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vi

Cover: Olivier van Oord (see also Chapter 9)



Contents

Chapter 1. Introduction 1

Part 1. Colloidal Model System 11

Chapter 2. Synthesis and Characterization of Dipolar Magnetic Iron Oxide

Colloids 13

Chapter 3. Surface Analysis of Sterically Stabilized Magnetite Nanoparticles in

Cyclohexane 27

Part 2. Zero-Field Dipolar Structures 39

Chapter 4. Quantitative Cryo-TEM of Magnetic Dipolar Structures in Zero Field 41

Chapter 5. Comparison of Reversible and Irreversible Dipolar Structures in

Ferrofluids 59

Chapter 6. Thermal Motion of Magnetic Iron Nanoparticles in a Frozen Solvent 73

Chapter 7. Dipolar Structures in Dispersions of Quantum Dots with an Electric

Dipole 83

Part 3. Field-Induced Structure Formation 93

Chapter 8. Field-Dependent Magnetization of Model Ferrofluids with Zero-Field

Dipolar Chains 95

Chapter 9. In-Situ Imaging of Field-Induced Hexagonal Columns in Magnetite

Ferrofluids 105

Chapter 10. Dipolar Structures in Magnetite Ferrofluids Studied with SANS 115

Chapter 11. Dipolar Dynamics in Magnetite Ferrofluids Studied with Stroboscopic

SANS 131

Bibliography 143

Summary 151

Samenvatting voor een breder publiek 154

vii



viii Contents

Color figures 158

Dankwoord 161

List of publications 164

Curriculum Vitae 167



1

Introduction

To study the structure and statistical thermodynamics of dipolar fluids such as ethanol,

water and hydrogen fluoride the dipolar hard-sphere (DHS) model has been frequently

invoked. In theory and simulations, the relatively simple DHS-model has been em-

ployed to understand the general phase behavior of dipolar fluids. Experimentally, the

DHS-system is approximated by colloidal dispersions of magnetic particles that possess

a permanent dipole moment: Ferromagnetic colloids can be prepared that have one

magnetic domain and, consequently, one permanent magnetic dipole moment. These

colloids may form the dipolar chains that have been predicted by theory and simulations,

as was recently demonstrated for colloidal iron dispersions [1]. However, because these

ferromagnetic colloids generally exhibit a significant polydispersity in size and shape,

they are not the convincing DHS system that is required to experimentally investigate

the structure and thermodynamics of DHS-fluids.

This thesis focusses on the development of iron oxide dispersions comprising uniform

magnetic colloids that resemble dipolar hard-spheres and that are sufficiently large to

show dipolar chain formation. Using this well-defined colloidal system, we study the

microstructure in both zero and applied magnetic field using microscopy (cryo-TEM)

and scattering techniques (small-angle neutron scattering).

In this introduction, first the origin of magnetism is discussed, which is required to

understand the different types of magnetic materials that exist in nature. Subsequently,

the characteristics of single-domain magnetic particles are explained. The synthesis of

ferrofluids and their applications are elucidated in a seperate section. Finally, the

1



2 1. Introduction

current status on dipolar fluids is reviewed and the scope and overview of this thesis is

presented.

1.1. Magnetism

General [2]

The origin of magnetism lies with the motion of charge. The motion of charge

produces a magnetic field between 1014 A m−1, which is the field strength at the surface

of a neutron star, to the low value of 10−6 A m−1, which is found in the human brain [2].

On the atomic scale, a magnetic moment predominantly consists of two contributions:

a spin magnetic moment as a result of the electron spin and an orbital magnetic moment

due to the orbital angular momentum. The magnetic moment due to the protons and

neutrons inside the core is relatively small compared to that of an electron and it

can therefore be usually neglected. Furthermore, the orbital angular momentum of

the electron is often close to zero and consequently its contribution can be omitted as

well. In other words, it is mainly the spin of the unpaired electrons that generates the

magnetic moment. However, in most materials or assemblies of atoms the net magnetic

moment is still zero due to random orientation of all magnetic moments. Since the

orientation of the moments is based on thermal motion, the degree of alignment can

be influenced by the temperature or an external magnetic field. Only if the interaction

between unpaired spins in an assembly of atoms is strong enough a net magnetic moment

is generated for the particle. If the interaction is too strong, however, a chemical bond

is formed which has a diamagnetic response.

Magnetic materials [2]

When an external magnetic field H is applied, the magnetization M (magnetic mo-

ment per unit volume) of a substance is changed. For most materials the induction

is proportional to H, and the strength of induction is expressed in the dimensionless

magnetic susceptibility χ: M = χH. In an external magnetic field, the alignment of

the spins leads to a positive contribution to χ, referred to as the paramagnetic sus-

ceptibility. However, the motion of the electrons around the orbit is also influenced,

thereby generating a magnetic response that opposes the applied magnetic field, yield-

ing a negative contribution to the susceptibility χ, called the diamagnetic susceptibility.

The latter contribution is proportional to the field strength and it is independent of

temperature.

The various types of magnetic materials can be classified according to their bulk

susceptibility. For paramagnets the magnetic susceptibility χ > 0 and it is of the order

of 10−5 to 10−3, while for diamagnets the susceptibility χ < 0, with a magnitude of

approximately -10−5. In some materials the coupling between the individual unpaired

spins is so strong that long-range orientational parallel order is obtained, resulting
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in an assembly of atoms with a permanent magnetic moment even in the absence

of an external magnetic field, referred to as a ferromagnet. This typically occurs in

ferromagnets based on Fe, Co, and Ni metals, where χ >> 0 (between 10−2 to 106).

Above a certain temperature, called the Curie temperature, the long-range coupling

vanishes and ferromagnets transform into paramagnets.

In some materials, referred to as anti-ferromagnets, an anti-parallel alignment of

electron spins is obtained that results in anti-ferromagnetic order with no net magneti-

zation. However, the anti-parallel spin orientation does not always lead to non-magnetic

materials. In some cases, as for instance in magnetite (Fe3O4), the number of moments

pointing up differs from the number of moment pointing down, which results in a net

magnetic moment despite the anti-parallel alignment (ferri-magnetic). In general, the

anti-parallel alignment converts to the parallel alignment at the so-called Néel tempera-

ture.

On the µm length scale, the long-range coupling that leads to ferromagnetic order

on the atomic length scale is not retained. In a magnetic bulk material, for instance,

magnetic domains are formed in which the preferential orientation of the dipoles differs.

Although this leads to a net magnetic moment within one domain, it is counteracted

on a larger length scale by other domains in which the orientation of the dipoles is

different.

Single-domain particles

In the laboratory, ferromagnetic colloids can be prepared that are sufficiently small,

with a diameter typically in the range 2-40 nm, to possess only one magnetic domain,

resulting in one permanent magnetic dipole moment. Consequently, their magnetic

moment scales with the volume of the particle. The dipole of the entire particle has

a paramagnetic response to an external magnetic field, due to the collective reorien-

tation of the spins in the colloid. However, the susceptibility is orders of magnitude

higher than for molecular paramagnets. Therefore, colloidal magnetic particles are of-

ten referred to as superparamagnetic. There are two mechanisms that describe the

thermal reorientation of the magnetic moment in a magnetic colloid: Brownian rota-

tion and Néel relaxation. The first mechanism has a relaxation time that depends on

the hydrodynamic radius ah and the viscosity η of the solvent according to:

τB =
4πa3

hη

kBT
(1.1)

where kB is the Boltzmann constant and T the absolute temperature. The Néel

mechanism involves rotation of the magnetization with respect to the crystal lattice of

the colloid:
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τN = (2πf0)
−1 exp

(

KVM

kBT

)

(1.2)

where f0 is a constant in the range 107-1012 s−1, K is a shape-dependent material

constant and V is the magnetic domain volume, equal to VM = (4/3)πa3
M for a spherical

magnetic core with radius aM . Comparing eq 1.1 with eq 1.2 shows that Néel rotation

strongly depends on the magnetic radius of the particle, whereas Brownian rotation

is more weakly dependent on the hydrodynamic radius. Since the time scales of the

two relaxation mechanisms are different it is the fastest mechanism that dominates for

individual particles.

1.2. Ferrofluids

General

Ferrofluids comprise sterically or charge-stabilized magnetic colloids with a single

magnetic domain dispersed in molecular solvents. In general, colloids are particles that

have at least one dimension in the range of 1-1000 nm, which is small enough to show

Brownian (thermal) motion and, consequently, to counteract sedimentation. They can

be prepared in various shapes and sizes [3], and they are generally accepted as a model

system for molecules and atoms since the dispersions show similar phase behavior [4]. In

apolar solvents, isotropic van der Waals attraction between two magnetic nanoparticles

is screened by a layer of surfactant molecules at the surface of each particle, molecules

with dielectric properties that are nearly identical to those of the solvent. Surfactant-

stabilized colloids dispersed in organic solvents are often treated as dipolar hard spheres

since they exhibit infinitely high repulsion at close contact, while charged-stabilized

particles are often considered as soft dipolar spheres. An important feature of ferrofluids

is that the dipole moment is proportional to the particle volume. This implies that the

dipole-dipole coupling can be tuned by varying the particle size, the surface charge, or

the thickness of the surfactant layer.

Synthesis

The first ferrofluid preparation method involved grinding of magnetite mineral in a

surfactant solution [5], which was later extended with chemical precipitation methods

[6–9]. However, these ferrofluids are usually unsuitable for a quantitative comparison to

theory or simulations of dipolar hard-sphere fluids, because of the large polydispersity

in size and shape. Moreover, the average particle diameter is typically only 10 nm,

which is too small for significant dipolar interactions.

Recent progress in the synthesis of magnetic nanoparticles has made it possible to

prepare much larger particles that are much less polydisperse with respect to size and

shape [10–15]. In addition to metallic or metal oxide colloidal particles, magnetic latex
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particles [16] and composite particles consisting of magnetic cores in a non-magnetic

shell have been developed [17–20], but also more anisotropic particles, as for instance,

magnetic rods [21]. Recently, much work has been devoted to the functionalization of

magnetic particles by attaching functional groups to the surface [22–28] to make them

suitable for biomedical applications [29, 30].

Applications

Besides their fundamental interest and their existence in nature [31, 32], magnetic

particles are of importance for several applications, traditionally in magnetic record-

ing [11, 33, 34], and more recent in biomedicine [29, 30]. Nowadays, ferrofluids are

widely applied and their applications can be divided in two categories, namely, fluid

applications and nanoparticle applications. The first type of application is related to

the fact that ferrofluids can be displaced, or that the surface of the liquid can be de-

formed, by the presence of an inhomogeneous magnetic field. They are used as liquids

in many electrical devices as for instance in loudspeaker coils but also in rotary shafts

and magnetic inks [5, 35–38]. Future applications might be in the field of magneto-

optic sensors [39], and in microfluidics for the preparation of fluid valves [40]. Recently,

magnetic nanoparticles have also been applied in more exotic materials as for instance

magnetic nanocarbon tubes for developing new magnetorheological materials [41].

