetic field at the sample position was suppressed.

Further technical details of the MPMS, magnetometer are found in [78].

Measurement modi

The DOS-based control software of the magnetometer allows automatic mea-
surement sequences in the given field and temperature ranges. The following
standard sequences for magnetic measurements of Fe,Pt;_, nanoparticles were
used (see table 3.2). From the measured magnetic moment of a sample the
corresponding magnetization has been derived by division of the sample mass.

Magnetization isotherms, M (H), at a fixed temperature the magnetic
moment of the sample is measured at different field values within the full
magnetic field range. At low temperatures a full cycle of magnetic field values
(+1 T —- —1 T — +1 T) is performed in order to obtain a full hysteresis loop.

Zero field cooled magnetization, Mypc(T). After cooling the sample
in zero magnetic field down to 5 K, the magnetic moment in a moderate
magnetic field of 100 Oe (10 mT) is measured while step-wise increasing the
temperature up to 350 K. Subsequently, the Field cooled magnetization,
Myc(T) is recorded, where the magnetic moment of a sample is measured
in a magnetic field of 100 Oe sweeping the temperature from 350 K down
to 5 K. Remanence magnetization, M,..,,. After cooling of the sample
down to 5 K in a magnetic field of 100 Oe, the magnetic field is removed and
the magnetic moment is detected while step-wise increasing the temperature.
AC magnetization, Mxc(T). Here, the real and imaginary parts of the
complex dynamic magnetic moment at five different driving frequencies (of 2
Oe amplitude) are detected while stepwise increasing the temperature after

cooling the sample down to 5 K in zero magnetic field.

3.4.2 Magnetic Resonance Absorption

For magnetic resonance absorption measurements a microwave spectrometer
operating in the GHz frequency range was built within this work. Primarily,

the device was designed for investigation of the dynamic magnetic absorption
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| type | name range fixed parameter sample history
M(H) magnetization isotherms | H=-1T...1T T -
Mzpc(T) zero field cooled T=5K...350 K H =100 Oe cooling to start tem-
perature in zero field
Myc(T) field cooled T=350K...5K H =100 Oe starting at  highest
temperature
Mrem (T) remanence magnetization | 7'=5 K...100 K H =0 Oe after cooling in 100 Oe
magnetizing field
Mac(T) AC susceptibility T=5K...300 K Hpac = 2 Oe f = | after cooling in zero
0.1,1,10,93,928 Hz | magnetic field

Table 3.2: Standard sequences used for magnetic measurements of Fe,Pt;_,

samples with the MPMS,; magnetometer.

of Fe,Pt;_, samples at X-band frequencies (8...10 GHz) and different temper-
atures (15 K...600 K). All magnetic resonance experiments were performed at
a fixed frequency by slowly sweeping an external magnetic field, which is com-
mon technique nowadays. Therefore, resonant cavities could be used exposing
the sample to a defined microwave field pattern, which is aligned perpendicular
to the external magnetic field. The geometric field configurations within the

cavity are shown in Fig. 3.5.

Characteristic parameters of the main components of the microwave spec-
trometer setup are summarized in Tab. 3.3. Photographs of the device are
shown in Fig. 3.6 and 3.8.

Microwave spectrometer setup

Microwave synthesizer The microwave power was generated by a synthe-
sized swept signal generator (Hewlett Packard HP 83624 A), providing mi-
crowave radiation in the frequency range 2 to 20 GHz (L and X-band) in steps
of 1 kHz and a power range -20 dBm to 20 dBm*. By an additional microwave
multiplier the frequency range could be extended up to 60 GHz enabling for
cavities operating in the K, Q, U-band. Accuracy and frequency stability of

the synthesized microwave radiation was in the range of a few Hz.

4This corresponds to 0.01 ... 100 mW.
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component device name specification
microwave generator | HP 83624 3-band synthesizer (10 MHz clock)
frequency range 2...20 GHz,Af = 1 kHz
power —20... + 20 dBm, AP = 0.02 dBm
external field magnet | Bruker EPR-Magnet H..=+12T
pole shoes d=30cm, b=06cm
power supply F.u.G. HTN 5000 M-2500 | voltage controlled
max voltage 2000 V
max current 2.5 A=5 kW

Table 3.3: Characteristic parameters of the microwave spectrometer compo-

nents.

Resonant cavities The temperature dependent magnetic resonance mea-
surements were done at X-band frequencies in a gold-plated rectangular reso-
nant cavity (Varian V-4531). Mainly used was the TEjgy eigenresonance mode,
which for the unloaded cavity lay at 9.095 GHz with a high quality factor of
about 5000 (Q-factor, proportional to the resonance width). Due to sample
material and the glass elements of the cryostat in the resonant cavity the res-
onance was slightly shifted (=~ 0.1 GHz for the glass Dewar inset) and the
Q-factor reduced to about 2000-3000. The optimal coupling of the microwave
radiation could be tuned by a small screw in the cavity aperture. A pair of
copper coils were integrated in the two cavity walls normal to the external
magnetic field, which enabled a field modulation to enhance the sensitivity
using lock-in-technique (see paragraph signal detection below). In vertical di-
rection (top and bottom plate) of the cavity a centred 10 mm wide bore was
available through which the samples could conveniently be inserted and posi-
tioned. Figure 3.5 shows a sketch of the cavity together with the microwave,

external sweeping and modulating field configuration.

In addition, several other gold-plated resonance cavities were at disposal,
designed for operation at S-band (2-4 GHz) and K-band (12-40 GHz) frequen-
cies, respectively.

For room temperature measurements without the flow cryostat sample hold-

ers made of teflon or acrylic glass were used. These holders were tested for




resonator-
cavity

Figure 3.5: Magnetic field configuration of microwave h, static H, (blue),
and modulating fields within the resonator cavity. The sample (yellow) is
positioned (mounted in a cuvette or teflon sample holder) through the vertical
bore at the cavity center in the maximum of the TE;g-mode microwave field
b (red lines).

magnetic impurities by measurements without nanoparticle sample.

An automatic frequency control (AFC) was employed to adjust the mi-
crowave synthesizer to the resonance frequency of the loaded resonator. This
was necessary to account for changes of the cavity eigenresonance while pass-
ing through the resonance of a sample or due to temperature changes of the
cavity. Therefore, the cw-signal of the microwave synthesizer was frequency
modulated and phase sensitive rectified by the internal AFC lock-in amplifier.
Sign and amplitude of the AFC were fed back into the synthesizer to track the
output microwave frequency.

In a similar way, the fine-tuning of the synthesizer frequency to match the
eigenresonance of the cavity was accomplished with aid of the AFC. For this,
the synthesizer frequency was gently changed until the AFC output signal was

adjusted to zero.
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External field magnet For sweeping the external magnetic field a water-
cooled Varian 4012A electromagnet with a maximum field amplitude of about
1.2 T was used. An air gap of 6 cm between the pole shoes of the magnet
offers sufficient space to house the resonant cavity and the cryostat. Due to
the large pole shoe diameter of 30 cm of the magnet, a magnetic field homo-
geneity AH/H of better than 107° at the sample position could be achieved.
The magnet was connected to a controllable high-voltage 5 kW power sup-
ply (HTN 5000 M-2500, F.u.G. Elektronik GmbH, Rosenheim). By aid of a
manual switch, the field polarity could be reversed. The control of the power
supply output feeding the magnet was carried out by an analogue dc voltage
in the range 0..10 V, either connected to an electro-mechanical voltage ramp
generator or to a 12 bit I/O card controlled by the measurement program.
In the latter case the step size of the magnetic field could be further refined
using a voltage divider (1:2), resulting in a step-size of about 1 Oe at cost of a
reduced maximum magnetic field of 7 kOe. Much smaller step-sizes could be
achieved using the voltage ramp generator.

The strength of the external magnetic field was detected by a hall probe
mounted at one of the magnet’s pole shoes. The calibration of the hall probe
was checked at regular intervals by means of DPPH®, a substance which is
used as a standard g-marker in electron paramagnetic resonance (go=2.0036)
to calibrate resonance field and intensity. An example is shown in Fig. 3.7,
where from the nominal resonance field offset and voltage to field conversion

factor of the digital multimeter used for data acquisition are determined.

Signal detection and data acquisition For the detection of the reflected
microwave radiation a Ge-crystal diode was used. The sensitivity of the mi-
crowave detection was further increased using a lock-in technique modulating
the external magnetic field. To this end, a weak magnetic AC-field (provided
by a coil pair in the walls of the resonant cavity operated at a frequency of
about 130 Hz and a maximum amplitude of 1 Oe) was superimposed to the
external magnetic field, leading to a modulation of the resonance absorption
signal. The output signal of the detector diode was then demodulated by a

reference modulation signal, bandpass filtered and amplified using a single-

5C18H12N50¢: 1,1-diphenyl-2-picryl-hydrazyl, stable free radical
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channel lock-in amplifier. Due to the lock-in technique, the first derivative
dx"/dH of the microwave absorption (imaginary part of the dynamic suscep-
tibility x(H)) is obtained. By this, the signal-to-noise ratio could be improved

up to 4 orders of magnitude.

Temperature control For measurements different from room temperature
an evacuated double-walled quartz tube containing the sample was inserted
into the bore of the resonant cavity. Keeping the cavity at room temperature,
the sample could either be cooled by means of a continuous helium flow cryostat
(Oxford ESR 900) down to 15 K, or heated up to 600 K by an external Pt-
resistance wire wound around a sapphire sample support. A needle valve
in the Helium flow was used to control the Helium gas flow of the cryostat,
thereby adjusting the temperature manually. The temperature of the sample
was recorded using a germanium thermometer in the flow channel. Resonance
measurements at higher sample temperatures were achieved by placing the
sample on top of a sapphire rod in the cavity. Five turns of a Pt-resistance
wire are wound closely around the middle part of the sapphire rod, transferring
heat generated in the wire by a dc current. A Pt-100 thermometer placed at the
same distance of the wire from the sample, but at the bottom of the sapphire

rod was used to control the temperature of the sample.

Measurement control The measurements were controlled by computer us-
ing the TEC bus communication standard and the object oriented program-
ming language HPVee. Several programs were written to match particular
measurement requirements. Changing the field polarity of the magnet and the

temperature control had to be done manually.

Measurement procedures

All resonance absorption measurements were performed at a fixed frequency
(main eigenresonance modes of the cavity), slowly (= 1 Oe/s) sweeping the
external magnetic field. In most cases, a full field cycle was performed to check

for hysteretic effect in the resonance absorption.
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Figure 3.6: Microwave spectrometer: (1) microwave synthesizer (2) waveguide

with resonant cavity (Varian) inside air gap of the magnet (3) Bruker EPR
magnet (1) F.u.G. high voltage power supply (5) Ge-detector diode mounted to
directional coupler (6) Lock-in amplifier (7) automatic frequency control (AFC)
unit Digital multimeters for reading absorption derivative dy”/dH, Hall
probe voltage, temperatures, etc. (9 Hall probe high precision current source
DA converter for magnet power supply control @) Goniometer table with
step motor for angle dependent magnetic absorption measurements (2 elec-
tromechanical voltage ramp for magnet power supply control @ I/O interface

and manual adjustment of goniometer step motor.
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Figure 3.7: Magnetic field calibration of the microwave spectrometer using the

resonance absorption of the g-marker DPPH at 9.1 Ghz.

Figure 3.8: Varian resonant cavity with cryostat used for the temperature de-
pendent X-band magnetic absorption experiments: (1) waveguide (2) evacuated
double-walled quartz tube (3) multi-purpose resonant cavity (Varian) (2) cryo-
stat (Oxford) with thermocouple and heating (5) He flow support and exhaust

connector (6) cryostat vacuum valve.
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Chapter 4

Structure and magnetism in

Fe,Pt{_, nanoparticles

This chapter presents the results of structural and magnetic characterization of
Fe,Pt;_, nanoparticles. First the main structural parameters like geometrical
size, crystal structure, chemical order and Fe-Pt composition are determined
from TEM and XRD measurements. Furthermore, the Fe,Pt;_, composition
is validated and refined by a composition-dependent Curie-temperature T
extracted from ZFC magnetization measurements. Then, the two important
parameters characterizing the magnetic behaviour of the nanoparticles, the
anisotropy energy Ej (distribution) and the magnetic moment p,, are inves-

tigated.

4.1 Structural characterization of Fe, Pt;_,

nanoparticles

4.1.1 Shape, size distribution and next-

neighbour distance of Fe,Pt;_, nanoparticles

The TEM pictures depicted in Fig. 4.1 indicate the existence of spherical
nanocrystaline Fe,Pt;_, nanoparticles with rather narrow core size distribu-
tion of the particle diameter d. The tendency of the particles to self-organize
becomes visible, at least for single layer formation after drying on the TEM

grid. From the analysis of these TEM distribution histograms of crystal diame-
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Figure 4.1: Typical TEM-pictures showing (left panel) the nanocrystallinity

with visible atomic layers and spherical shape and (right panel) self-assembling

of Fe,Pt;_, nanoparticles on the TEM grid.

ters were generated and the mean next-neighbour distance N, was estimated.
The histograms (Fig. 4.2) of diameters could be nicely fitted to a log-normal
function P(d) = (v2m od) " exp(—In(d/d)/(202)), similar to Eq. 2.35 (see
Sec. B), to obtain the median diameter d and distribution width o of the

log-normal distribution.

The Fe,Pt;_, samples A,C,D exhibit mean diameters d in the range 2.4 .. .4
nm with a narrow distribution width of about o ~ 0.15. It should be noted
that, for these narrow size distributions, a symmetrical Gaussian distribution
function would have been sufficient instead of the log-normal distribution. The
mean next-neighbour distance D,,, for the Fe,Pt;_, particles dried on the TEM
grid was in the range 6...12 nm. This allows a rough estimation of minimum
organic layer thickness of about 3...6 nm, disregarding the potential shrinking
of the organic layer during drying on the TEM grid, or by the vaccuum required

for the TEM measurements of the samples.

The parameters of the TEM analysis are summarized in Tab. 4.1 for the

different samples investigated.
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Figure 4.2: Distribution histograms for particle diameters in different Fe,Pt;_,
formulations derived from TEM-pictures as shown in Fig. 4.1. Solid curves
represent corresponding fitted log-normal size distribution to obtain median

diameter d and width . The parameters are listed in Tab. 4.1.

4.1.2 Chemical order, size and composition of Fe, Pt;_,

nanoparticles

A typical wide range x-ray diffraction scan of sample C, see Tab. 4.1, is shown
in Fig. 4.3. All spectra only reveal the presence of a chemically disordered
crystalline fce-phase A;. No indication of the chemically ordered L1,- or L1,-
phase could be detected, as evidenced by the lack of the superstructure peaks
(001), (110), (021), (112) marked by red lines in Fig. 4.3. Even after annealing
of samples A, B, C no traces of ordered phases became visible in the XRD
spectra. Furthermore, no formation of crystalline iron oxide phases, magnetite
or maghemite, was observed indicating a good protection against oxidation by
the organic oleic acid-oleyl amine capping of the particles. Nevertheless, the
presence of a very thin iron oxide layer less than 0.4 nm, as reported for 4 nm

ordered FePt nanoparticles [79], could not be excluded.
The position ¢; and width Ag; of the individual peaks have been determined
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Figure 4.3: Wide-angle XRD scan of Fe,Pt;_, nanoparticles (sample C). The
red lines mark the position of super-structure peaks (ordered structure L1, or
L1y), peak positions of iron oxides are denoted by blue (magnetite, Fe3O4) and

cyan (maghemite, y—Fe,O3) lines.

from fitting the XRD scans to a sum of Lorentz-lines ¥,2A4;Aq; /(7 (4(q — q;)* +
Ag?)). The lattice constant ag was determined from the position of the peak
with Miller index (hkl) using the Bragg equation' ¢ = 2wn/dyg with n = 1,
together with the lattice spacing dpg = ag/(vV/h% + k2 + [2) for cubic systems
resulting in

2mvVhE + k2 + 2

q

ag(h, k1) = (4.1)

As shown in Fig. 4.4, all Fe,Pt;_, samples possess a lattice constant at about
3.90 A. A slight increase of lattice constant was observed after annealing, see
Sec. 3.2.3, of samples A, B, and C.

Comparing ap with literature values for bulk, film and nanoparticles [80; 81;
82; 83|, the Fe,Pt;_, stoichiometries of the samples investigated have been es-

timated. They reflect a platinum-rich stoichiometry of the Fe,Pt;_, nanocrys-

LCombining n\ = 2dy sin  with the wave vector definition ¢ = 47 sinf/\)
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Figure 4.4: Overview of lattice constants ay determined from the main (111)-
peak of the XRD scans of Fe,Pt;_, samples. The preparation of the samples for
XRD has been distinguished, samples dried directly from the batch solution
are denoted by circles, while powder samples measured after annealing are

depicted as squares.

tals with an iron amount z in the range 0.1 to 0.25 as shown in Fig. 4.5.
This is in clear contrast to the intended equiatomic compostion x = 0.5 of the
Fe,Pt;_, nanoparticles by the chosen molar ratio of the Fe- and Pt-precursors
for the preparation of the particles [76]. One reason for this deviation could
be changes in the chemistry of the precursors during their storage.

The crystal core diameter was estimated from the width of the main (111)-

peak using the Scherrer formula

27 K
Aqin ’

(4.2)

dXRD =

with shape factor K~ 0.89 for index (111) and spherical crystallites. Figure 4.6
shows the mean diameter extracted from XRD for several Fe,Pt;_, samples.
Additionally, the diameter obtained by the analysis of the TEM pictures has
been included. It can be seen that all Fe,Pt;_, crystallites have a mean core
diameter ranging from 3 nm to 5 nm. A small reduction of crystal size with
annealing of the samples can be seen for sample B and C, which also has been

reported for disordered FePt nanoparticles annealed at 970 K [84]. Where
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Figure 4.5: Relation between Fe,Pt;_, stoichiometry and lattice constant ay.
Based on literature values for bulk, film and nanoparticle samples [80; 81; 82;
83], an Fe content z in the range 0.1...0.25 (red bar) is estimated for the

Fe,Pt,_, samples investigated in this work.

data is available, TEM and XRD reveal diameters in good accordance. No
correlation of the core diameter d to the lattice constant ay was found.

The structural characterization by TEM and XRD yields the presence of
chemically disordered spherical Fe,Pt;_, nanocrystals with a mean core di-
ameter d,, about 4 nm, and having a rather narrow size distribution. The
composition of the platinum-rich nanoparticles from the lattice constant aq is
found to be in the range x = 0.1...0.25. An approach extracting the Fe,Pt;_,
composition based on their magnetic properties is presented in the following

section.

4.2 Composition of Fe,Pt;_, nano-particles ex-

tracted from ZFC measurements

An additional way to determine the composition of the Fe,Pt;_, nanoparti-

cles can be pursued by analysing the effective superparamagnetic Curie con-
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Figure 4.6: Mean core diameters Fe,Pt;_, nanoparticles determined from the
line-width of the (111)-peak of the XRD measurements.

stant C'(T") determined from ZFC-magnetization measurements. Mainly, a
ZFC magnetization curve is a common way to visualize the transition from
blocked to superparamagnetic behaviour for an ensemble of magnetic nanopar-
ticles. As shown in Fig. 4.7, the main characteristic of the ZFC curves is the
appearance of a maximum in the magnetization at different blocking tem-
peratures 7T}, within the temperature range 10 K to 60 K for the Fe,Pt;_,
samples considered. From Tj a rough estimation of the effective anisotropy
energy Fn =~ 25kgT} is obtained, and an effective anisotropy energy K.g =
6Fx/(md?) ~ 107* J/m?® was estimated, assuming a mean diameter d of 4 nm

for all Fe,Pt,_, particles.

The temperature behaviour of the superparamagnetic Curie constant C' =
M/H - T (above the blocking temperature) is displayed in Fig. 4.7. The
observed linear decay of the Curie constant is to first order assigned to a
temperature dependent magnetic moment p(7") of the nanoparticle, C(T) =
N2 (T)/(3V poks). This linear decay signals a mean-field behaviour of the
particle moment, ju,(T) = j1,(0)(1 — T/T¢)'/?, see Eq. 2.13 and by fitting this
relation, the corresponding Curie temperatures T have been determined, as

indicated by dashed lines in Fig. 4.7. As can be seen, the samples exhibit a
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sample XRD TEM

ID batch/ ay dxrp dreMm o Dy,
state A nm nm nm

A IT/st 3.899(4) | 2.9(3) | 2.4(0) | 0.16(1) | 6.0(6)

ABSREE T /hwd | 3.902(1) | 3.6(1)

B IT/st 3.8927(4) | 4.86(8)

BESRht | 1T /pwd | 3.898(2) | 4.7(2)

Banneal | 1T /pwd | 3.915(2) 16(4)

C I11 /st 3.890(1) | 3.8(2) | 3.8(8) | 0.15(2) | 11.4(3)

CESREt | 1T /pwd | 3.896(2) | 2.9(1)

D IV/st 3.900(3) | 2.9(2) | 0.14(2) 6.9(9)

Table 4.1: Preparational and structural parameter of Fe, Pt;_, nanoparticles
obtained by TEM and XRD. Lattice constant ag and mean particle sizes dxgrp,
drrgm determined by XRD and TEM. Note, that only the annealed samples
were the same as used in the magnetic investigations while for all other mea-

surements individual samples were drawn from stock suspension.

quite large variation of Curie temperatures T¢ ranging from about 150 K (E)
to 850 K (C). Obviously, in sample C the magnetic phase with T¢ &~ 850 K ob-
scures a phase with lower T, which can be identified by the upturning offshoot
of C(T) for T' > 325 K. After subtracting a small temperature independent
magnetization of about M = 0.2 Am?/kg, a value Tc ~ 350 K can be esti-
mated, see Fig. 4.7 (right panel, grey triangles). This phase might correspond
to the superparamgnetic phase with 7}, at about 20 K.