The past years have witnessed enormous interest in the use of magnetic colloidal

particles in biomedical applications [30]. The magnetic properties of the nanoparti-

cles determine their effectiveness as a contrast agent for magnetic resonance imaging

(MRI) [42–45] and as local sources of heat in an alternating magnetic field for can-

cer treatment by hyperthermia [46]. Until now, the magnetic particles that are used in

biomedical applications are very polydisperse, with a wide lognormal distribution [3,47].

In consequence, only a fraction of the particles has the optimal dipole moment. With

monodisperse magnetic particles the dipole moments or the characteristic magnetic re-

laxation frequency can be tuned, for instance to obtain the most effective heating within

the constraints of the available biomedical equipment and the safety requirements for

the patient [48–50]. In addition, new magnetic particles with functionalized surface

groups have been designed for magnetic drug targeting [29].

1.3. Current status on dipolar fluids

Zero-field phase behavior

Since the seminal paper by de Gennes and Pincus on dipolar chains in 1970 [51],

the issue concerning the influence of point dipolar interactions on liquid-gas (L-G)

separation in dipolar fluids remains unresolved. The main problem with predicting the

phase behavior is that the dipole-dipole interaction between two permanent dipoles (V)

is anisotropic and that it can change from attractive to repulsive, depending on the
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relative orientation of the two dipoles. Interestingly, the attraction that is obtained

from Boltzmann-weighted integration over all possible orientations scales with the 6th

power, similar to the attractions in a classical van der Waals fluid [51]. Combined

with a hard-sphere repulsions this in principle could cause L-G separation below the

critical temperature. The main oversimplification here is that the Boltzmann weight

exp(-V/kBT ) is linearized to obtain this scaling behavior. Despite the fact that dipolar

fluids have been studied extensively, Monte Carlo (MC) simulations did not confirm

the prediction of a L-G transition [52–57].

Recently, it was argued that the microstructure in dipolar fluids prevents L-G sep-

aration. This is based on the idea that due to the attractive part of the interactions

structures grow in which most particles have only two nearest neighbors, resulting in

the formation of linear aggregates and worm-like structures. The formation of dipo-

lar aggregates is expected when the dipolar attraction exceeds thermal energy. The

structures act as living polymers since their size and structure result from a thermo-

dynamic balance between dipolar attractions, which favor a head-to tail configuration

of dipoles, and entropy, which favors single particles and small structures. This results

in a size-distribution of chains and clusters of which the average size depends on the

temperature and concentration.

The existence of a L-G phase transition in dipolar fluids was addressed theoretically

by van Roij [58], and it was shown that dipolar chain formation interferes with isotropic

aggregation. However, a few years ago a phase coexistence was predicted in dipolar

fluids of a low-density phase with small, disconnected dipolar chains and a high density

phase with large, connected dipolar structures [59, 60]. The average dipolar attraction

is stronger in the dense phase than in the dilute phase. Recently, this possible scenario

has been worked out theoretically by Duncan and Camp [61].

To study the microstructure and phase behavior of dipolar fluids, ferrofluids are

frequently used as a model system. The microstructure in ferrofluids can be studied

experimentally with various techniques [62] such as small-angle neutron scattering [63–

66], magneto-optics [67], complex magnetic susceptibility [68,69], and in situ cryo-TEM

[1, 70]. In the past, most of the experimental studies were performed on conventional

ferrofluids (like Massart ferrofluids [6]) that contain weakly magnetic and polydisperse

particles, impeding a good comparison with theory and simulations. Experimental

studies on these ferrofluids have sometimes shown phase separation [63], though the

effect of isotropic van der Waals attractions could not be fully excluded. Related to

this, Pileni and coworkers [71] have shown that the structure and thermodynamics is

an interplay between van der Waals and dipolar forces.

It was only a few years ago that recent progress in colloidal synthesis has facilitated

experimental studies on strongly dipolar fluids [10,13], e.g. fluids with dipole attractions

that exceed 3 kBT . Using cryo-TEM, dipolar structures such as chains and networks
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have been imaged in vitrified films (quasi 2D) of iron dispersions in the absence of a

magnetic field, providing no evidence for L-G separation [1]. This is in line with recent

simulations on both quasi 2D and 3D dipolar systems [72,73], although the latest results

from Tavares et al. do suggest the occurrence of a phase transition in quasi 2D dipolar

hard-sphere systems [74].

At high density and low temperature the phase diagram of dipolar hard-spheres pre-

dicts the existence of a ferroelectrically ordered state [72,73,75–77], which can be either

liquid or solid. This relates to assemblies of Co nanocrystals that have been imaged with

conventional TEM and that also indicate strong (collective) dipolar behavior [10, 21].

The collective behavior of magnetic nanoparticles has been extensively studied since

this is considered to be a key aspect in the existence of a L-G transition [78–83].

Until recently, most theoretical and simulation work concerned monodisperse ferro-

fluids, and the effect of polydispersity has hardly been addressed [84], despite the fact

that polydispersity is an intrinsic property of colloidal particles realized in the labo-

ratory [47] and in nature [32]. However, since polydispersity has impeded a realistic

comparison between the equilibrium thermodynamics of real magnetic colloids and of

dipolar spheres from simulations, renewed interest occured in the equilibrium struc-

tures of polydisperse ferrofluids. Notably, the effect of polydispersity on the formation

of aggregates has been studied in more detail both theoretically [85–90] and by sim-

ulations [91–95], mostly using bidisperse ferrofluids. Experiments have shown that

polydispersity in ferrofluids can affect the physical properties [96], including the viscos-

ity [85, 97] and the magnetization properties [98, 99], due to dipolar chain formation of

the large particles in the lognormal size distribution.

Field-induced phase behavior

To understand the phase behavior of dipolar fluids, many studies have been performed

on fluids exposed to an external magnetic field, often with particles with induced dipole

moments. Examples of induced-dipole systems are, for instance, electrorheological [100–

103] and magnetorheological fluids [104, 105]. In the case of particles with an induced

dipole moment, simulations have shown a variety of solid equilibrium phases in the

presence of a magnetic field, among which the body-centered-tetragonal (BCT) and

face-centered-cubic (FCC) phases [100,106,107], that can coexist with the chain phase.

Experimentally, magnetic-field-induced order and chaining has indeed been observed in

ER fluids [100] and MR fluids [105]. That is, elongated clusters can form due to lateral

interactions between the chains, yielding semi-ordered nanoparticle arrangements [1,70,

71, 108–110]. However, the particle size that is typically used in these experiments is

much larger compared to the nanometer scale in ferrofluids.

The field-induced morphology and microstructure of ferrofluids have been extensively

studied in confined geometries like thin fluid films between glass plates but also on
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substrates while the solvent evaporates. In these experiments, where the magnetic

field was applied perpendicular to the substrate (glass plate), a myriad of structures

has been observed such as chains, sheets, labyrinth-like structures, and hexagonally

ordered structures [111–116]. The field-induced behavior of ferrofluids has also been

explored with in-plane magnetic fields for ferrofluids with particles containing iron or

cobalt [1,108,117,118]. Recently, field-induced hexagonal order has been observed with

SANS in Co ferrofluids in three dimensions [109].

1.4. Scope of this thesis

In this thesis we will study the microstructure of sterically-stabilized colloidal parti-

cles with a permanent dipole moment in dispersions under various conditions. To inves-

tigate the structure formation in these dispersions we pursue both real-space imaging

and scattering techniques. For many decades, scattering techniques such as small-angle

neutron scattering have shown to be a powerful tool to study ferrofluids [119, 120].

It was only recently that cryogenic transmission electron microscopy (cryo-TEM) has

been successfully employed to image (magnetic) colloids in real space in thin liquid

films of dispersion [1, 121, 122]. The primary aim of this thesis is to understand the

microstructure of dispersed magnetic colloids in both zero and applied magnetic field.

The first part of this thesis is devoted to the development of a new colloidal model

system consisting of weakly polydisperse magnetite nanoparticles that is suitable for

studying the microstructure quantitatively on the single particle level (Chapter 2). In

Chapter 3, the composition of the surfactant layer and the specific attachment to the

surface of the particles is studied quantitatively using infrared spectroscopy.

The second part of this thesis addresses the formation of dipolar chains in dispersions

of dipolar colloids in the absence of a magnetic field. In contrast to most other ferro-

fluids, the newly developed magnetite ferrofluid allows studying the dipolar structures

quantitatively using cryo-TEM. Chapter 4 describes the quantitative real-space study

of the dipolar structures on a single particle level as a function of concentration and

particle size. Moreover, the relatively high accuracy with which the size of particles can

be varied renders it possible to prepare mixtures of ferrofluids that contain two different

mean particle sizes (Chapter 4). This allowed us to investigate a fundamental prob-

lem in ferrofluids: polydispersity, an effect that is experimentally hard to overcome. In

Chapters 5 and 6 the focus is shifted to the reversibility of magnetic dipolar chain

formation and to the rotational diffusion of these objects studied with complex mag-

netic susceptibility. Another example of dipolar chains is presented in Chapter 7, in

which are imaged one-dimensional self-assembled structures of quantum dots that pos-

sess an electric dipole moment. This work was motivated by recent experiments on

monolayers of PbSe nanocrystals in which atomic alignment was observed over large

distances [123, 124], suggesting the presence of a directive force.
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In the third part of this thesis we investigate the effect of a homogeneous magnetic

field on the microstructure of ferrofluids. First, in Chapter 8 we study the effect of

dipolar chains on the field-dependent magnetization of ferrofluids for which no clear

experimental evidence has been provided so far, and we compare our results with a

recently developed mean-field model that incorporates the field-dependent formation

and alignment of flexible dipolar chains [125, 126]. Second, using cryo-TEM we study

the structures that are formed in 2D films of dispersion and we quantify the structural

differences as a function of particle size (Chapter 9). In the last two chapters of this

part, the microstructure in ferrofluids is studied in DC magnetic fields (Chapter 10)

and in AC magnetic fields (Chapter 11) using small-angle neutron scattering (SANS).



10 1. Introduction



Part 1

Colloidal Model System





2

Synthesis and Characterization of

Dipolar Magnetic Iron Oxide

Colloids

Abstract
Synthetic colloidal magnetite (Fe3O4) particles can be prepared sufficiently

large (up to approximately 20 nm in diameter) to exhibit rich dipolar struc-

ture formation in colloidal dispersions, which can be imaged by cryo-TEM.

The particles are prepared by a seed-mediated growth method starting from

very small nuclei (4 nm diameter) and the subsequent controlled addition of

chemical precursors. In this way, the average size of the particles in disper-

sion can be tuned through the amount of added reactants. The final synthesis

product is a stable dispersion of single magnetic domain, air-stable, sterically-

stabilized colloidal particles in an organic solvent (Decalin). The particle sizes

determined with various characterization techniques agree well with each other.

Moreover, we show that the dipolar structures can be imaged in situ by cryo-

TEM, whereas conventional TEM involves drying that may drastically change

dipolar structure morphology. Compared to conventional ferrofluids, these dis-

persions are better suited for quantitatively studying the microstructure and

thermodynamics of dipolar fluids because of their much lower polydispersity

and because of the larger attainable sizes (dipole moments).