To estimate the composition, several Curie temperatures have been col-
lected from literature data of disordered Fe,Pt;_, as depicted in Fig. 4.8 (left
panel) and approximated by a 4th order polynomial, To(z) = S _, A,2™ with
Ag = 16(3), A; = 21.1(8), Ay = —0.41(5), A3 = 0.010(1), A4 = 6.86(7) - 1072
Using the lower branch of the polynomial (platinum-rich composition), the
iron content = x Fe(at %) of the Fe,Pt;_, samples was calculated from the
corresponding T value.

The values reveal the presence of a platinum-rich Fe,Pt;_, composition with
x in the range 0.1...0.25 for the Fe,Pt;_, samples as can be seen in Fig. 4.8
(right panel). For sample C the corrected value for 7 ~ 350 K has been used
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Figure 4.7: Left panel: ZFC-magnetization curves of Fe,Pt;_, nanoparticles
measured in H = 0.1 kOe. The characteristic temperature marked for sample
B by the arrow, where the maximum of the ZFC-magnetization is reached,
depicts the main blocking temperature T}, roughly separating the region of
blocked ferromagnetism, T" < Tj,, from superparamagnetism, 7' > T},. Note the
barely visible shoulder in the ZFC curve at about 20 K detected in sample C in-
dicating the occurrence of at least two different magnetic phases. Right panel:
Effective Curie constants C' = M/H - T following from the ZFC-magnetization
curves. For temperatures T' > T}, the Curie temperature T has been deter-
mined assuming a mean-field behaviour of the particle moments. Note, that

the data have been normalized to max(M/H - T') for graphical representation.

to determine x. Over this composition range, the relation between T and
x may be approximated linearly. These results confirm and refine the values
already extracted from the lattice constant ag in accordance with Sec. 4.1.2.
The procedure to determine the composition x from T has the advantage
that it is independent on the exact Fe,Pt;_, amount in the sample, which
was especially for the small sample amounts available in this study difficult to
determine with high accuracy. On the other hand, the influence of chemical

order on T has not been taken into account.
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Figure 4.8: Left panel: Relation between Curie temperature T¢ and iron con-
tent x compiled from literature data of disordered Fe,Pt;_, bulk, thin film and
nanoparticle samples: Crangle [51], Segnan [85], Menshikov [86], Palaith [63],
Kussmann [46]|, Vinokurova [87]. Right panel: Composition = of Fe,Pt;_,
powder samples estimated from Curie temperature T¢ determined by ZFC-
magnetization measurements using the T (z) relation compiled form litera-
ture data, which over this composition range can be linearly approximated by
Te = 1550 - « K as depicted by the red line.

4.3 Anisotropy energy barrier distribution of

Fe,Pt,_, nanoparticles

The energy barrier distribution of Fe,Pt;_, nanoparticles is an important char-
acteristics of magnetic nanoparticles to assess the internal magnetic structure.
The blocking temperature T}, already allows for a rough estimation of the mean
anisotropy energy F. In this section, two different ways to extract the under-
lying effective anisotropy distribution are presented and compared. Most com-
mon are the analysis of temperature-dependent ZFC- and AC-measurements
in small magnetic fields, where the anisotropy energy F, is dominating over

the magnetic field energy p,H.
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Energy barrier distribution extracted from ZFC measurements

By taking the derivative of the effective Curie constant d(M(T")-T/H)/dT, see
Eq. 2.18, the anisotropy energy barrier distribution of the Fe,Pt;_, samples
may be obtained from a ZFC magnetization curve [22]. Some representative
distribution curves of Fe,Pt,_, nanoparticles are displayed in Fig. 4.9, where
the relation Eq. 2.17 has been used to convert between measured temperature
T and corresponding energy scale F(T) = T In(t,/70) =~ 27.6, where typical

values for measurement time t,, = 100 s and prefactor 75 = 107!° s have been

employed.
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Figure 4.9: Anisotropy energy barrier distribution of Fe,Pt;_, determined from
the derivative of the effective Curie constant d(M(T") - T//H)/dT as measured
in ZFC-measurements, see Fig. 4.7. All curves can be described by a single-
peaked log-normal distribution except for sample C where at least three differ-
ent maxima are visible indicating the presence of different magnetic Fe,Pt;_,

phases.

All samples show an asymmetric distribution of energy barriers with one

distinct maximum at Ex ~ 200...400 K. Only in sample C are two additional
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maxima observed, the largest in amplitude at £, = 1000 K, and a rather
small maximum at Ex = 2200 K. A log-normal distribution of anisotropy en-
ergies could be nicely fitted to the curves to obtain mean anisotropy energy
E, and distribution width o. For sample C, two individual log-normal dis-
tributions have been utilized disregarding the smallest maximum located at
Ex ~ 2200 K. The corresponding values for the Fe, Pt;_, nanoparticles are
collected in Tab. 4.2.

The existence of two additional anisotropy contributions in sample C with
higher energies suggests the presence of a mixture of different phases. The
presence of a second phase with high anisotropy is supported by the high
Curie temperature T ~ 850 K drawn from the effective Curie constant of this

sample, see Fig. 4.7.

Energy barrier distribution extracted from AC measurements

The imaginary part of the complex AC susceptibility is specific to the relax-
ational contribution of the magnetic nanoparticles only, and therefore not ham-
pered by any contributions from paramagnetic or blocked ferromagnetic frac-
tion within the Fe,Pt;_, samples. A typical set of AC-magnetization curves of
Fe,Pt;_, nanoparticles is shown in Fig.4.10 for sample E, where at five different
excitation frequencies w/(27), the temperature dependent real and imaginary
parts of the susceptibility (Hac = 2 Oe) have been recorded. The real parts
X'(T,w) show rather broad maxima just above the ZFC blocking temperature
Ty, which are shifting with increasing frequency towards higher temperatures.
At the same time, the amplitude of the curves are fairly decreasing with in-
creasing frequency. The static ZFC-magnetization curve (dotted black line in
the figure) can be considered as a x’-magnetization recorded at a frequency
1/t = 0.01 Hz and accordingly exhibits the maximum at the lowest temper-
ature.

The imaginary parts x” (7T, w) have a narrower shape with their maxima at
temperatures Ty, (w) (marked by arrows in the figure) close to the inflection
point of the corresponding x'(7,w) curve. Also the maximum temperatures
Tmax(w) are shifting with increasing frequency, while the amplitudes of the
curves mainly remain constant.

A straightforward way to extract the mean anisotropy energy is gained by
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Figure 4.10: Temperature-dependent complex AC-susceptibility x(7,w) of
Fe,Pt,_, nanoparticles sample E measured at five fixed frequencies at a driv-
ing amplitude of Hac = 2 Oe. Top panel: Real part x/'(T;w) of the AC-
susceptibility (coloured symbols) together with the static ZFC-susceptibility
(grey dotted line, see Fig. 4.7). Bottom panel: Imaginary parts x”(7,w). The
arrows mark the temperature 7Ty, at which the maximum of the imaginary
part max(x”(w, Tmax)) is reached for the individual frequencies. These tem-

peratures T,,.. are used for the Arrhenius analysis, as shown in Fig. 4.11.

Arrhenius plots of w/(27) versus the inverse of Ti,.x(w), as shown in the inset of
Fig. 4.11. Then, by fitting of Eq. 2.23 to the data, the mean anisotropy barrier
energy Ea, and the relaxational pre-factor 7; have been determined for the
Fe,Pt;_, nanoparticles. The resulting mean anisotropy energies show good
agreement with the energies determined from ZFC-measurements. Obviously,
the values of 7y = 107 ...107'® s are found to be much smaller than the
commonly stated 1079 s to 10712 s for magnetic nanoparticles. Furthermore, 7
seems to be correlated to E ,, for the Fe,Pt;_, nanoparticles, as can be seen in
Fig. 4.11. From the analytical expression of the prefactor Eq. 2.16 a 75 should
/2

(

decrease to first order like EX?’ dotted grey line), while a much stronger
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Figure 4.11: Relation between relaxation prefactor 7y and anisotropy energy
Ex ac in FeyPt;_, nanoparticles obtained by Arrhenius analysis of AC mea-
surements. The red line reflects a 79 ~ Egl/ ® dependence describing the ex-

/2 relation

perimental data while the dotted grey line is a expected 7y ~ EX?’
according to Eq. 2.16. The inset shows Arrhenius plots of the AC-excitation
frequency w/2m versus inverse of maximum temperature Ty, of the imaginary
susceptibility x”(7'). The straight lines are fits providing mean energy barrier
Ea v, and apparent relaxation prefactor 7.

descrease proportional Ex"° (straight red line) is found experimentally for
the Fe, Pt;_, nanoparticles.

More information about the anisotropy present in Fe,Pt;_, nanoparticles
barrier, including the distribution of energy barriers may be achieved by plot-
ting the x”(7T',w) curves versus scaled temperatures —7" In(w7y), for which the
curves fuse into a single curve reflecting the energy barrier distribution F4/kg,
as shown in Fig. 4.12 for Fe,Pt;_, sample E. Here again, all samples show
an asymmetric distribution of anisotropy energies with one single maximum,
while in sample C, a second distinct maximum is visible. Similarly, by fitting
a log-normal function, the mean E, and width o of the anisotropy energy dis-
tribution, together with the scaling factor 7, were obtained. The parameters

are included in Tab. 4.2.
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Figure 4.12: Energy barrier distribution of Fe,Pt;_, nanoparticles (sample E)
extracted from the temperature dependent imaginary part x”(7") of the AC-
susceptibility plotted versus scaled temperature —7 In(wry) with 75 = 1.6 -
10713 s, as shown in Fig. 4.10. By fitting a log-normal distribution (orange

straight line) median and width of the energy barrier distribution are obtained.