13
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2.1. Introduction

Iron oxide (Fe2O3 or Fe3O4) forms the basis of most dispersions studied in the field

of magnetic fluids and magnetic colloids [36, 127–129]. Ferrofluids consist of colloidal

dispersions of sterically or charge stabilized magnetic particles in either water or or-

ganic solvents. Historically, the first preparation method involved grinding of magnetite

mineral in a surfactant solution [5]. This was followed by chemical precipitation meth-

ods [6–9] which, with various improvements and modifications [23,130], are still widely

applied. However, these methods have serious drawbacks when it comes to study the

fundamental physical chemistry of dipolar fluids. First, they result in highly polydis-

perse particles (typical is a lognormal distribution with 40% polydispersity), and control

over the average particle size is limited. Fractionation methods [98] can be used to vary

the average particle diameter, but polydispersity remains high. Second, the average

particle diameter is typically only 10 nm, which is insufficient for significant dipolar

structure formation in zero field (though, of course, ferrofluids strongly interact with

external fields, a property that is commercially exploited in ferrofluid rotary shaft seals

for instance [127]).

Dipolar structure formation is expected when the dipolar potential energy exceeds

thermal fluctuations, that is, for a dimensionless magnetic interaction Vmax > 2 in the

head-to-tail configuration of the dipoles, where

Vmax = −µ0µ
2/(2πkBTσ

3) (2.1)

and where µ0 = 4π×10−7JA−2m−1, µ is the magnetic dipole moment of one particle,

kB is the Boltzmann constant, T the absolute temperature, and σ the hard core diam-

eter. Since the interaction is Vmax ≈ 0.6 for 10 nm particles coated with a 2 nm thick

organic surfactant layer, any aggregation in zero field is most likely due to isotropic van

der Waals attractions between iron oxide cores [70]. For strongly magnetic particles,

simulations such as those by Chantrell and co-workers [131] predict the formation of

dipolar chains and flux-closure rings. Experimentally, the magnetic equilibrium struc-

tures were first observed by Butter et al. in sterically stabilized colloidal iron ferrofluids

with iron cores of 13 to 14 nm [1] .

Due to the relatively small particle sizes, such zero-field dipolar structures have not

been imaged in conventional magnetite fluids, not even with in situ cryogenic trans-

mission electron microscopy (cryo-TEM) [70]. A possibility to obtain larger magnetite

particles is to harvest them from magnetotactic bacteria [31]. Indeed, such particles

form the chain structures expected for strongly dipolar particles. The yield of bac-

terial magnetite, however, is low and the colloids are difficult to purify from organic

residue [31]. Moreover, this biomineralization does not allow adjustment of the particle

size.
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Here, we describe the synthesis of a new colloidal model system that can be used to

study the microstructure of dipolar fluids. First, a theoretical background is described.

Second, the preparation of small seeds (nuclei) is presented. This is followed by the seed-

mediated method to grow the small seeds to sizes between 4 nm and 20 nm in diameter.

Next, the resulting particles are characterized with various techniques, e.g., transmission

electron microscopy (TEM), X-ray diffraction (XRD), infrared (IR), and magnetization

measurements. In particular, cryogenic TEM shows that these newly developed systems

facilitate quantitative cryo-TEM studies of the dipolar microstructure in quasi-2D films

of dispersion.

2.2. Theoretical background

The ferrofluids that are discussed in this chapter contain mono-domain magnetic

particles. Consequently, the magnetic dipole moment µ of a particle is given by the

volume of the particle times the saturation magnetization per unit volume ms (4.8 × 105

Am−1 for magnetite [36]). Assuming spherical particles with a magnetic radius aM , the

dipole moment µ (in units of Am2) is given by µ = (4π/3)a3
Mms. The magnetic radius

is frequently found to be lower than the physical radius of the particle. This can either

be ascribed to a thin nonmagnetic oxide layer or to the uncoupling of magnetic spins

near the surface of the particle, for instance resulting from interactions with surfactant

molecules [132] .

In zero field, the interaction between two particles with vector dipole moments ~µi

and ~µj depends on their magnitude, orientation, and separation ~r:

V =
µ0

4πkBT

(

~µi. ~µj

r3
− 3(~µi.~r)( ~µj .~r)

r5

)

(2.2)

where µ0 is the permeability of vacuum (equation (2.1)). If the dipoles are oriented in

the head-to-tail configuration, equation (2.2) converts to equation (2.1), indicating the

maximum pair attraction Vmax for monodisperse particles. σ is the hard core diameter

of the particle, assuming that the surfactant layer of sterically stabilized particles can be

considered as a hard shell. Note that the maximum pair attraction scales with a6
M/σ

3,

indicating a strong size dependence of the maximum pair attraction.

In addition to the magnetic interaction there is an isotropic van der Waals attraction

between two particles, given by [133]

VV dW = −A
6

(

2a2
core

r2 − 4a2
core

+
2a2

core

r2
+ ln

(

1 − 4a2
core

r2

))

(2.3)

with A the Hamaker constant (A ≈ 10−19 J for iron oxide in hydrocarbons) [127].

Assuming spherical particles, the van der Waals attraction is of the order of 1 kBT for
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20 nm iron oxide particles separated by a 4 nm surfactant layer (twice the length of a

single oleic acid molecule).

In zero external field, the dipoles of the particles are isotropically distributed due to

thermal motion, resulting in zero magnetization of the ferrofluid. In an applied magnetic

field, the dipole moments of the particles become (partially) aligned in the direction of

the magnetic field, inducing a magnetic moment in the sample. The maximal interaction

energy of the dipoles with an external magnetic field H is µ0µH. For non-interacting,

monodisperse particles, the magnetization M as a function of the external magnetic

field strength H in A/m is given by the Langevin equation:

ML = Msat[coth(ε) − 1/ε] (2.4)

where ML is the sample magnetization in A/m according to Langevin [134], Msat

the saturation magnetization, and ε = µ0µH/(kBT ). The initial susceptibility χi then

corresponds to the linear low-field part (µ0µH << kBT ) of the Langevin equation:

ML = χiH ≈Msat(α/3) , for α << 1 (2.5)

where χi is µ0µMsat/(3kBT ). This means that measuring a magnetization curve

allows determination of the magnetic dipole moment µ. Assuming that the particles

are monodisperse spheres, the magnetic particle radius (aM) of the magnetite particles

can be calculated via equation (2.5) (see Table 2.1), using the bulk magnetization value

ms = 4.8 ×105 Am−1 [36].

a3
M =

χi

Msat

(

9kBT

4πµ0

)

(2.6)

A more elaborate magnetic analysis taking into account dipole-dipole interactions is

the subject of Chapter 8.

2.3. Experimental section

Materials

Iron(III) acetylacetonate (Fe(acac)3, Acros, 99%), oleic acid (Aldrich, 99%), oleyl-

amine (Fluka, > 70%), phenyl ether (Acros, 99%), 1,2 hexadecanediol (Aldrich, 90%),

and Decalin (cis− trans mixture, Merck, > 99%) were used as supplied.

Synthesis of colloidal iron oxide dispersions

Recently, a novel organometallic synthesis method was reported by Sun and cowork-

ers [12] to produce low-polydispersity magnetite particles. We examined this method

extensively but found it quite difficult to reproduce a specific particle size and to reach

particle diameters of 20 nm and beyond. Since we expected that a magnetite diameter
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of at least 20 nm was needed for dipolar chain formation, it was necessary to develop a

modified procedure (see below) to obtain such large particles in a sufficiently high yield.

Our procedure resulted in a controlled and reproducible growth of magnetite particles,

which allowed the direct imaging of the quite abrupt transition to dipolar structure

formation upon increasing particle size.

Small seed particles (diameter 4 nm) were prepared following Sun et al. [12]. In this

method, small seed particles are prepared by mixing Fe(acac)3 (2 mmol) in phenyl ether

(20 mL) with 1,2 hexadecanediol (10 mmol), oleic acid (6 mmol), and oleylamine (6

mmol). Subsequently, the reaction mixture was heated to reflux around 260 ◦C (oil

bath) for 30 minutes under nitrogen atmosphere. Then, the oil bath was removed and

the reaction mixture was cooled to room temperature.

This mixture was treated as follows to obtain the magnetite particles in Fig. 2.2, of

which the largest (21 nm) clearly exhibit dipolar structure formation. First, the seed

solution was washed by adding at most 20 mL ethanol and precipitated within several

minutes by using a small magnet (1000 Gauss), recovering approximately 95% of the

material. To grow the particles, the sediment collected by the magnet was redispersed

in diphenyl ether (20 mL) by shaking and adding 50 µL of oleic acid and 50 µL of

oleylamine. After ultrasonification for several minutes, a dispersion was obtained that

was used for further growth. The dispersion was transferred to a reaction flask, and

under stirring, the same amounts of precursors were added as in the seed synthesis.

Next, the mixture was gradually heated to reflux within 15 minutes and subsequently

refluxed for an additional 30 minutes. Finally, the washing procedure with ethanol

was repeated and the product was transferred to diphenyl ether, or to Decalin if no

further growth was required. The largest particles (21 nm) were prepared by repeating

this method up to 10 times, starting with the addition of extra surfactants and the

subsequent ultrasonification step. An advantage of applying several growth steps is

the low polydispersity (< 10% ). Using the seed mediated growth method, a series of

samples was prepared in which each sample has a different mean particle size. In this

chapter, the characterization of mainly three samples with codes A, B, and C (Table 2.1)

will be discussed.

Characterization of iron oxide dispersions

The size and polydispersity of the particles was determined using (cryo-)TEM, X-ray

diffraction (XRD), and small-angle neutron scattering (SANS).

Transmission electron microscopy images were made using a Philips Tecnai 12 at 120

kV on grids coated with a Formvar film. The grids were prepared by dipping them

in a dilute dispersion and leaving them to dry under an angle of 30◦. Particle size

distributions were determined using an image analysis program (iTEM).
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Table 2.1. Sample characteristics of systems A-C

Code A B C

dTEM (exluding surfactant layer) (nm) 9.6 ± 1.2 16.1 ± 2.6 20.0 ± 2.4

dXRD (nm) 8.7 ± 1.3 15.6 ± 2.5 20.6 ± 3.5

dM (nm) 9.0 13.8 18.4

< dSANS > (nm) 9.7 ± 1.9 13.4 ± 2.7 18.1 ± 3.6

µ (10−19Am2) 1.7 6.6 15.5

dipole-dipole attraction Vmax (kBT )1 -0.6 -4 -9

1Determined using the dipole moment of the particles directly obtained from magnetization curves and the

interparticle distance obtained from radial distribution (g(r)) analysis of cryo-TEM data.

SANS measurements were performed on dispersions in a mixture of H-Decalin and

D-Decalin (deuterated) to probe the core-shell structure of the individual particles.