Obviously, the mean anisotropy energy can be reliably determined from the
Arrhenius plots in excellent agreement with the values following from x” (7T, w).
The same width o &~ 0.4 of the energy distribution is found for most samples,
and this for both measurement techniques, ZFC- and AC measurements. De-
viations are present for the value of the mean anisotropy energy, where the
energy from ZFC-measurement is in most cases less than the value from the

corresponding AC-measurement.

The corresponding effective anisotropy constants K. = Ea /V of the nanopar-
ticles have been estimated from the mean anisotropy barrier energy and the
mean particle volume V = W/GJP. The resulting K¢ in the range 1-10*...5-
10* J/m? are found to be one order of magnitude smaller than in ordered FePt

particles, where values up to 10° J/m? have been reported [71].
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D 7FC AC M(H)
Mypc(T) | dC(T')/dT | Arrhen. X"(T(w))
Te(K) | Ea(K) Ex(K) | Ea (K) iy (K)o | Mg(A22)
X T;,(K) o 7o (s) | To(s) /Co(i;n;) B (K™3/?)
A 300 470 045 7.2
0.2 17 0.49 3.7-107%
B 247 663 580 640 580 / 0.41 11.2
0.16 24 045 [3.1076| 3.10715 /7.1 | 2.4.1074
C 350 553 598 780 / 0.39 12.9
~0.23 20 0.4 6-1071%® /3.7 | 1.3-107*
1418 1347 1878 1890 / 0.35
o6 0.3 4-10718 | 6-10718 / 6.4
D 312 553 380 479 480 / 0.37 7.4
0.21 20 0.42 7-100% | 5.-107 /4.4 | 2.7 1074
E 156 359 420 318 292 / 0.39 4.9
0.1 13 039 |[1-107%| 3-107%/4.7 | 6.2-1074

Table 4.2: Anisotropy energies E of Fe,Pt;_, nanoparticles extracted from
ZFC-measurements, either from blocking temperature T3, or dC(7")/dT repre-
sentation, and from AC-measurements, applying Arrhenius plots or log-normal
fits to x”(T(w)) magnetization curves. Note, all energies are given in units of
K, but the factor k' with Ex has been suppressed to save space in the column

names.

4.4 Fe,Pt;_, nanoparticles at large magnetic

fields H=10 kOQOe

4.4.1 The magnetic moment of Fe,Pt;_, nanoparticles

At large magnetic fields H, the influence of the magnetocrystalline anisotropy
on the magnetic behaviour of magnetic nanoparticles becomes negligible, since
then p,H > EA. Therefore, temperature dependent measurements of the
magnetization of Fe,Pt;_, nanoparticles at H = 10 kOe were performed to
analyse the behaviour of the saturation magnetization Mg(7 = 0) or the mean

particle moment p, = MgV, as displayed in Fig. 4.13. The magnetization
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at H = 10 kOe is strongly diminishing with increasing temperature, which is
attributed to a temperature dependence of the nanoparticle’s magnet moment
pp(T). At low temperatures, this behaviour may be adequately described using
Bloch’s law Eq. 2.12 with § = 3/2 as for bulk systems. The resulting Bloch
coefficients about 10~* K=3/2 for the Fe,Pt;_, nanoparticle samples turned out
to be much larger than the bulk value [17], 3-107% K=3/2. Similar large values
were also found on Fe nanocrystals [88; 17] and confirmed by Monte Carlo
simulations [89]. The Bloch coefficient B is decreasing with the saturation

magnetization Mg(T = 0) as can be seen in the right panel of Fig. 4.13.
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Figure 4.13: Left: Temperature dependent magnetization Mg of Fe,Pt;_,
nanoparticles measured at H = 10 kOe . The straight lines are fits using
Bloch’s law, Eq. 2.12, to describe the low temperature behaviour of the par-

ticle moment g, (7"). Right: Resulting Bloch coefficient B versus saturation

magnetization Mg(7 = 0).

In a same manner, the mean anisotropy energy F, determined from the
AC-measurements of the Fe,Pt;_, nanoparticles appears to be related to the
saturation magnetization Mg (7T = 0), as displayed in Fig. 4.14. This behaviour
can be roughly approximated by Fa , [K|~ 61-Ms(T = 0) [Am?/kg|, as shown
by the dotted grey line of the figure.
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Figure 4.14: Mean anisotropy energy Fu ,, determined from AC-measurements
versus saturation magnetization Mg obtained from high field magnetiza-
tion measurements. The dotted grey line reflects the linear approximation
Fam [K]& 61 - Mg [Am?/kg].

From the relation Ey = K5V, such strong variation of the anisotropy Ex
would not have been expected for Fe,Pt;_, nanoparticles all having a diameter
close to 4 nm, and thus the same volume. Likewise, a considerable variation of
the anisotropy constant K over this narrow composition range seems not to be
plausible. Therefore, it is not the geometrical size, but also the magnetic order
induced by the chemical order, that determines both particle moment g, (and
thereby saturation magnetization Ms(0) = pu,(0)/V) and anisotropy energy
Ex. Therefore, it is inferred that the representation Ea(Mg(0)) is a suitable

indicator of magnetic and chemical order of the Fe,Pt;_, nanoparticles.

4.4.2 The regime of isotropic superparamagnetism

As already observed in the analysis of the ZFC-magnetization in Sec. 4.2, the

magnetic moments of the Fe,Pt;_, nanoparticles exhibit a pronounced tem-
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perature dependence p, = (7). Accordingly, this also is apparent in the
magnetization isotherms M (H ), where a rescaling as M (H/T) is not sufficient
to bring the magnetization curves M (H) measured at different temperatures
T onto one single curve, as expected from Eq. 2.34. An example for sample
B is shown in the left panel of Fig. 4.15. Hence, incorporating a temperature
dependence ¢(T') as a free parameter for rescaling the z-axis, the resulting
M(q(T) - H/T) curves could be brought onto one single curve as shown in
the right panel of Fig. 4.15. For the other Fe,Pt,_, samples, single curves of
similar quality with different ¢(7")-behaviour could be achieved. The remain-
ing splitting of the curves at high magnetic fields was attributed to parasitic

paramagnetic and diamagnetic background susceptibilities.

T 2k 110

S 1t . 11

o E ] —~
2 i
£ £
g . 1018
= =

0.01F . 410.01

WO 0 a0 0% 0 1o i
HIT / (kOe/K)  q(T)-HIT / (kOe/K)

Figure 4.15: Left panel: Magnetization isotherms M as a function of H/T of
Fe,Pt;_, nanoparticles (sample B). According to Eq. 2.36 the data should col-
lapse onto one single curve. But clear deviations occur due to the strong
temperature dependence of the moment p,(7"). The values of blocking,
T, = 24 K, and Curie temperature, T = 247 K have been added to the
temperature legend. Right panel: Single curve of magnetization isotherms af-

ter rescaling to M(q(7T) - H/T) assuming a temperature-dependent moment
pp(T) = pp(0)g(T).
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The resulting normalized temperature dependence ¢(7") of the magnetic mo-
ment is shown on Fiq. 4.16 (coloured symbols), together with the correspond-
ing normalized effective Curie constant as a function of temperature (straight

lines) for these samples obtained from ZFC-measurements, see Fig. 4.7.

0 e
B C

0.8} 1
0.6 X i
|_
S 04} D j
E A
0.2} A .

(
& _
[ &
0.0 e L OO
0 100 200 300
T/ (K)

Figure 4.16: Normalized temperature dependent decrease (symbols) of the
magnetic moment ¢(7") ~ p,(T)/pp(11) obtained by rescaling of the magneti-
zation isotherms, as displayed in Fig. 4.15. The Fe,Pt;_, nanoparticle samples
show the same temperature behaviour for T' > Tj, as the effective Curie con-
stant extracted from the corresponding ZFC-magnetization (straight lines), see
Fig. 4.7.

Clearly, the same temperature behaviour for 7" > Ty, of the magnetic mo-
ment f,(7) is extracted from magnetization isotherms M (H) measured in
magnetic fields up to 10 kOe as well as from ZFC-magnetization which were
measured in a small magnetic field of 0.1 kOe. In this regime well above Tj,, the
magnetic behaviour of the Fe,Pt;_, nanoparticles seems to be dominated by
a thermal induced decrease of the coupling (caused by exchange interaction)
of the individual atomic moments within each nanoparticle, and not strongly
influenced by anisotropy effects.

Finally, to determine the magnetic moment p,(0) extrapolated to 7' = 0 K,
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the magnetic moment was determined from a magnetization isotherm M (H)
measured at a temperature 7' slightly above the blocking temperature Tj,.
Therefore, the Langevin-function with a log-normal distribution of moments

Eq. 2.36 was used as a model.
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Figure 4.17: Left panel: Magnetization isotherms M (H) (coloured symbols)
of Fe,Pt;_, nanoparticles measured at T,, slight above T}, (25 K for sample E
and D; 44 K for B, 77 K for A and C). The lines are fits using the Eq. 2.36
to obtain mean i and width o of a log-normal magnetic moment distribution.
Right panel: Mean particle moment (0) extracted from M (H) data versus

composition of Fe,Pt;_, nanoparticles.

The resulting fits (straight lines) and the M (H ) magnetization isotherms for
the Fe,Pt;_, samples are displayed in the left panel of Fig. 4.17. The parame-
ters of the fits are collected in Tab. 4.3. Based on the observed Bloch-behaviour
of the temperature dependent magnetization M (T') measured at H = 10 kOe,
see Fig. 4.13, a mean magnetic moment (7" = 0) was extrapolated from the fit-
ted p,(T;,) by inverting the Bloch relation Eq. 2.12, f(0) = a(T)/(1— BT2/?),
where the individual values for Bloch coefficient B and temperature 7,, at

which the magnetization isotherm was measured have been utilized.
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D] 40 | m) | o [Tu] om B
B B K | am?/keroey | 1074 K=2/3
A | 642(370) | 307(177) | 1.02) | 77| 3(2) 3.70(6)
B | 1014(99) | 623(61) | 0.91(4) | 44 | 4.6(6) | 2.40(2)
C | 985(161) | 427(70) | 1.224) | 77 | 7.8(9) | 1.31(1)
D | 556(41) | 365(27) | 0.88(2) | 25 | 8.9(3) | 2.72(8)
E | 382(56) | 206(39) | 1.06(3) | 20 | 5.2(3) | 6.20(2)
Table 4.3: Mean magnetic moment fi(0) determined from fits using Eq. 2.36

to magnetization isotherms M (H) of Fe,Pt;_, nanoparticles measured at Tj,,.
The quoted Bloch coefficient was extracted from M (T, H = 10 kOe) for ex-
trapolation of p,(7Ty,) to 1(0) at T'=0 K.