The average particle sizes obtained from fitting SANS data of diluted samples are

given in Table 2.1. SANS measurements were conducted at room temperature on the

V4 [135, 136] instrument installed at the BERII reactor of HMI situated in Berlin (for

more details see Chapter 10).

X-ray diffraction (XRD) data were collected on an Enraf-Nonius CPS 120-diffractometer

under Co Kα radiation (λ=1.789 Å).

Ex situ FTIR spectroscopy was performed at 293 K. The samples were prepared

by precipitating 0.5 mL ferrofluid with 25 mL ethanol and centrifuging for 2 hours

at 18000 rpm (39000 g) in an Avanti j-20 XP ultracentrifuge with a JA 25-50 rotor

(Beckman Coulter). The sediment was first transferred to 260 mg potassium bromide

(Fluka, spectroscopic grade), then heated in air for an hour at 80 oC to remove traces

of solvent, and finally pressed into pellets. Prior to mixing, potassium bromide was

vacuum dried at 80 oC for 10 h in order to minimize the water content. A Perkin Elmer

System 2000 FTIR spectrometer was used for scanning in the range of 370-4000 cm−1

with a resolution of 1 cm−1 and an accumulation time of 5 minutes.
57Fe-Mössbauer absorption spectroscopic measurements were performed on approx-

imately 0.5 mL ferrofluid at room temperature and at 4.2 K (liquid helium) with a

constant acceleration spectrometer in a triangular mode, using a 57Co:Rh source (14.4

keV). The reported isomer shifts are relative to a calibration sample of sodium nitro-

prusside (Na2Fe(CN)5NO.2H2O) at room temperature.

Dynamic susceptibility spectra in the 3 to 105 Hz range were recorded using a home-

built setup [69] with mutually inducing coils (Helmholtz configuration). All measure-

ments were done at room temperature. The interaction energy of the magnetic field

(30 A m−1 amplitude) with the iron oxide particles was on the order of 10−2 kBT . As

a result of the weak field it was assumed that the forces acting on the particles did not

influence the microstructure of the systems.
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Figure 2.1. (a) Schematic picture of the thin vitrified film of dispersion pre-

pared for cryo-TEM, and (b) representative image of a full film of dispersion

in one of the holes of the holey carbon film.

Magnetization curves of the dispersions A, B, and C were measured at room tem-

perature using an alternating gradient magnetometer (AGM) Micromag 2900 (Prince-

ton Measurements Corporation) in small (approximately 2 µL) sample containers. The

measurements were conducted at the resonance frequency of the probe (including the

sample container), which was approximately at 240 Hz. The dipole moments µ in Ta-

ble 2.1 are obtained from the initial (low field) magnetic susceptibility in the limit of

low concentrations (see Chapter 9). Magnetic diameters (dM = 2aM) were calculated

using equation (2.6) (see Table 2.1).

Cryogenic transmission electron microscopy

Cryo-TEM images were made by preparing a vitrified film of dispersion on grids with

holey carbon film (R2/2 Quantifoil Micro Tools, Jena, Germany). The samples were

prepared by placing a droplet of ferrofluid onto the holey carbon grid and by removing

excess solution by automatically blotting with absorbing paper using a vitrobot (1 ×
2 seconds blotting, approximately 1 second before the vitrification process) [121, 137].

In this way, a free-standing film was produced in the grid holes (diameter 2 µm, see

Fig. 2.1b) with a thickness of roughly one particle diameter (see Fig. 2.1a). This film was

subsequently vitrified (not crystallized), by arresting thermal motion by plunging the

film into liquid nitrogen [138], causing the solvent to glassify. Liquid ethane or propane

(frequently used in experiments with water films) could not be used as a cryogen since

organic solvents like Decalin can partially dissolve in these liquids [122]. The freezing

rate that can be achieved with liquid nitrogen for films with a thickness less than a few

hundred nanometer is on the order of 1000 K per sec [122]. Since the film thickness is

less than 25 nm, the actual freezing rate is likely to be even much faster. The smooth

background in Fig. 2.1b demonstrates that the solvent is vitrified, since crystallization

would lead to strong scattering of the electron beam and, consequently, to loss of image

resolution. Note that the average breakup time of the dipolar structures is smaller
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Figure 2.2. Representative TEM bright field images of magnetite particles

deposited from Decalin dispersions on polymer-coated, carbon-sputtered cop-

per grids. (a) 6.3 nm particles, (b) 9.6 nm particles, (c) 16.1 nm particles,

and (d) 21 nm particles. The 16 nm particles (c) are fixed in droplet-shape

islands with an isotropic internal structure, while the 21 nm particles (d) are

present in long dipolar chains. Drying effects play an important role in the

microstructure observed here by conventional TEM.

(approximately 0.1 s.) [139] than the preparation time of approximately 3 s of the cryo-

TEM film. Transportation of the prepared films to the electron microscope was done

with the samples in liquid nitrogen. While still in liquid nitrogen, the grids were placed

into a specially devised cryo-holder which could be mounted in the microscope. The

presented CCD-images were taken on a Philips Tecnai 12 TEM operating at 120 kV.

For a review on the application of cryo-TEM to colloidal systems see ref. [121].

2.4. Results and discussion

The four conventional TEM images in Fig. 2.2 schematically show the result of the

applied seed-mediated synthesis procedure. In every synthesis step the particle size is

increased and the polydispersity is decreased, according to the analysis in Fig. 2.3. In

this way, the polydispersity was reduced to less than 8 % for particles with an average

diameter of 20 nm. Moreover, TEM imaging clearly shows the growing effect of dipolar

attractions for increasingly large magnetite particles. It can be seen that the 16 nm
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Figure 2.3. The polydispersity (excluding the surfactant layer) and the av-

erage particle diameter as a function of the synthesis step.

particles form droplet-shaped structures expected for particles with dominant isotropic

interactions, while the 20 nm particles show linear chains as a result of prevailing

magnetic interactions.

Cryo-TEM images of vitrified Decalin dispersions, prepared using a vitrobot [137],

are displayed in Fig. 2.4. The dispersion consisting of 16 nm particles is distinguished

by short dipolar structures and many single particles. The 20 nm magnetite particles

clearly display single and branched chains as well as flux-closure structures in striking

resemblance with simulation results [131]. The anisotropic features are clearly due to

dipole-dipole interactions, favoring a head-to-tail configuration. The images indicate

that the dipolar chains consist of up to 20 particles. Figs. 2.4 b and c clearly show

snapshots of a dynamic equilibrium between single particles and worm-like structures.

By comparison, Figs. 2.2 b and c demonstrate the substantial effect of drying the

dispersions for conventional TEM: single particles are absent and extensive parallel

chains are formed, which according to cryo-TEM are not present in the dispersion

(Fig. 2.4).

The characterization of the particles was mainly done for the dispersions A, B, and

C (see Table 2.1). These systems were selected for their large average particle size and,

consequently, for their corresponding large dipole moment.

To characterize the colloidal particles, SANS measurements were conducted and a

core-shell model was used (see Chapter 10) to fit the scattering curves of diluted samples,

which are expected to contain no structures. The scattering intensities for the diluted

systems were fitted according to

I(−,+)(Q) = NP

∫

j

Nj(R)[F 2
N (Q) + sin2 α(F 2

M (Q)) ± 2FN (Q)FM (Q)]S(Q,α)dR (2.7)
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Figure 2.4. Typical in situ cryo-TEM images of vitrified magnetite disper-

sions A, B, and C in zero field. The inset in panel C shows an example of the

large flux-closure rings that can form in this strongly dipolar fluid.
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Figure 2.5. Zero-field scattering data (radial average) of system B (◦) and

system C (�), the solid line showing a fit using the core-shell model to fit

diluted samples (Chapter 10).

using S(Q) = 1 and the theoretical contrast values. In equation (2.7), Nj(R) is the

size distribution of particles with number density NP . FN(Q) and FM(Q) are the nuclear

and magnetic form factors of the particles, respectively, and α is the angle between the
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Figure 2.6. (a) X-ray diffraction pattern of system C (d=20 nm). (b) Typical

ex-situ IR spectrum obtained of sedimented particles after ultracentrifugation.

The non-identified peaks are discussed in Chapter 3.

scattering vector Q and the magnetic field direction. S(Q,α) is an anisotropic structure

factor that accounts for the local order of the particles and which for diluted systems is

S(Q)=1. The size of the core and the thickness of the shell were determined from a fit of

the scattering curves of dilute samples (Fig. 2.5). In all cases, volume weighted average

core diameters < dcore > ranging from 9.7 to 18.1 nm were obtained that agree well

with the average particle sizes from TEM, X-ray diffraction (XRD), and magnetization

curves (Table 2.1). From fitting the SANS data, a surfactant shell thickness of 2.1 nm

was obtained, which is in line with g(r) data obtained from analyzing cryo-TEM images

that indicate a particle separation in a chain of one time the diameter d plus 3 to 4 nm

(Chapter 4). Since the thickness of the surfactant layer agrees with the length of one

oleic acid or oleylamine molecule, this indicates that the particles are grafted with a

monolayer of surfactants. The SANS data are discussed in detail in Chapter 10.

XRD was used to verify the crystal structure of the colloidal particles. The position

and the relative intensity of all diffractions peaks match well with diffraction patterns

of magnetite described in literature (compare Fig. 2.6 b with Table 2.2) [12, 140, 141].

For maghemite (Fe2O3), most peaks are shifted to slightly higher angles, though the

relative intensities are approximately the same [12,141]. Using Scherrer’s formula [142],

line broadening in systems B and C agrees with physical diameters of 16 and 20 nm

respectively (taking into account equipment resolution). These values are close to the

average particle sizes determined by statistical analysis of the TEM images, indicating

that the particles are single crystals. The single-crystal structure of the particles was

also observed with high-resolution TEM.

Ex situ infrared spectroscopy confirms the composition of the synthesized particles

(Fig. 2.6 a). Particularly the peak positions at 635 cm−1 and 585 cm−1 support the
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Table 2.2. X-ray diffraction reference data for magnetite. [140]

d(Å) 2θ relative intensity h k l

2.967 35.09 30 2 2 0

2.532 41.38 100 3 1 1

2.099 50.44 20 4 0 0

1.616 67.23 30 5 1 1

1.485 74.11 40 4 4 0

presence of magnetite particles [141,143,144]. The origin and the position of these bands

can ascribed to the splitting of the ν1 vibration of Fe-O in bulk magnetite [141]. In the

literature, small shifts to higher wavenumbers have been reported for these bands if it

concerns magnetite particles in the nanometer regime [143]. For maghemite, however,

the typical position of these bands is much lower, e.g., of the order 568 cm−1 [144].

Fig. 2.7 shows the Mössbauer spectra of dispersion C obtained at 77 K and 4.2 K.

The Mössbauer effect is based on the interaction of gamma radiation with the 57Fe

nuclei (for iron oxides). Transitions between different energy levels (between I=1/2 and

I=3/2) cause resonant absorption. The movement of the source ensures that the nuclear

transition energies of the absorber will match the energy levels of the source at a certain

velocity. Between the Curie and Verwey temperatures, magnetite is ferromagnetic and

the Mössbauer spectrum is usually fitted based on two contribution: one corresponding

to high spin Fe3+ on tetrahedral sites and one to Fe2.5+ on the octahedral sites. Below

the Verwey temperature, the spectrum of magnetite can consist of more than two

contributions.

The low-temperature spectra in Fig. 2.7 show that the magnetic moments of the

particles are blocked at these temperatures since for magnetite this typically results in

two sextets that are slightly shifted depending on the particle size [145,146]. The origin

of the two sextets is the existence of the two ionic states Fe3+ and Fe2.5+. The sextets

in the spectra were fitted with a few contributions, resulting in the fit parameters listed

in Table 2.3. The lines in Fig. 2.7 indicate the sum of the different contributions.

The measured hyperfine fields in Table 2.3 indicate the presence of magnetite. The

broadening or asymmetry of the bands of the most outer peaks suggests the presence

of Fe3+ and Fe2.5+ sites. Furthermore, the quadrupole shift is found to be zero, which

is in line with the presence of magnetite. From the spectra it could be concluded

that the magnetic colloids are iron oxide particles, most likely magnetite, with a small

contribution (5 %) of undefined iron oxide. For dispersion B, similar results were

obtained, despite the smaller average size of the particles.

Magnetization curves of dilute dispersions A, B, and C are shown in Fig. 2.8. At

low concentrations and low scan rates (see Chapter 8), the curves do not exhibit any

hysteresis and yield magnetic diameters of 9.0 nm, 13.8 nm and 18.4 nm (equation (2.3)),

indicating that the particles are single magnetic domains.
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Figure 2.7. Mössbauer spectra of dispersion C obtained at (a) 77 K (top

graph) and (b) 4.2 K (lower graph).

Table 2.3. Mössbauer fit parameters of system C.

T (K) I.S. (mm/s) Q.S. (mm/s) H.F. (T) S.C. %

77 0.70 - 51.5 94.5

77 0.68 0.90 - 5.5

4.2 0.72 - 51.6 95.9

4.2 0.63 0.65 - 4.1

I.S.=isomer shift, Q.S.=quadrupole shift, H.F.=hyperfine field, S.C.=spectral contribution

Dynamic susceptibility spectra (Fig. 2.9) reveal that the magnetic moment is free to

rotate inside the 16 nm particles (Néel relaxation) but fixed inside the large structures

obtained with the 20 nm particles. The structures that are present in system C have

a characteristic relaxation frequency of the order of 100 Hz, indicating large dipolar

structures (see Chapters 5 and 6).

2.5. Conclusion

We have shown that synthetic magnetite colloidal dispersions can be prepared with

particle dimensions that are sufficiently large to exhibit rich dipolar structure formation

in zero field, which can be imaged by cryo-TEM. The particles can be prepared with

different mean sizes and with low polydispersity. In contrast to conventional dipolar

fluids, these dispersions are very promising model systems for quantitatively studying

the microstructure of dipolar fluids. The particle sizes that are obtained with various

characterization techniques agree well with each other.
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Figure 2.8. Magnetization curves of dispersions A(•), B(�), and C(�). Here

M is the total magnetic moment of the sample, the experimentally measured

quantity.
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Figure 2.9. Frequency dependence of the real χ
′

and imaginary χ
′′

compo-

nents of the magnetic susceptibility of system B and C at a magnetite particle

concentration of approximately 300 mg/mL.

Acknowledgements

This work has been performed together with Chantal Vonk and Maria Claesson (Van

’t Hoff Laboratory). Hans Meeldijk (Electron Microscopy Department of Molecular Cell

Biology, Utrecht) is acknowledged for his help with the cryo-TEM. Albrecht Wieden-

mann (BENSC, HMI, Berlin) is thanked for his help with the SANS measurements.

The XRD measurements were performed by Marjan Versluijs (Inorganic Chemistry

and Catalysis, Utrecht). We also express our thanks to Arjan Overweg (IRI, Delft) for
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Surface Analysis of Sterically

Stabilized Magnetite Nanoparticles

in Cyclohexane

Abstract
The surface of magnetite (Fe3O4, d = 6.3± 0.7 nm) nanoparticles dispersed in

cyclohexane was studied in the presence of oleic acid and oleylamine using in

situ FTIR spectroscopy. Equimolar mixtures of these surfactants are widely

used in the chemical synthesis of nanoparticles with a low polydispersity. Here,

the IR spectra indicate that oleic acid molecules adsorb to the magnetite sur-

face as a carboxylate. Measurements as a function of surfactant concentration

yield an adsorption isotherm, with about 2 surfactant molecules adsorbed per

nm2 of magnetite at 1 mM surfactant concentration and about 3.5 molecules

per nm2 at 310 mM, of the order expected for full monolayer coverage. No

spectral indication is found of oleylamine molecules at the surface of magnetite.

In solution, however, almost every oleylamine molecule combines with an oleic

acid molecule to form an acid-base complex, with an association constant of

3.5 × 104 dm3mol−1.

27
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3.1. Introduction

Inorganic nanoparticles whose surface is covered with surfactants like oleic acid can

generally be dispersed in apolar solvents. The polar head of the surfactant molecules

adsorbs to the nanoparticle surface, and the apolar tail of the surfactant is soluble.

Many chemical routes for the synthesis of nanoparticles rely on varying the type and

concentration of surfactants to tune the size of the nanoparticles obtained. A much-

used surfactant for magnetic nanoparticles in non-aqueous ferrofluids is oleic acid [6],

but recently the equimolar combination of oleic acid with oleylamine has been advo-

cated [11, 12, 147]. Oleylamine affects the synthesis of nanoparticles of various mate-

rials, including FePt [11], FeMo [147], and magnetite (Fe3O4) [14, 147], although the

mechanism remains unclear. Moreover, surfactant desorption is expected to take place

during the chemical purification steps at the end of the synthesis, but few studies men-

tion quantitative information about this problem [148, 149]. Surfactant adsorption on

nanoparticles is an important issue, since it not only affects the colloidal stability but

also the optical [150] and magnetic properties [9, 151, 152]. The magnetic properties of

magnetite are at the basis of several ferrofluid [153] and biomedical applications [46],

including contrast enhancement of magnetic resonance imaging (MRI). Here, we use

in situ FTIR spectroscopy to analyze the surface of magnetite nanoparticles that are

dispersed in solutions of oleic acid and oleylamine in cyclohexane.

3.2. Experimental

A sterically stabilized colloidal dispersion of magnetite nanoparticles in cyclohexane

was prepared according to a procedure previously described (Chapter 2) [12,14]. In this

procedure, magnetite nanoparticles are synthesized in 20 mL phenyl ether by reduction

of iron (III) acetylacetonate using 1,2-hexadecanediol. Prior to the reaction, a surfactant

mixture of pure oleic acid (cis-9-octadecenoic acid) and pure oleylamine (cis-1-amino-9-

octadecene) is added. These hydrocarbons are added to stabilize the nanoparticles that

are formed as the reactant mixture is heated to reflux for 30 minutes. After cooling

to room temperature, the particles are precipitated by adding ethanol (20 mL, p.a.)

and using a permanent magnet (0.1 T). Subsequently, the supernatant is removed and

the particles are again dispersed in 20 mL phenyl ether to repeat the above described

synthesis procedure twice. In this way, the average particle size is increased by the

seeded growth of the particles prepared in the first step and the polydispersity is reduced

from 33% to 11% [14]. After the last growth step, the supernatant was removed and

the precipitated magnetite was dispersed in 5 mL cyclohexane. Finally, the dispersions

are washed three times with 5 mL ethanol. In each purification step, the precipitates

are dried using a N2 flow and redispersed in 5 mL pure cyclohexane.
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Figure 3.1. Transmission electron microscopy (TEM) image of the investi-

gated magnetite particles (d = 6.3 ± 0.7 nm).

Transmission electron microscopy images were obtained on a Philips Tecnai 10 TEM

operating at 100 kV. The images show that the dispersion contains particles with an

average size of 6.3 ± 0.7 nm (Fig. 3.1). Line broadening in X-ray diffraction patterns

agrees with the particle diameter obtained from TEM, indicating that the particles are

single crystals [14]. The magnetic diameter (6.0 nm) calculated from magnetization

curves agrees with the physical diameter [69], indicating that the particles have a single

magnetic domain [14]. In addition to the magnetic diameter, the particle concentration

of the ferrofluid can be determined from magnetization curves. Based on the diameter,

the surface area per gram magnetite is 186 m2.

Both in situ and ex situ FTIR spectroscopy were performed at 293 K to study the

surfactant adsorption after purification. To this end, samples were prepared by first

precipitating the particles (0.4 mL ferrofluid) using 0.4 mL pure ethanol in the presence

of a magnetic field of 0.1 T. Subsequently, the precipitate was dried with N2 and the

particles were redispersed in a 1:1 mixture of oleic acid and oleylamine (0-320 mM) in

5 mL cyclohexane (Merck, spectroscopic grade) with a total magnetite concentration

of 21 g/L.

Reference solutions without magnetic particles were prepared of 1:1 mixtures of oleic

acid and oleylamine in cyclohexane ranging from 4 mM to 320 mM. Ex situ FTIR

samples were prepared by precipitating 0.5 mL ferrofluid with 25 mL ethanol and cen-

trifuging for 2 hours at 18000 rpm (39000 g) in an Avanti j-20 XP ultracentrifuge with

a JA 25-50 rotor (Beckman Coulter). Both sediment and supernatant were first quan-

titatively transferred to 260 mg potassium bromide (Fluka, spectroscopic grade), then

heated in air for an hour at 80 oC to remove traces of solvent, and finally pressed into

pellets. Prior to mixing, potassium bromide was vacuum dried at 80 oC for 10 h in

order to reduce levels of absorbed water.

All in situ measurements were conducted using a NaCl fluid cell with a sample

solution thickness of 100 µm and with the incoming beam perpendicular to the cell.
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Table 3.1. Assignment of the most relevant bands observed in the infrared spectra.

Wavenumber (cm−1) Assignment Reference Wavenumber (cm−1) Assignment Reference

in situ (fluid cell) ex situ (KBr pellet)

3006 cis ν (-CH=) [154–156] 3006 cis ν (-CH=) [154,157]

1713 ν(-C=O) [154–156,158] 2954 νa(CH3) [149,157]

1646 ν(C=C) [154–156,158] 2923 νa(CH2) [154,159]

1619 δ(NH2) [155,160] 2852 νs(CH2) [154,159]

1575 νa(-COO−) [154,158,161] 1524 νa(-COO−) [161,162]

1413 γ(COH) [157,163] 1464 δ(CH2) [159,162]

1398 νs(-COO−) [154,162] 1434 νs(-COO−) [161,162]

1285 ν(C-O) [163] 1411 νs(C-O) [159,162]

1050 ethanol ν(C-O) 1050 ethanol ν(C-O)

787 δ(CH2) [163] 635 ν1(Fe-O) [141,143,159]

723 ν(CH=CH) [156] 585 ν2(Fe-O) [141,143,159]

626 ν(Fe-O) [143,144,149]

For both (the in situ and ex situ spectra) methods a Perkin Elmer System 2000 FT-

IR infrared spectrometer was used for scanning in the range of 370-4000 cm−1 with a

resolution of 1 cm−1 and an accumulation time of 5 minutes.