As can be seen from Fig. 4.17, resulting mean magnetic moments f(0) in
the range 400 to 1000 up are found for the Fe,Pt;_, nanoparticle samples, and
there seems to be only a weak correlation with composition . Generally, the
particle moment is increasing with increasing content of iron in the nanoparti-
cles, yet the chemical order in the particles has some impact on the resulting

magnetic moment ((0).



Chapter 5

Spin dynamics of Fe, Pt{_.,
nanoparticles at microwave

frequencies

This chapter analyses the dynamic magnetic behaviour of Fe,Pt;_, nanopar-
ticles probed by magnetic resonance spectroscopy at microwave frequencies.
This comprises the determination of the g-factor at room temperature in the
isotropic range, where anisotropy shows no influence. Further focus is put on
the temperature variation of the resonance field H,,s and peak-to-peak line-
width AH,

pps for which several models are investigated. Finally, a full line

shape analysis is presented based on a Landau-Lifshitz model with complex

damping.

5.1 Fe,Pt;_, nanoparticles in the isotropic regime

At temperatures far above the blocking temperature 7j,, the influence of the
anisotropy energy Es on the magnetic behaviour in Fe,Pt;_, magnetic nanopar-
ticles is widely suppressed by the thermal energy kgT'. Therefore, room tem-
perature MRS-spectra have been analysed to reveal three basic parameters

characterizing the dynamics of Fe,Pt;_, nanoparticles in the isotropic regime.

69
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Effective g-factor, ratio uSt/usf of orbital and spin angular momen-

tum, and damping constant «

The gyromagnetic ratio v = goup/h, which is the ratio between magnetic
dipole moment and the angular moment of the particle, is determined by
the g-factor of the precessing moment. Generally, the determination of the
g-factor based on resonance absorption measurements is hampered by large
intrinsic magnetic anisotropy fields which, moreover, may be temperature de-
pendent. In ensembles of superparamagnetic nanoparticles well above their
blocking temperature, these intrinsic magnetic fields become negligible small
due to thermal fluctuations. Therefore, the resonance absorption behaviour of
Fe,Pt;_, nanoparticles at room temperature is considered first, to investigate

the influence of Fe, Pt;_, composition on g-factor and damping parameter «.
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T=297 K |
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Figure 5.1: MRS-spectra of different Fe,Pt;_, nanoparticle samples recorded
at w/(2m) = 9.1 GHz and room temperature (7" = 297 K). As depicted for
sample C the resonance field H, is given by the zero crossing dx”/dH = 0,
and the peak-to-peak linewidth AH,, by the field distance between absorp-
tion maximum and minimum of the derivative. For better comparison, the
amplitudes of the MRS-spectra have been normalized in the peak-to-peak am-

plitude.
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Figure 5.2: Left panel: Composition dependent g-factor determined for
Fe,Pt;_, nanoparticles at room temperature. Additionally, g-factors from
literature [90] and the g-factor of bulk fcc Fe have been added for ease of
comparison. The right scale in the left panel denotes py,/ug the ratio between
orbital and spin momentum according to Eq. 2.68. Right panel: No corre-
lation was visible between damping constant a and composition in the room

temperature MRS-spectra.

In Fig. 5.1, the derivatives of microwave Fe,Pt;_, absorption spectra mea-
sured at w/(27) =9.1 GHz and room temperature 7" = 297 K are shown. At
that temperature, all samples exhibit a main resonance close to H.. =~ 3 kOe,
with peak-to-peak line-width AH,,, ranging from about 0.2 kOe (sample D) to
1.1 kOe (sample B). The MRS-spectra of samples A, D, E display one or several
additional narrow resonances below H = 2 kOe with AH,, ~ 50 Oe. These
additional narrow absorption lines will be discussed in Sec. 5.3. From H,.
and AH,, of the main resonance the g-factor g = hw/upHyes and the damping
a = AH,,/H,s were determined and displayed in Fig. 5.2 as a function of

composition.

The resulting g-factor of the Fe,Pt;_, nanocrystals is linearly decreasing
with Fe content x. Interestingly, this trend found for the Fe,Pt;_, samples
agrees well with the behaviour observed in [90] for x = 0.4...0.7, that ¢
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linearly decreases with increasing x as also indicated by the squares in Fig. 5.2.
So it is concluded that, for compositions x = 0.1...0.7, the isotropic g-factor is
determined mainly by the iron content. The large g-factor observed in sample
B may be caused by the large line-width already present at room temperature,
leading to an asymmetry of the line with a potential shift of the resonance
field H,es determined as dx”/dH(H) = 0. This could be originating from an
inhomogeneous Fe,Pt;_, compositional structure, i. e. iron-rich and platinum-
rich areas within the nanoparticles.

From the g-factor, the contributions due to spin and orbital angular mo-
mentum can be obtained using the relation Eq. 2.68, 1 /us = (g — 2)/2 [40].
This ratio is shown as the right y-axis scale in the left panel of Fig. 5.2.

In strongly exchange coupled binary systems such as Fe,Pt;_, with an in-
duced polarization at the Pt site, the effective collective orbital and spin con-
tributions are measured. It turns out that the dominating contribution to
the g-factor is the spin moment, as depicted in Fig. 5.2 (u/us ratio, right
scale), since in cubic crystals the orbital moment is nearly quenched [91] by
crystal field effects modifying the electronic states. For all compositions the
orbital contribution is found to be below 10%. The coupling between of Fe
and (induced) Pt moments has been predicted theoretically and confirmed by
experiment to be ferromagnetic in the concentration range z > 0.3. From
this, the tendency for ferromagnetic order has been found to become more
favourable when the chemical disorder is increased. Hence, this composition
range can be expanded down to x ~ 0.1 for disordered Fe,Pt;_, nanoparticles.

In contrast to the g-value, the damping parameter « displayed no compo-
sition dependency. For most samples, a quite large damping constant 0.25 <
a < 0.3 was found. Only sample D exhibits an exceptional small damping
a = 0.06.
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5.2 Resonance field H,,s and line-width AH,;, in
Fe,Pt,_, nanoparticles at temperatures
T <300 K

The influence of thermal fluctuations acting on the magnetization dynamics
can be diminished by lowering the temperature, so the impact of anisotropy and
magnetic moment emerges more clearly. Therefore, MRS-spectra of Fe,Pt;_,

nanoparticles at lower temperatures have been performed.

5.2.1 Measured MRS-spectra of Fe,Pt;_, nanoparticles
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Figure 5.3: Typical temperature dependent MRS-spectra of Fe,Pt;_, (sample
A) recorded at 9.1 GHz. With decreasing temperature, the resonance is shifting
towards lower fields, while the linewidth is increasing and the line shape is
becoming unsymmetrical. Left panel: The derivative dy”/dH as recorded
by the spectrometer. Note the additional narrow temperature independent
resonance at H = 1.5 kOe on top of the main resonance. Right panel: After

numerical integration to obtain the absorption x”(H).

As an example, the spectra of sample A at selected lower temperatures down
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Figure 5.4: Temperature behaviour of Fe,Pt;_, nanoparticles determined for
MRS-spectra (dx”/dH). Left panel: Downward shift of H,. with decreasing
temperature. The vertical coloured lines mark the individual blocking tem-
peratures 7} determined from the ZFC-magnetization, see Fig. 4.7. Right
panel: Increase of line-width AH,, with decreasing temperature. This be-
haviour can be described by a mean-field ansatz similar to Eq. 2.13 AH,,(T) =
AH,,(0)(1 — T/TC)? using the Curie temperatures T¢ determined from the

ZFC-measurements, see Fig. 4.7, as indicated by the corresponding lines.

to T' = 20 K are depicted in Fig. 5.3. With decreasing temperature, amplitude
and line-width of the resonance are strongly increasing. Furthermore, the
resonance field H, is shifting towards lower fields, in some samples (sample
C) reaching zero field at about the (static) blocking temperature. At the
lowest temperatures, T' < Tj,, the spectra show slight hysteretic behaviour
(different amplitudes dx”/dH for external field sweeping up or down) for fields
H < 1 kOe. At all higher temperatures the lines are reversible and have
a zero amplitude at zero field, which is to say that dx”/dH|g—o = 0. The
rather symmetric line shape at room temperature becomes more and more
asymmetric while lowering the temperature, which shows up more pronounced

in the spectra after integrating (x”(H), right panel of Fig. 5.3).

The additional narrow resonance visible in samples A, B, E, see Fig. 5.1,

also increases in amplitude with decreasing temperature. However, position
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and width of the line remain constant with temperature. The temperature
behaviour of this narrow line is investigated in Sec. 5.3.

The resonance field H,.s and peak-to-peak line-width AH,, of the main res-
onance have been determined from the spectra and are collected in Fig. 5.3.
The right panel shows the shift of H,. towards lower fields and even zero field
(samples D and C) already before approaching the (static) blocking tempera-
ture Ty,. In samples A, B, E the downward shift is much less pronounced so
that, even at Tj,, the resonance field is still larger than 0.5 kOe. For all samples,
the line-width AH,,, is initially increasing with decreasing temperature. Only,
if H..s is approaching zero field the peak-to-peak line-with is decreasing again
to some extent, since the lower peak of dx”/dH is located at zero field then and
the higher peak is approaching zero field, as can be seen in sample B and C.
The temperature-dependent growth of AH,, in samples A, B, C and D could
be adequately described using the model AH,,(T) = AH,,(0)(1—-T/T¢)? with
Curie temperatures T determined from the ZFC-measurements (see Fig. 4.7)

has been used.

5.3 The additional narrow resonance at g.z ~ 4
in Fe,Pt,_, nanoparticles

As can be seen in Fig. 5.3, Fe,Pt;_, samples A, B, and E show a narrow
resonance below H, < 2 kOe in addition to the broad main resonance located
at H, ~ 3 kOe. Contrary to the main resonance, position and width of
the narrow resonance show no temperature variation, while the amplitude is
increasing with decreasing temperature. By fitting this narrow resonance line
with the derivative of a Lorentz line dx”(H)/dH = —161 w(H — H,e)/(m(w?+
4(H — Hyes)?)?), position Hyes, width AH,, and amplitude I(T) have been
determined as functions of temperature.

The resonances are located at Hs = 1.552(6),1.55(2),1.429(3)) kOe and
have a width AH = 0.15(4),0.10(5),0.11(2)) kOe for sample A, B, and E over
the whole temperature range. From H,, temperature independent g.g-values
of 4.5(2) (A) and 4.2(1) for B and E have been determined. This narrow
resonance was not observed in samples C and D, which may be caused by a

reduced dynamic range of the Lock-in amplifier required for the detection of the
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larger amplitudes in that samples. So, in these samples, the narrow resonance

may be present, despite having been concealed by the main resonance.

A similar resonance has been observed in FMR spectra of of annealed iron-
containing borate glass [92] and was attributed to paramagnetic Fe?™ impuri-
ties. This was supported by the integrated amplitude I(7") of the additional
resonance, which has been displayed in Fig. 5.5. After normalizing to the am-
plitude at T' = 0, a Curie-like behaviour C/T was observed for the temperature
dependence of I(T) of the three samples A,B, and E. The ratio between inte-
grated amplitude of main and additional narrow resonance (at a temperature
close to the blocking temperature T;,) allows the rough estimation of less than

five per cent for the impurity fraction in the Fe,Pt;_, samples.
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Figure 5.5: Curie-like behaviour of the MRS-amplitude of the additional nar-
row resonance at gog ~ 4 observed in Fe,Pt;_, nanoparticles. The blue line
represents a Curie law C/T = 30.5/T.
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5.4 Models to describe the full line shape of
MRS-spectra

5.4.1 Resonance field H,. and line-width AH,, in the ba-
sic Landau-Lifshitz and Gilbert model

The first step towards the description of the experimentally observed tem-
perature variation of resonance field H,e and line-width AH,, in Fe,Pt;_,
nanoparticles was to check by simulations the behaviour of the two basic line
shape approaches, the Landau-Lifshitz line shape, Eq. 2.60 and the Gilbert line
shape, Eq. 2.61. For these simulations, a fixed value of H, = 3 kOe was as-

sumed and the damping parameter o was varied within the range 0.001...1.5.

T T T T T T
1k — Gilb. N
Land.-Lif.
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O 2 4 6 o)
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Figure 5.6: Simulated magnetic resonance absorption spectra at H, = 0.3 T
for three values of the damping parameter o = 0.2,0.5, and 1.0 using the
Landau-Lifshitz line shape, Eq. 2.60, (red lines) and the Gilbert line shape,
Eq. 2.61, (blue lines). In the left panel, the derivative of the transverse mag-
netic susceptibility dx”(H)/dH is shown, while right panel directly displays
the susceptibility x”(H). Note, the curves have been normalized to their max-

imum absorption value max(y”(H)) for better comparison.
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Examples of simulated resonance curves for three different values of « are
displayed in Fig. 5.6. For graphical representation, the curves have been nor-
malized to maximum absorption value max(x”(H)).

With increasing «, the line-width increases and the resonance field H,q is
shifted towards lower fields for both line shape types. But the shift is much
stronger for the Landau-Lifshitz line shape, while the Gilbert lines are only
moderately shifted for quite large values of a. Furthermore, the high field peak
position of the resonance in the derivative dy”(H)/dH of the line is always
above H,, for all values « in the Gilbert model, while it is located below H,,
in the Landau-Lifshitz line shape for larger values of a. This explains the
decrease in the AH,, while approaching zero field of the resonance field in this
line shape, as can be seen in Fig. 5.7, where the H,o, and AH,, resulting from

the simulations for both lines shape types are drawn together.
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Figure 5.7: Resonance field H,. and peak-to-peak linewidth AH,, resulting
from simulations of Landau-Lifshitz (Eq. 2.60) and Gilbert (2.61) line shape

spectra as a function of a.

Both, Landau-Lifshitz and Gilbert model in their basic forms yield only
symmetrical lines shapes and are therefore suitable to describe the MRS-

spectra at high temperatures, where the observed lines are symmetrical. Fur-



79

thermore, the strong influence of the damping o on both parameters H,.. and
AH,, in the Landau-Lifshitz model has a negative impact compared to the
Gilbert line shape. Therefore, more advanced models are taken into account

in the following.

5.4.2 Effect of anisotropy on resonance position H,., and
line-width AH,,

In the description of the magnetic resonance spectroscopy the effect of the

magnetic anisotropy energy F, is commonly incorporated by the corresponding
anisotropy field Hy = 2Ex /1, = 2K/ Ms.

Introducing anisotropy into the basic Gilbert model

Choosing the basic Gilbert line shape Eq. 2.61, a straightforward approach to
include anisotropy in the line shape can be achieved by replacing the external
field H by an effective field Hqg acting on the precession of the nanoparticle’s

moment
(vHerr)? + w?(1 + )
YHeg)* 4 2(wyHeg)2(a2 — 1) + wi(1 + a2)?

Here, the effective field is given by the square root of the sum of squared

X"“(H, Hy) = Np,upwya( (5.1)

external field H and anisotropy field H

Hus = \/H? + H2. (5.2)

A simulation of the line shapes (dx”(H)/dH) for different values of the
anisotropy field H, for a small damping, o = 0.2, and large damping, o = 1.0,
is shown in Fig. 5.8. In this approach, the resonance field H,. is shifting
towards H = 0 and the line-width AH,, is increasing with the anisotropy
field Hx. However, an absorption different from zero at zero external field
dx”(H — 0)/dH > 0 is not observed in the experimental MRS-spectra, so

this simple way to introduce the anisotropy seems not to be appropriate.
Effect of anisotropy on resonance field H,.; and line-width AH,, de-
termined by energy minimization

The starting point is the energy functional Eq. 2.39 incorporating magnetocrys-

talline anisotropy and Zeeman field energy, see 2.1.6, which in reduced field
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Figure 5.8: Simulation of MRS-spectra at H, = 3 kOe for different values of
the anisotropy field H, introduced by an effective field ansatz into the basic
Gilbert line shape model according to Eq. 5.1 for small damping o = 0.2, left
panel and large damping o = 1.0, right panel.

units h = p, H/2E, = H/H, may be written as
E = —cos?(0) — 2h cos(p — ), (5.3)

where 6 is the angle between moment p, and anisotropy field H and ¢ between
external field H and Hjp, as depicted in Fig. 5.9. The resulting equilibrium
angle 0y of the magnetic moment s, in the reduced field h is determined by
taking the first derivative of eq. 5.3:

d

20 [— cos?(0) — 2h cos(¢) — 6’)}

Then, the reduced resonance frequency Q2 = H,,/Hx of the precession of the

~0. (5.4)

=00

magnetic moment is given by [93; 42]

_Hw

Q(djv h) = HA

= [(cos2 0o(10, h) + hcos(vp — by(1, h))
x (cos 200(, h) + hcos(v — O (v, R)]V? . (5.5)

In Fig. 5.10, Q(2, h) is plotted as a function of h for a series of angles .
For 1) = 0 (external field parallel to easy axis), the equilibrium angle is y = 0
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Figure 5.9: Coordinate system defining the angles 6, (equilibrium angle be-
tween particle moment p, and the anisotropy field Hy = 2E4/p, directed
along the particle’s easy axis) and 1 (angle between external field and easy

axis of the particle).

and, according to eq. 5.5, resonance occurs at 1 + h. For h approaching zero,
0 ~ 0 for all ¢, with a resulting resonance 2 = 1. For ¢» = 90° (external
field perpendicular to easy axis), 6y is shifting from 0° for h = 0 to 90° for
h =1, with a resulting resonance {2 = 0. Upon further increasing h, the angle
0 remains at 90°, so that 2 ~ h for h < 1.

Experimentally, resonance absorption is observed sweeping the external field
H at a fixed frequency w. Thus, at a given anisotropy field H, the intersection
of the horizontal line w/(vHs) = const with an individual resonance curve
Q(0y(¢, h)) determines the corresponding resonance fields h,.(1,w/(vH)). The
resulting macroscopic resonance field obtained after averaging numerically over
all angles v of the external field, h, = [ dsin(v)h,(¥,w), is shown in Fig. 5.10
(blue curve). Starting from Q = 1, for h = 0 it asymptotically approaches
Q =~h for h > 1.

Already in Eq. 5.1 of this section, the influence of the anisotropy was in-
corporated phenomenologically by an effective anisotropy field, see Eq. 5.2, so
here in a similar way the resonance field is extended H,, = (H2_ + H3)%5, so

res

that the resonance field can be modelled as

H 2\ 0.5
Hye = JH2 —HZ =2 <1 - (’V—A> ) . (5.6)
w

v

Figure 5.11 shows the averaging results in the inverse representation, i.e. the
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Figure 5.10: Individual normalized resonance fields ) as a function of the
anisotropy field Hy = 2E/u, obtained using Eq. 5.5 taking the equilibrium
angle 0y (by minimization of Eq. 5.3) for individual angles ¢ between external

field H and easy axis.

averaged resonance field vh, /w as a function of Q7! (grey circles) together
with the curve according to Eq. 5.6 (red dotted line). A marked deviation
is observed between data and model curve. But by lowering in Eq. 5.6 the
exponent 0.5 down to 0.36(1), a nearly perfect agreement between data and
model curve is achieved (blue line in Fig. 5.11):

Hyw = % <1 - (@)jo'%. (5.7)

w

Inverting Eq. 5.7, the anisotropy field Hy may be calculated from a given

resonance field H, for this phenomenological approach, as shown in the inset

of Fig. 5.11:
2.78\ 0.5
Hy =9 (1 (e . (5.8)

0 w

Furthermore, the peak-to-peak linewidth may be estimated in this approach
by

1/2

AH = | [ cospdiiw/y — Hal0)?] (5.9)
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Figure 5.11: Left panel: Averaged resonance field normalized to w/v as a
function of the anisotropy field Ha in units of w/vy. The blue curve is the
phenomenological approximation Eq. 5.7, the red curve shows the relation
Eq. 5.6. The green curve in the inset of the figure shows the inverted relation
Eq. 5.8 used to determine H,, from H,. Right panel: The line-width AH
normalized to w/v as determined from Eq. 5.9 and approximated numerically
by A ~ 0.25H3%, red line or valid up with higher accuracy by AH =~ 0.24H3 +
0.40H3, blue line.

For low anisotropy values the line-width can be approximated by AH =
0.25H%. A more sophisticated approximation describing the line-width be-
haviour up to yHy /w < 0.95 is given by AH =~ 0.24(1)H32 + 0.40(1)H3.
Employing Eq. 5.8, the anisotropy field Hx can be extracted from the res-
onance position H,, and the individual H, determined in Sec.5.2 from the
experimental MRS-spectra. The resulting variation of the anisotropy field
with temperature H (7)) extracted from H,(T) for Fe,Pt;_, nanoparticles is
depicted in Fig.5.12. An obvious drawback of the analysis is that the maximum
possible anisotropy field Hy = H,, =~ 3 kOe is reached at lower temperatures
for all samples. Interestingly, the line-width AH(T') calculated from Eq. 5.9
(using Ha(H,es(T')) according to Eq. 5.8) shows a good agreement with the
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Figure 5.12: Left panel: Temperature dependent anisotropy field Ha(T') of
Fe,Pt,_, nanoparticles determined from the resonance field H, using Eq. 5.8.
Right Panel: Temperature behaviour calculated from H,(T) according to

Eq. 5.9(lines) together with measured peak-to-peak line-width in Fe,Pt; ,

nanoparticles.

measured AH, at lower temperatures, while at mid temperatures the line-
width is underestimated. Here, the corresponding value for T determined
from ZFC-measurements and the room temperature value for AH,,, have been

used for the Fe,Pt;_, samples.