3.3. Results

Surfactant solutions were first examined in the absence of magnetite nanoparticles.

The IR spectra in Fig. 3.2 are of (a) cis-oleic acid (RCOOH), (b) cis-oleylamine (RNH2),

and (c) a 1:1 mixture of those surfactants dissolved in cyclohexane. They are differential

spectra measured with cyclohexane as a reference, which explains the lack of signal

at wavenumbers where cyclohexane strongly absorbs (indicated with grey bars). The

spectra are presented in the ranges from 3300 to 2500 cm−1 and from 1800 to 500

cm−1, separated by 2 diagonal ticks on the horizontal scale bar, to show more clearly

the most relevant bands (there are no new specific bands from 2500 to 1800 cm−1).

The most relevant peak assignments of the in situ and ex situ spectra are presented

in Table 3.1. The spectra of the pure surfactants are well known from the literature

[154, 158, 163]. A common feature is the olefinic C −H stretching mode at 3006 cm−1

from the backbone of the surfactant molecules (Fig. 3.2a and Fig. 3.2b). Specific to the

oleic acid spectrum is the carbonyl absorbance at 1713 cm−1, a position that indicates

that the molecules are present in dimers that are held together by hydrogen bonding

[154, 158]. In the oleylamine spectrum the most characteristic peak is the 787 cm−1

absorbance which can be ascribed to a CH2 in-phase rock vibration [163]. The main

new spectral features of the 1:1 mixtures are the signals at 1575 cm−1 and 1398 cm−1,

respectively the asymmetric and the symmetric stretching modes of a carboxylate. They

arise from the acid-base complex of an oleic acid molecule with an oleylamine molecule:

RCOOH + RNH2 
 RCOO− : RNH+
3 (3.1)
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Figure 3.2. Differential IR spectra of surfactant molecules dissolved in cy-

clohexane: (a) oleic acid (150 mM), (b) oleylamine (150 mM), and (c) a 1:1

mixture of oleic acid (75 mM) and oleylamine (75 mM). For clarity, parts

of spectra (a)-(c) where cyclohexane strongly adsorbs are removed with grey

bars. The spectra are presented in the ranges from 3300-2500 cm−1 and from

1800-600 cm−1 with different vertical scales. Quantitative concentration de-

pendences of peak absorbances are given in the text.

The broad band from 3200 to 2000 cm−1 is ascribed to H-bonding in the complex.

A quantitative analysis was performed of spectra as presented in Fig. 3.2 as a function

of concentration. From this, the equilibrium constant for the formation of the acid-base

complex (eq. 3.1) could be obtained in the following way. The absorbance A3006 at

3006 cm−1 was taken as a measure of the total concentration of surfactants in the

system: A3006 = C3006 × [RCOOH + RNH2], where C3006 = (4.57 ± 0.025) × 10−4

dm3 mmol−1 and where [RCOOH + RNH2] is the total surfactant concentration in

mmol dm−3. The concentration of ”free” oleic acid (molecules not involved in an acid-

base complex) was determined from the absorbance at 1713 cm−1: A1713 = C1713 ×
[RCOOH], where C1713 = 8.3 × 10−3 dm3 mmol−1 and where [RCOOH] is the free oleic

acid (in dimers) concentration in mmol dm−3. The concentration of free oleylamine was
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taken to be equal to the free oleic acid concentration, because equimolar systems had

been prepared across the 4 mM to 320 mM range. The expected quadratic dependence

of the concentration of the complex on the free oleic acid concentration was confirmed.

The equilibrium constant K[acid−base] that describes the acid-base equilibrium was found

to be K[acid−base] = cab / (ca × cb) = (346 ± 4) × 102 dm3mol−1, where cab is the

concentration of RCOOH + RNH2 complex, ca the concentration of free oleic acid

and cb the concentration of free oleylamine. The equilibrium strongly favors complex

formation.

In the presence of magnetite nanoparticles in solution (see Fig. 3.3), a strong new

band appears at 626 cm−1 that can be attributed to vibrations of the crystalline lattice

of nanocrystalline magnetite [143,144,149]. At low surfactant concentration (Fig. 3.3a),

the spectra indicate the presence of adsorbed carboxylate groups with a symmetric mode

around 1420 cm−1 and an asymmetric mode at 1545 cm−1 [154,162]. At high surfactant

concentration (Fig. 3.3b), this absorption is overshadowed by that of the acid-base

complex in solution (see Fig. 3.2c). The amount of that complex can be determined on

the basis of the 3200-2000 cm−1 band, so that the contribution of solution species can be

subtracted assuming no free oleic acid or oleylamine in solution. This results in Fig. 3.3c,

which resembles the spectrum with low excess surfactant concentration (Fig. 3.3a). The

shift from 1420 cm−1 in Fig. 3.3a to 1411 cm−1 in Fig. 3.3b is probably still due to a

small contribution of non-adsorbed surfactant species (Fig. 3.3b), as a result of a small

error in the determination of the amount of non-adsorbed surfactant species using the

3200-2000 cm−1 band. The weak absorbance at 1713 cm−1 in Fig. 3.3b can fully be

ascribed to free oleic acid, because its intensity agrees with the concentration of acid-

base complex and the earlier determined association constant. No spectral feature is

found that is characteristic of an amine-containing species in the spectra of adsorbed

surfactant (Fig. 3.3a and Fig. 3.3b). The peaks around 1050 cm−1 are due to a remnant

of ethanol from the chemical purification step.

An ex situ spectrum of sedimented particles is shown in Fig. 3.4a, which is quite sim-

ilar to the in situ spectra of the particles (Fig. 3.3a). The spectrum of the sedimented

particles clearly indicates the presence of magnetite nanoparticles by the broad band

around 590 cm−1 (Table 3.1) and the methylene stretch vibration at 3006 cm−1 of the

adsorbed surfactants. In addition, a complex series of absorbance bands is observed be-

tween 1400 cm−1 and 1600 cm−1, among which the stretching modes of the carboxylate

groups of the surfactant molecules. However, comparing this spectrum with reference

spectra of the free surfactants and the complex in KBr, there is no indication of free

surfactants that are not adsorbed to the surface of magnetite. The broad band around

3400 cm−1 and the peak at 1650 cm−1 point to trace amounts of water in the potassium

bromide.
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Figure 3.3. Differential IR spectra of magnetite nanoparticles dispersed in

cyclohexane in the presence of 1:1 mixtures of oleic acid and oleylamine: (a)

at 1 mM surfactant concentration, (b) at 320 mM surfactant concentration,

(c) also at 320 mM surfactant concentration, but after subtraction of the con-

tribution of nonadsorbed surfactant species.

The surface coverage of the magnetite nanoparticles was determined as a function of

the surfactant concentration in solution, for 1:1 mixtures of oleic acid and oleylamine.

A measure of the amount of complex in solution was given by the 3200-2000 cm−1 band.

On this basis, the 1398 cm−1 absorbance by dissolved acid-base complex was calculated

and subtracted from the measured absorbance. The remaining absorbance was taken

as a relative measure for the amount of adsorbed surfactant. It was converted to an

absolute amount of surfactant on the basis of in situ spectra of particles dispersed

in pure cyclohexane. On the basis of in situ spectra the ratio could be determined

between 1420 cm−1 absorbance (adsorbed surfactants) and 3006 cm−1 absorbance, for

which the absolute calibration was given earlier. The total magnetite surface area was

calculated from the volume of magnetite and the diameter of the particles. The volume

of magnetite was calculated from the absorbance by magnetite nanocrystals at 626

cm−1, which was found to be 0.36 at the concentration of 21 g/L.
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Figure 3.4. Ex situ KBr spectra obtained after ultracentrifugation: (a) the

sedimented particles and (b) the species present in the supernatant after evap-

oration of the solvent.

The concentration dependence of the adsorbed amount of surfactants (Fig. 3.5) can

be described by a Langmuir isotherm [164], which describes the adsorption to the weak

adsorption sites, and by a constant corresponding to adsorption to strong adsorption

sites. The Langmuir isotherm is defined as θ = Kxsol/(1 + Kxsol), where θ is the

filled fraction of adsorption sites that are free at 1 mM surfactant concentration (θ

= 1 at 5.9 µmol m−2), xsol is the total mole fraction of surfactants in solution, and

K is the equilibrium constant. The strong adsorption sites are all occupied above 1

mM and correspond to 3.4 µmol m−2 (2 surfactant molecules per nm2). An estimate

of -5 kBT (-12 kJ/mol) can be given for the adsorption free energy Fads, using K =

e−Fads/(kBT ) = 115 from a fit of the adsorption isotherm. This adsorption free energy

is of the same order as the adsorption energies calculated by Korolev et al. [149] from

temperature-dependent adsorption data for oleic acid on magnetite in hexane. For the

strong adsorption sites, the adsorption free energy is significantly larger than -5 kBT .

The error bars in Fig. 3.5 are not determined by noise but they estimate a systematic

error in the determination of the baseline of the 3200-2000 cm−1 band. A second

series of infrared measurements was performed with the same magnetite particles but

at lower magnetite concentrations, affecting the contribution of IR light scattering by

the magnetite particles to the baseline absorbance and revealing that a systematic error

in its determination was the limiting factor for the accuracy of the adsorption isotherm.
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Figure 3.5. Adsorption on the surface of magnetite nanoparticles in cyclo-

hexane as a function of the surfactant concentration of 1:1 mixtures of oleic

acid and oleylamine.

Surfactant desorption during chemical washing steps was studied as follows. Ethanol

was added to destabilize the dispersion, followed by redispersal in cyclohexane. The

dispersions were still stable at 50 volume percent ethanol, even in a centrifuge at an

acceleration of 1425 g, and they became abruptly unstable around 60 volume percent

ethanol. For comparison, hexadecane is miscible with cyclohexane and has a solubility

of about 1 M at 60 volume percent ethanol and about 0.7 M in pure ethanol (hexadecane

resembles the nonpolar chain of the surfactant molecules). After addition of 50 mL of

ethanol per mL of washed (three times) dispersion and after centrifugation for 2 hours

at an acceleration of 39000 g, about one third of the surfactant desorbed, yielding

a 0.1 mM surfactant concentration in solution. This indicates that, in contrast to

what is suggested in Fig. 3.5, significant surfactant desorption may still occur when

the concentration is decreased below 1 mM; desorption of one third of the molecules

upon going from 1 mM to 0.1 mM suggests that the strong adsorption sites have an

adsorption energy of at least -25 kJ/mol (using ∆θ ≈ K∆xsol). In the spectrum

of the supernatant, obtained by quantitative transfer to KBr and evaporation of the

solvent (Fig. 3.4 b), two peaks at 1562 cm−1 and 1448 cm−1 can be observed, indicating

predominantly oleate species [161, 162]. Since no evidence is found for the presence

of oleylamine in the supernatant, this suggests that oleylamine has been removed in

previous purification steps and that oleic acid is the dominant species in the adsorbed

layer. It is remarked that surface desorption also seems to occur upon high dilution in

pure cyclohexane, as is revealed by the lower stability of dilute systems over periods of

a few months.
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3.4. Discussion

The surface of magnetite nanoparticles dispersed in cyclohexane was analyzed by

IR spectroscopy in the presence of oleic acid and oleylamine surfactants. We now

discuss the amount of surfactant that adsorbs, the role of oleylamine, and the practical

implications for the chemical preparation of magnetite nanoparticles.