5.4.3 MRS line shapes derived from magnetic free energy

minimization including anisotropy

An alternative approach to include the effects of magnetocrystalline and shape
anisotropy into the MRS-line shape behaviour has been given by Netzelmann
[94]. There, the line shape of a ferromagnetic grain is calculated from mini-
mization of the free energy including magnetocrystalline and shape anisotropy
terms equivalent to the terms Eq. 2.5 - 2.7. His special ansatz was specialized
to uniaxial anisotropy represented by an anisotropy field H oriented at angles
(6, ¢) with respect to the external DC field H (parallel to z-direction) and the
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microwave field. Then, the equilibrium orientation (o, ¢o) of the moment fi,

is obtained by minimization of the magnetic free energy
H . . 2
F(0,¢,9,¢) = —pp[cosd + H—(81m9 sin @ — cos(yp — ¢) 4+ cos f cos ¥)7]. (5.10)
A

After averaging over the angle ¢, the transverse susceptibility of a particle with

orientation 6 is given by

L0, H)="1Er (Footo + Fogpo/ tan® 9o) (1 + o) — icpyw(1 + cos? )
tet 2 (14 a2)(yHeg)? — w? —iawyAH ’
(5.11)
where the effective field H = (Fyoo,Fpopo — Fiypy/ (Hpsintdg)?) and AH =
(Foy0o + Fioopo/ sin? o)/, are given by the second derivatives of I at the equi-

librium orientation of fi,. For randomly distributed N, independent particles

per gram one has
w/2
NE(H) = [T d(cosO)xE (6, ). (5.12)
0

Simulations of the resulting line shape for different values of the anisotropy field
H based on this approach are shown in Fig. 5.13. A striking feature in the
model curves is the finite value of dx” /dH at H=0, which is in contradiction
to the experimental observation. From Eq. 5.11 it follows that x”_(H — 0,0) ~
HH/w? which remains finite even after averaging over all orientations 6, as
in Eq. 5.12.

But since MRS-line shape of superparamagnetic and non-ferromagnetic
nanoparticles are considered, thermal fluctuations must be taken into into
account. The presence of thermal fluctuations leads to a reduction of the

anisotropy field [95], and can be modelled as
Ha(z) = Ha[1/L(2) — 3/z], (5.13)

which for z = (H/Ht) < 1 implies that Ha(z) = Hxz/5, and thus x7 (H —
0) ~ H?. Here, the thermal fluctuation field Hr is defined as

kgT

(5.14)

and L£(z) is the Langevin function. Then, Eq. 5.13 inserted into Eq. 5.10 was
employed to calculate the model MRS-spectra, taking into account the effect

of thermal fluctuations of superparamagnetic nanoparticles on the anisotropy
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field. As depicted by the dotted lines in Fig. 5.13, a thermal fluctuation field
Ht = 0.1 kOe already leads to a vanishing susceptibility of the resonance at

zero field and a distinct reduction of the line intensity for anisotropy fields
Hy > 1 kOe.

1 T I T T

dy'/dH / (a.u.)
dy'/dH /(a.u.) @

\/
a=0.2V
0 | é | 411 | 0 | 2 4 | 6
H / kOe H / kOe

-1

Figure 5.13: Model MRS-spectra using the anisotropic line shape model ac-
cording to Eq. 5.12 for H,, = 0.3 kOe and different values of Hy for a = 0.2
left panel and o = 1.0 (right panel). The straight lines represent model curves
without thermal fluctuations, and the dotted lines taking thermal fluctuations

into account, assuming a thermal fluctuation field of Ht = 0.1 kOe.

Any attempts to account for the downward-shift in the resonance field H,
by introducing a (uniaxial) magnetocrystalline anisotropy failed, since low val-
ues of the anisotropy field Hy had no effect on H,., due to orientational aver-
aging. Larger anisotropy fields Hy could provide a sufficient shift of H,e, but
produced severe distortions of the calculated line shape.

Furthermore, the strong dependency of this approach on the temperature
dependent particle moment p, effecting the thermal fluctuation field Hr at
the expense of numerical implementation (the summation over 6 can not be

written in closed form in a fitting routine) are however appreciable reasons to
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consider a more simple approach as presented in the following section.

5.5 Full line shape description of the measured
MRS-spectra

5.5.1 Landau-Lifshitz model with complex damping

As already seen in Sec. 5.4.1, the effect of the damping parameter o on res-
onance field H,e and line-width AH,, is more pronounced in the Landau-
Lifshitz model than compared to the Gilbert model. To yield a more appropri-
ate model suitable for a full line shape analysis of the measured MRS-spectra
of the Fe,Pt;_, nanoparticles, the Landau-Lifshitz model with a temperature-

dependent complex damping was introduced:
a(T) = o(T) —i6(T). (5.15)

The approach of complex damping has already been used to describe the do-
main wall dynamics in ferromagnetic EuO [96].According to Eq. 2.51, Sec. 2.2.1,

this formally corresponds to a negative g-shift

9(T) = go — B(T)go. (5.16)

Combining Eq. 5.15 and Eq. 5.16 with Eq. 2.60, the dynamic susceptibility

with complex damping is given by

Nyp,H,ag 1 1
" H) = bFrp p + .
X'(H) 2 <(0sz)2 +(H, —g,H)?  (aH,)?+ (H, + ng)2>
(5.17)

5.5.2 Temperature variation of the complex damping pa-

rameter &(7)

With this approach, the MRS-spectra line shapes could be described over the
full temperature range with high accordance, as shown in Fig. 5.14.

From fitting the model Eq. 5.17 to the experimental MRS-spectra the tem-
perature dependences of the two damping parameter a(7") and Ag(T')/go have

been determined, as shown for sample A in Fig. 5.15.
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Figure 5.14: Full line shape analysis using the complex Gilbert model Eq. 5.17
for temperature dependent MRS-spectra of Fe,Pt;_, nanoparticle sample A.
Shown are recorded derivative dy”/dH together with the fitted curve (left
panel) and the residuum (difference data-fit values, right panel) for several
selected temperatures, the corresponding fit parameters for «(7") and Ag(7")/go

as a function of temperature are displayed in Fig. 5.15.

Except for sample C, all other Fe,Pt;_, samples show a very similar tem-
perature behaviour of the complex component of the damping, Ag/go.

A physical justification for the complex damping would be rather specu-
lative, especially since a general theory of magnetization is not yet available.
The similarity of the complex damping behaviour implicates a relation with
intrinsic effects, since no influence of the moment distribution g, structural
disorder or composition are noticeable.

The temperature variation of both components of the complex damping
obey the same power law as the magnetic moments p,(7") = (0)g(T"), which
implies that

a(T) = (a—iB)q(T) + . (5.18)

Also, it was observed that the intensity I of the MRS-spectra roughly shows

the same temperature dependence as the moments I(7") ~ u,(7"). From this,
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Figure 5.15: Complex damping parameters « (top panel) and Ag/go (bottom
panel), obtained by fitting the temperature dependent MRS-spectra using the
landau-Lifshitz model with complex damping Eq. 5.17.

it can be concluded that superparamagnetic fluctuations do not have a large
influence, as otherwise a decrease of the intensity [(7") ~ p,(7")/T would have
been expected.

The striking feature observed in the MRS-spectra of the Fe,Pt;_, nanopar-
ticles are the large magnitudes and the temperature variation of both compo-
nents, «(7") and Ag(T") of the complex damping. It has been suggested that
this is caused by the scattering of a g=0-magnon by an electron/hole excita-
tion [97], well established for bulk ferromagnets [98]. But deeper quantitative
conclusions require more detailed information on the electronic and magnetic

structure of the Fe,Pt;_, nanoparticles.
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Chapter 6
Summary and conlusions

This work focussed on the structural and magnetic characterization of disor-
dered platinum-rich Fe,Pt;_, nanoparticles, which were prepared following a
wet-chemical organometalic nanoparticle synthesis by thermal decomposition
in the presence of stabilizing oleic acid. Structure and morphology of the
nanoparticles were characterized by TEM and XRD. SQUID-susceptometry
and magnetic resonance spectroscopy (MRS) were employed for determination

of the quasi-static and dynamic magnetic parameters.

The main results, which have been obtained for the Fe,Pt;_, nanoparticles,

can be summarized as follows:

The samples consist of spherical nanocrystalline particles with a narrow
log-normal shaped distribution of particle sizes at a mean diameter of about 4
nm. A platinum-rich composition of the Fe,Pt;_, nanoparticles in the range
x =0.1...0.25 was derived from the lattice constant ag and confirmed by anal-
ysis of the Curie temperature T found in ZFC magnetization measurments.
Chemical ordering of the Fe,Pt;_, nanoparticles was not observed and could

not be induced by annealing treatment.

Both, ZFC- and AC-magnetization reveal a log-normal energy barrier dis-
tribution with mean anisotropy energies F /kg in the range 300 K to 600 K.
An unexpected relation 7y ~ E;l/ ® between the relaxational pre-factor 7y and
mean anisotropy energy F, has been found experimentally. A second mag-
netic phase at a higher anisotropy energy Ea/kg ~ 1900 K is observed in
one sample, indicating the formation of different magnetic phases in Fe,Pt;_,

nanoparticles.
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The magnetic moment p, of the Fe,Pt;_, nanoparticles shows a distinct
temperature dependence following Bloch’s law y,(T) ~ 1 — BT?, with a ex-
ponent 3 = 3/2 typical for bulk systems, while the resulting coefficients B are
much larger than the bulk value, a phenomenon observed in other nanoparticle

systems.

From the magnetization isotherms M (H,T), the same temperature be-
haviour ¢(7") of the magnetic moment y, = p,(0)g(7") has been derived than
extracted from the effective Curie constant as determined from ZFC-measure-
ments at H = 0.1 kOe. The magnetic moment u,(7" = 0) was obtained by
extrapolation of the magnetic moment p,(7y,) measured at a temperature Ty,
close above the blocking temperature. Hereby, a log-normal size distribution of
the particles was taken into account and the observed Bloch behaviour of the
magnetic moment was used for the extrapolation. The resulting moments in
the range 500 pug to 1000 ug only show a weak correlation with the composition

x of the Fe,Pt;_, nanoparticles.