The amount of 2 to 3.5 adsorbed surfactant molecules per nm2 can be compared

to the literature and to calculations on the basis of the size of the nanoparticles and

the surfactant molecules. Dubois et al. [148] used chemical micro-analysis to study the

adsorption of oleic acid without the presence of oleylamine on maghemite particles that

were initially prepared in aqueous solutions and subsequently transferred to cyclohex-

ane. They found a plateau value of about 3.5 ± 0.4 adsorbed molecules per nm2 at 10

mM oleic acid. Korolev et al. [149] used in situ IR analysis to study the adsorption of

oleic acid on magnetite particles (prepared in water) in hexane solutions; they do not

give absolute coverages, but the surface coverage attains a plateau in about the same

concentration range as in our measurements. Surfactant adsorption apparently strongly

depends on how the nanoparticles are prepared, since a plateau is reached at signifi-

cantly lower concentration by Dubois et al. [148], and complete desorption is observed

at low surfactant concentrations by Korolev et al. [149], in contrast to our findings and

those of Dubois et al. [148]. The presence of a fractional monolayer is supported by

other techniques. Both from statistical analysis of the particle-particle contact distance

observed by TEM [152] and from small angle neutron scattering (SANS) [165], a sur-

factant layer of about 2 nm thickness was deduced. This agrees with the layer thickness

expected from the size of the surfactant molecules on the basis of monolayer coverage

of the as-prepared nanoparticles by surfactant molecules attached perpendicular to the

surface. At full surface coverage, a 2-nm-thick shell of oleic acid would correspond to

about 3.8 molecules per nm2, assuming that the adsorbed surfactant volume is equal to

the surface area of the magnetite multiplied by 2 nm (assuming that every surfactant

molecule is anchored to the surface). This estimate is close to our experimental values

and those of Dubois et al. [148]. From this, it can be concluded that a large part of the

surface is covered with adsorbed surfactant molecules.

The effect of oleylamine on the adsorption of oleic acid on magnetite is not obvious.

On the one hand, the spectra do not give any clear indication of the presence of oleyl-

amine molecules at the surface of magnetite (Fig. 3.3 and Fig. 3.4). On the other hand,

the same can be said of the spectra of the acid-base complex, where despite the lack of

direct spectral evidence, no doubt exists about the presence of oleylamine (Fig. 3.2). Ex

situ IR analysis of FePt nanoparticles prepared with oleic acid and oleylamine suggest

the presence of oleylamine molecules at the surface, from absorption at 3300 cm−1 and
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1593 cm−1 [155]. However, this does not mean that the same peak positions are neces-

sarily expected here, nor that surfactant adsorption has to be the same on magnetite.

Adsorption of oleic acid on silica, for instance, is completely different, with hydrogen

bonding to surface Si-OH groups rather than the formation of a carboxylate [166–168].

A chemical argument against the presence of oleylamine molecules in the surface

layer is that it is unclear how it could bind to magnetite. Moreover, an oleic acid

molecule cannot at the same time form a carboxylate with oleylamine and with the

magnetite surface. In the preparation of FeMo nanoparticles, a 1:1 mixture of oleic acid

and oleylamine yields significantly smaller particles than either surfactant on its own,

suggesting stronger surfactant adsorption [169]. The explanation that was proposed

[169] is that due to acid-base complex formation with oleylamine, many more oleic

acid molecules have a dissociated OH-group than with oleic acid alone, and that this

promotes adsorption. Another argument could be that when RCOOH adsorbs and

becomes RCOO−, an H+ is released that must somehow be neutralized, for instance

by oleylamine, creating RNH+
3 , although neutralization could also be obtained by the

release of an adsorbed OH-group. Our adsorption isotherm does not show stronger

adsorption of oleic acid than in studies without oleylamine [148, 149]. It may be that

the only reason why use of oleylamine in combination with oleic acid is advocated with

magnetite is that this has been found to work well with other nanomaterials, and that

the influence of including oleylamine in the synthesis of magnetite has not been studied

systematically.

A practical implication of our findings is that oleic acid is still able to desorb from

magnetite even when 1:1 mixtures with oleylamine are used. Desorption therefore also

occurs during chemical purification steps of the synthesis. In such steps, nanoparticles

are separated from the solvent and excess reaction products by addition of polar solvent

like ethanol or acetone, which causes precipitation of the nanoparticles. The polar head

groups of the adsorbed surfactants are in contact with the nanoparticle surface, whereas

the apolar chains are in contact with the solution. Adsorbed surfactants do not dissolve

as well after the addition of polar solvent, but desorbed surfactant molecules still do.

It was verified that both oleic acid and oleylamine can be dissolved in pure ethanol

at molar concentrations. This means that when the nanoparticles are washed using

too much pure ethanol, significant desorption of surfactants may occur. If too much

desorbs, irreversible aggregation might occur due to van der Waals attraction between

the nanoparticles. From the adsorption isotherm, it appears that the addition of 1 to

10 mM surfactants in all washing steps is recommended, to limit desorption without

polluting the system with excessive amounts of nonadsorbed surfactant.
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3.5. Conclusion

It is unclear whether oleylamine is present in the surfactant layer adsorbed on mag-

netic nanoparticles dispersed in cyclohexane in the presence of oleic acid and oleylamine.

What is clear, however, is that oleylamine forms an acid-base complex with oleic acid

in the solution and that oleylamine does not prevent desorption of surfactant upon

dilution. This study illustrates one of the strengths of in situ IR spectroscopy in the

study of surfactant adsorption on nanoparticles. Different chemical species, in solution,

at the surface of nanoparticles, and in the crystalline core of the nanoparticles, can be

analyzed simultaneously and quantitatively. An advantage of nanoparticles is the high

surface area per gram of material, so that the absorbance of surface species is relatively

strong.
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Quantitative Cryo-TEM of

Magnetic Dipolar Structures in

Zero Field

Abstract
We present a real-space analysis on a single-particle level of the dipolar chains

and branched clusters self-assembling in magnetic fluids in zero field. Spa-

tial correlations and chain-length distributions directly obtained from tracked

particle positions in vitrified films of synthetic magnetite (Fe3O4) dispersions

provide a quantitative test for simulations and theory of dipolar fluids. A

pertinent example is an analysis of the cluster-size distribution using a one-

dimensional aggregation model: it yields a dipolar attraction energy that

agrees well with the dipole moment found from independent magnetization

measurements. Dipolar structure formation in binary mixtures indicates that

the structures mainly consist of the large particles (24 nm), while the majority

of the small particles (13 nm) remains homogeneously distributed. Neverthe-

less, a significant number of small particles is attached to large particles or to

an assembly of large particles, and the average cluster size on the basis of large

particles only is smaller than in one-component systems of the large particles.

41
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4.1. Introduction

The equilibrium statistical thermodynamics of dipolar colloidal fluids still contains

controversial topics despite a long history of theory and simulations [170]. The predic-

tion of liquid-gas criticality for spheres with a permanent magnetic moment [51], for

example, has not been validated by simulations. Most of them [54, 131, 171, 172] (but

not all [60]) fail to find liquid-gas co-existence driven by isotropic aggregation. Instead,

they reveal self-assembly of particles into dipolar chains that do not seem to macroscop-

ically phase separate. Several theories [58, 125, 170, 173] support this chain-formation

scenario, though an alternative phase coexistence between a gas of chain ends and a

high-density liquid of chain branching points was proposed [59].

Until recently, most theoretical and simulation work concerned monodisperse ferro-

fluids, and the effect of polydispersity has hardly been addressed [84], despite the fact

that polydispersity is an intrinsic property of colloidal particles realized in the labo-

ratory [47] and in nature [32]. However, since polydispersity has impeded a realistic

comparison between the equilibrium thermodynamics of real magnetic colloids and of

dipolar spheres from simulations, the last few years have witnessed a renewed inter-

est in the equilibrium structures of polydisperse ferrofluids. Notably, the effect of

polydispersity on the formation of aggregates has been studied in more detail both

theoretically [85–90] and by simulations [91–95], mostly using bidisperse ferrofluids.

Experiments have shown that polydispersity in ferrofluids can affect the physical prop-

erties [96], including the viscosity [85,97] and the magnetization properties [98,99], due

to dipolar chain formation of the large particles in the lognormal size distribution.

Quite striking in the long-standing study of permanent colloidal dipoles is the com-

plete absence of quantitative real-space information from experiments on colloidal dis-

persions. The main reason is that the dipolar particles in computero, namely monodis-

perse hard spheres with a tunable, permanent magnetic moment, are difficult to realize

in the laboratory. Only recently the predicted dipolar chains in zero field [51] have

been imaged in situ for super-paramagnetic iron colloids [1,138]. However, quantifying

dipolar structures for the iron particles was partially obstructed by the irregular particle

shape and their extreme sensitivity to oxidation.

Here, we report a quantitative study of dipolar structures in colloidal dispersions

of well-defined, single-domain magnetite (Fe3O4) nanoparticles. Their size and con-

sequently their permanent magnetic dipole moment are adjustable and they sponta-

neously self-assemble into a variety of dipolar structures (see Chapter 2) [14]. Further-

more, we report a study of binary mixtures of these low polydispersity magnetic dipolar

colloids. The aggregation behavior in these binary mixtures is compared to the self-

assembly in single-component systems [152]. In this way, the effect of polydispersity on

the structure formation is approximated.
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Table 4.1. Particle characteristics of systems A-C

Code A B C

σTEM (including surfactant layer) (nm) 13.1 ± 1.2 19.8 ± 2.6 24 ± 2.4

dM (nm) 9.0 13.8 18.4

µ (10−19Am2) 1.7 6.6 15.5

dipole-dipole attraction Vmax (scaled to kBT ) -0.6 -4 -9

Images of dipolar structures can be obtained by cryogenic transmission electron mi-

croscopy (cryo-TEM) (see Chapter 2) [1, 14] of thin (2D) vitrified films of colloidal

dispersions of magnetic nanoparticles, so-called ferrofluids [35]. Steric stabilization of

these particles in non-polar solvents substantially screens van der Waals attractions

and introduces steep steric repulsion between the particles at contact. Therefore, the

additional contribution to the pair interaction is a dipolar potential x/r3, where x is

the amplitude depending on the angular orientation of two dipoles at a center-to-center

distance r [35]. The maximal dipolar attraction (for two dipoles in head-to-tail con-

figuration) is Vmax = −µ0µ
2/(2πkBTσ

3), where µ0 = 4π × 10−7JA−2m−1, µ is the

magnetic dipole moment of one particle, kB is the Boltzmann constant, T the absolute

temperature, and σ the hard core diameter.