Furthermore, the anisotropy energy in the Fe,Pt;_, nanoparticles was found
to increase linearly with the saturation magnetization Mg(T = 0). It is as-
sumed that this can be used to assess the magnetic order induced by the

chemical order independent of the composition of the Fe,Pt;_, nanoparticles.

The isotropic g-factor of the Fe,Pt;_, nanoparticles determined from room-
temperature MRS-measurements at 9 GHz are decreasing linearly with increas-
ing iron content x, and confirm this trend reported in literature for Fe,Pt;_,
nanoparticles with x = 0.4...0.7. It turns out that the dominating contribu-
tion to the g-factor arises from the spin moment, while the orbital moment
contribution is below 10% for all samples. From the line-width of the MRS-
spectra, quite large damping constants « in the range 0.2...0.4 are found
for most of the samples, which are independent of the composition of the
Fe,Pt;_, nanoparticles. One sample (D) exhibits a very small line width with

corresponding a = 0.06.

From temperature dependent MRS-measurements, the strong shift of the
resonance field H,.s towards smaller fields and an increase in line-width AH,
with decreasing temperature are observed. The analysis of the basic phe-
nomenological Landau-Lifshitz and Gilbert line shapes are insufficient for an

adequate description of the measured spectra, especially at low temperatures,
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where broad and asymmetric lines are recorded.

To improve the description of the line shapes, the anisotropy was incorpo-
rated into the Gilbert model. To this end, the effect of the anisotropy field
Hj = 2E, /i, on resonance field and line-width was simulated for two different
approaches. An analytical expression was derived to determine the anisotropy
field H5 from the resonance position H,.. From this the temperature depen-
dency of the anisotropy Ha(T') was estimated. As a cross check the line-width
AH(T) calculated from Ha(T') agrees reasonably well with the measured line-
width AH,, of the MRS-spectra.

Since these models did not describe the full line shape, especially the ob-
served asymmetry of the MRS-spectry at low temperatures, sophisticated line
shape models have been investigated. The resulting line shape based on the
minimization of the free energy including magnetic anisotropy could not pro-
vide a convincing match with the observed line shapes. One striking feature
here was the finite absorption at zero field, which was not observed experimen-

tally.

Finally, using the model of Landau-Lifshitz, line shape with complex damp-
ing allowed for a very good description of the measured MRS-spectra. With
only three free parameters, stable fits of this model to the experimental data
were achieved. The resulting temperature behaviour of the complex damping
parameter Ag/go was found to be the same for all Fe,Pt;_, samples except
sample C. More variation was observed in the real part «(7"). A similar ap-
proach has been suggested and applied for the description of the domain wall
dynamics in ferromagnetic EuO; in any case the underlying physics deserves

further detailed investigations.

The additional temperature-independent narrow resonance observed in some
Fe,Pt;_, nanoparticles with an effective g-factor g.g ~ 4 was attributed to
paramagnetic Fe3™ impurities. This was supported by the same Curie-like

behaviour of the amplitude of the narrow line.

Magnetic susceptibility measurements are indispensable to determine quasi-
static properties of magnetic nanoparticles. In combination with magnetic
resonance spectroscopy, which is an excellent technique for analysing the dy-
namics magnetic nanoparticles directly using the electronic moments as local

probes. It could be shown, that this allows the investigation of the influ-
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ence of order and compositional effects on the resulting magnetic properties of
transition metal nanoparticles, mainly expressed by the complex behaviour of

anisotropy and magnetic moment.
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Appendix A

Some important magnetic units

and physical constants

In table (A) important magnetic units and constants in the SI and CGS system

are summarized

name symbol  SI CGS  conversion
(SI=CGS)
magnetic moment m Am?  emu 103
: A A
magnetic field (strength) H o Oe 08
magnetic flux density B T G 1074
volume magnetization M % %%131 1073
mass magnetization M Al.{mQ emTu 1
c1s1e E emu @
mass susceptibility X ke 20e o
el o1 emu 1
volume susceptibility X - ems.0c i
anisotropy constant K % gélgg, 0.1

Table A.1: Important magnetic quantities and their conversion from SI to
units. Used unit abbreviations are electromagnetic unit (emu), Tesla (T),
Gauss (G), Oersted (Oe). 1 J = 1077 kg-m?- s = 1077 erg. The magnetic mo-
ment often is expressed in units of Bohr-magneton iz as 1 Am? — 1.078-10%3
(1 emu=1.078 - 10%*up).
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name symbol value unit
permeability of vacuum Lo 471077 Vs — g
Bohr magneton [ = H 9.2740110~* 4 = A -m?
Boltzmann constant kg 1.380710°28 L — mike
vacuum speed of light c 299792458 =

Planck constant h= 2 1.05459 1073*  J-s
electron charge e 1.6022 107¥ C

electron mass m, 9.1094 1073t kg
electron magnetic moment Le 9.28477 1072 4

Landé g-factor of free electron ge = 2;; 2.0023193

gyromagnetic ratio of free electron” . = %2 = ;2= %

Table A.2: Fundamental magnetic constants in ST units

*y = £, ;1 magnetic moment, L angular momentum



Appendix B

The log-normal distribution

Two equivalent notations of the log-normal distribution are found in literature,
the widely used P(z) with median & and width o

(Inz —1In :i)2> 1 exp (_ (In%)

1
= B.1
202 2rox 202 ) (B-1)

Pz) = exp <—

2rox

and a notation P(y) with reduced argument y = x /7

P(y) = \/%Uy exp (—1203 ) (B.2)

Both distributions are normalized to unity [;° P(z)dz = [;° P(y)dy = 1. And

the corresponding mean values are given by (assuming o > 0)

T = /OOO rP(x)dr = Fexp(c?/2) (B.3)

and
0= [ uPw)dy = exp(?/2) (B.4)

Equation (B.2) transforms into the first one eq.(B.1) by substitution y = x/%
and rescaling of y-axis y — y - & and amplitude P(y) — P(y)/z, so that both
distributions coincide. When using eq.(B.2) to describe a magnetization curve,

the equivalent to eq.(2.36) reads as

- [ ypproH kpT'
M(H,T) = N / P th( )— d H (B5
(1.7 = Ny [y Plo) (com (20T ) < TNyt (B
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B.1 Relation between mean, median and maxi-

mum of the log-normal distribution

Besides the median z,4 as a basic parameter to characterize a log-normal
distribution P(z) eq.(B.1) often the mean zy or the maximum x,,, are stated

which are related to each other by

Tmax = Tmaexp(—o?) (B.6)

To = Tmaexp(0?/2) = Tmax exp(302/2) (B.7)

As shown in fig. B.1 for 0 — 0 the three parameter coincide, while for ¢ > 0

the mean value lies above and the maximum below the median value.

. — _.
0.004 - (©) XO o) de— 1000 i
O X
max
0= 0.1
3
o

0.25
0.5

0.000 .
0 1000 2000

Figure B.1: Log-normal distributions with median z,,q = 1000 and increasing
widths ¢ = 0.1,0.25,0.5. The squares mark the corresponding maxima, the

circles the corresponding mean values.
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B.2 Relations between diameter and volume log-

normal distribution
We define the log-normal distribution of diameters P(D) with median diameter
D and width ¢ according to eq. B.1

1 (InD —In D)?
B V2mopD P <_ 20% ) ()

and accordingly the log-normal distribution of volumes P(V) with median

P(D)

volume V and width oy

B 1 (InV —InV)?
P(V) = mexp (—T> (B.9)

Then the mean diameter D is given by
_ oo ~ 0‘2
D= / DP(D)AD = Dexp <7D> (B.10)
0
And the mean volume Vis defined in the same way
_ 60 ~ 0‘2
V= / VP(V)dV =V exp (%) (B.11)
0

The mean volume can also be calculated using the diameter log-normal

distribution as

_ oo D3 D3 2
Vo= / " p(pyap = ™ e (272 (B.12)
o 6 6 2
T[F oh ’ 2
= 3 D exp o exp(307)
= %D?’exp(Bcr%) (B.13)

where relation eq. B.10 between mean and median has been used. Comparing
right-hand side of eq. B.12 with B.11 we see that formally V = 7D?/6 and
oy = 30p. In other words, the median values are directly related, while the

mean values are influenced by the distribution width.
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B.3 Logarithmic sampling

For the modelling of log-normal distribution the logarithmically sampling of an

interval [z, ..., 2] by N sampling points is often usedful. This can be achieved

by

N—1i i—1

Tig(l) = xp txe ', 1=1,..,N (B.14)




Appendix C

Relation between atomic and

weight percentages in binary alloys

In literature both, atomic percentage at% and weight percentage wt% are
denoted for description of the composition of binary alloys. The conversion
between atomic percentage at% and weight percentage wt% of a component
in a binary system A-B is given by

at% A -my(A)

wt% A = (at% A - my(A)) + (at% B - m,(B))

-100 (C.1)

and
wt% A/mg(A)

(wt% A/mq(A)) + (wt% B/mq4(B))

where m,(X) is the atomic mass of component X.

at% A = - 100 (C.2)
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Appendix D

Experimental details

D.1 Field calibration of the SQUID magnetome-

ter

Moving a sample stepwise through the pick-up coil, a voltage proportional to
the magnetic field created by the sample’s magnetic moment is induced and
detected as SQUID response h(z) (inset of Fig. D.1). By fitting to the data the
response curve (idealized point dipole moving through a 2nd order gradiometer

with radius R = 1 cm and distance A = 1.5 cm between the coils)

R 2R
h(z) = Ao+ 4 [(R2 + ((z — z) — A)2)3/2 - (B2 + (2 — 20)2)32
R
+ (Rz + ((z — Zo) +A)2)3/2] ) ([)_1)

the amplitude A; is determined. By means of a cylindric Palladium reference
sample (m = 0.2756 g) the amplitude A; is calibrated to obtain an abso-
lute magnetic moment. At regular intervals the moment calibration of the
device was verified by comparison of the paramagnetic susceptibility of the
reference sample measured at T=300 K with the nominal susceptibility of
5.23-107% Am?/kg [99], as shown in Fig. D.1.
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-3
X10 =
40 8
o)
205

Ogl
)]

linear regression |

M / (Am°/kg)
o

= 5.237(5) 10 Am®*/(kg-T) i

10 05 0.0 05 1.0
B_(T)
ext

Figure D.1: Magnetic moment calibration check of the SQUID-magnetometer
by a field sweep at 7' = 300 K of the Pd reference cylinder (m=0.2756 g). The
determined susceptibility Xmeas = 5.237(5) - 1072 Am?/(kg-T) nicely matches
the nominal value Xnom = 5.23 - 1075 Am?/(kg-T). The inset shows a single
SQUID response curve of the reference sample measured at B =1 T, together

with the fitted model curve Eq. D.1.
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