4.2. Experimental

Colloidal model system

Colloidal dispersions of single-domain magnetite (Fe3O4) nanoparticles (A, B, and

C) dispersed in Decalin (C10H18) were prepared according to the method described in

Chapter 2. The particles are coated with short-chain hydrocarbons of approximately

2 nm [152, 165], namely oleic acid (see Chapter 3), to prevent them from irreversible

aggregation. The dispersions were prepared with a small excess of surfactant to pre-

vent surfactant desorption [174]. The strength of the attractions and consequently the

equilibrium chain length could be tuned by adjusting the volume of the particles and

with that the dipole moment [152]. The characteristics of the individual particles of the

initially prepared ferrofluids are listed in Table 4.1, including the values for the dipo-

lar contact attraction Vmax between the particles. The values for Vmax were obtained

by using the measured dipole moment of the particles, and the interparticle distance

obtained from radial distribution (g(r)) data (Fig. 4.3).

Cryo-TEM images (Fig. 4.1) were obtained for all systems listed in Table 4.2. First,

systems B to C3 were studied (see Table 4.2). These systems only contain one average

particle size (no mixture), as is indicated in Table 4.2. Next, mixtures M1-M3 of

colloidal dispersions A and C were prepared in different ratio’s, resulting in different

surface fractions θ in the images (Table 4.2). The average surface fraction θ is defined

as NTAp/AI, where NT is the total number of particles in the images, Ap is the cross-

sectional area of one particle, and AI is the total area of all images. The total surface
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Table 4.2. Sample characteristics of mixtures M1-M5

Code B C1 C2 C3 M1 M2

components B C C C A+C A+C

surface fraction θL 0.14 0.14 0.09 0.03 0.14 0.09

surface fraction θS 0.09 0.14

surface fraction θT 0.23 0.23

dipole-dipole attraction Vmax (kBT ) -4 -9 -9 -9 -2a -2a

a The interaction energy between a small and a large particle at contact

200 nm

a b

c

500 nm

200 nm

d

Figure 4.1. Typical in situ cryo-TEM images of vitrified magnetite disper-

sions (a) B, (b) C1, and (c) C3. The surface fraction is 0.14 for systems B and

C1, and 0.03 for system C3. Panel d results from particle tracking in image

b and illustrates that the center position of every individual particle could be

obtained from the images.

fraction θT of large and small particles was 0.23 in both mixtures M1 and M2. The

surface fraction of large particles (θL) was 0.14 and 0.09 for M1 and M2 respectively. The

small-particle surface fractions (θS) were 0.09 and 0.14 for M1 and M2 respectively. The

particle correlations in mixtures M1 and M2 were compared to these in one-component

samples C1 and C2 containing only large particles with θL of either 0.14 or 0.09. To

obtain sufficiently good statistics (see below), images were taken of different films and

different parts of the films. The resolution of the images is approximately 1 nm, which

allows analyzing the images on a single particle level.
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Data analysis

To track particle positions in 2D snapshots we used similar image analysis software

as described by Crocker and coworkers [175]. Since the core of the particles is much

darker than the vitrified background (Decalin), the center positions of all particles in

the images could be easily determined from the cryo-TEM images (Fig. 4.1d). For

system B, 6 images were analyzed containing altogether 1973 particles, for system C1,

3723 particle centers were collected from 9 images, for system C2, 2399 particles were

collected from 6 images, and for system C3, 1357 particles were tracked from 10 images.

In M1-M2, the particles could be individually labeled according to their size, allowing

a distinction between small and large particles in the mixtures. To analyze the dipolar

structures in systems M1 and M2, at least 8 images were analyzed for each system

containing altogether more than 1000 large particles and more than 3000 small particles.

For M3 to M5, between 1300-6200 particle centers were collected from at least 5 images.

To characterize the dipolar structures several order parameters were calculated. In-

formation on the translational correlation lengths was obtained by calculating the two-

dimensional radial distribution function g(r). It is defined as the local particle density

at distance r from a central particle divided by the average density of the system:

g(r) =
1

ρ

〈

∑

j 6=i

δ(ri − rj − r)

〉

i

, (4.1)

where ρ is the average number density and the indices i and j run over all particles.

The radial distribution function scales with the probability of finding a particle at

distance r from a given particle.

The number of nearest neighbors per particle was determined by introducing a cutoff

distance rc. Particles were considered to be bonded if their center-to-center distance

was less than the predetermined cutoff value rc. The coordination number probability

was computed by defining a neighbor as being located within rc = 1.35σ, which is

between the first maximum and minimum in g(r). The results were qualitatively not

affected by the choice of the cutoff distance in the range 1.0-1.5 σ. In the binary

mixtures, rc was defeined as rc = 1.35(σi/2 + σj/2). To define rc, methods based on

either energy [172,176] or spatial proximity [177] criteria have been previously applied.

To examine the size and shape of the individual self-assembled structures, a distinc-

tion was made between chains and clusters (see Fig. 4.2a). A chain is an entity that

has at least one end-particle, which has only one nearest neighbor. The other end of the

chain is either another end-particle or a defect-particle [59], defined as a particle that

has more than 2 neighbors. The ends of a chain are connected by interior-particles,

which only have two nearest neighbors. A cluster has one end-particle that serves as a

starting point; all the nearest neighbors of this particle are assigned to be part of this

cluster, including their nearest neighbors, etc., until no new neighbors are detected.
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Figure 4.2. (a) The assignments of the different types of particles that are

used to define chains and clusters. (b) Curvature of a chain leads to α <1 (see

eq. 4.2).

These definitions imply that a chain can be a part of a cluster which has one or more

defects.

The deflection of dipolar chains was quantified by determining the ratio α:

α =

〈

L

(n− 1)σ

〉

n

(4.2)

where L is the shortest end-to-end distance and (n − 1)σ the total contour length

of an n-particle chain. The averaging over all chains is denoted by <>. For a perfect

straight chain this ratio is α=1, whereas for a deformed chain α <1 (see Fig. 4.2b for

an illustration).

4.3. Results and Discussion: one-component systems B and C

Dipolar structure morphology

The cryo-TEM images (Fig. 4.1) of systems B and C clearly demonstrate the effect

of increasing dipolar attractions. In system B, where on average Vmax = −4 (Table 4.1)

and, consequently, the dipolar attraction not fully dominates, a substantial number of

particles forms clusters with an irregular conformation. These clusters may be consid-

ered as the onset of dipolar chain formation. In contrast, in systems C (Vmax = −9) the

dipolar attractions dominate and anisotropic features appear because the head-to-tail

orientation is favorable for contacting dipoles. The structures that form are flexible

chains, branched chains, and flux-closure rings, i.e., the types of structures also seen

in 2D [131,177,178] and 3D [54,172] simulations. The imaged structures also resemble

the ones observed in colloidal iron dispersions [1]. Despite the high number of defects

(Fig. 4.2), most particles are still linearly connected. Furthermore, defects mainly occur

in long clusters (n >5) which indicates that short strings are relatively stable. System

C3 (Fig. 4.1C) shows that the dipolar chains partially dissociate when the system is
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Figure 4.3. (a) Radial distribution functions g(r) obtained from the cryogenic

2D snapshots for different contact attractions Vmax (B and C) and different

surface fractions θ (C1 and C3 see Table 4.2). (b) Histograms of the probability

of a coordination number Nc for a particle in ferrofluid B (�), C1 (�), and

C3 (◦). Note that the coordination number probability of C1 sharply peaks at

Nc = 2, indicating the presence of linear structures.

diluted, which demonstrates that Fig. 4.1 displays thermodynamic equilibrium struc-

tures. In addition, Fig. 4.1C demonstrates that despite a lower surface fraction in C

there is still much more correlation between particle positions than in ferrofluid A.

As a first quantification of the observed structures, we calculated the radial distribu-

tion function g(r) from the cryo-TEM images, which is presented in Fig. 4.3a. The data

show for the smallest particles (B) only one clear peak, at a distance r/σ = 1, manifest-

ing small structures only. Based on W (r)=−kBT ln[g(r)], where W (r) is the potential

of mean force, the interactions between the particles are of the order of kBT , which

corroborates the measured dipole moment of the B-particles (Table 4.1). The stronger

dipolar attractions for the larger C particles lead to more pronounced peaks in g(r)

due to linear trimers or repeating dimers in large networks. Note that g(r) maxima are

located close to integer values of the particle diameter, indicating the predominance of

linear aggregation. Furthermore, the first peak in C1 is rather sharp, which is the result

of the relatively strong particle attraction energy (Vmax = −9). Upon dilution (C2 and

C3, C2 not shown), the correlations at short distances become more pronounced at the

cost of correlations at longer distances. This clearly indicates a change in topology and

cluster size as is suggested by Fig. 4.1. Our results qualitatively confirm those predicted

by simulations on dipolar fluids [176, 178].

To better highlight the effect of particle size and concentration on the topology, we

calculated the number of nearest neighbors per particle (Fig. 4.3b). For system C1, the

distribution sharply peaks at Nc = 2, indicating the one-dimensional character of the
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Figure 4.4. (a) The deflection of the chains in terms of the ratio α (see

eq. 4.2), of the end-to-end distance to the total contour length (n−1)d, versus

the number of particles n in a chain for systems B (�) and C1 (�). (b)

Histogram of the α parameter for systems B and C1 (see text for interpretation

of α >1).

structures. The increased linearity is corroborated by the average coordination number

of system C1 which is 2.17, compared to 2.62 for ferrofluid B. The average coordination

number for C3 is 0.95, signaling the dissociation of dipolar chains into shorter units,

including more single particles and fewer clusters with defects. Indeed Fig. 4.3 shows

that the probability of having zero neighbors in C3 is much higher than in B or C3 and,

furthermore, there no longer is a maximum at Nc = 2.

The deflections of the as-defined magnetic chains are quantified by computing α.

Values for α (Fig. 4.4a) demonstrate the considerable and comparable chain curvature

for B and C1. The mean values of α for the chains in system B, C1, and C3 are 0.92,

0.93, and 0.93, respectively. Additional information can be obtained by comparing the

distributions of α for all lengths, as presented in Fig. 4.4b. The data show that both

distributions peak just below α = 1. Due to the presence of large, bended strings in

system C1 even values down to α = 0.2 can be found, which might for instance be

obtained in six-particle flux-closure rings. Values larger than α = 1 occur due to the

applied distance criteria of 1.35σ, as mentioned in the Experimental section.

To elucidate the cluster topology in systems B and C1, we calculated the average

coordination number per cluster as a function of the cluster size. The average coordi-

nation number (Fig. 4.4b) in a cluster increases as the cluster size grows. For system

B the mean coordination number approaches 2.4 for long clusters, whereas for C1 and

C3 (not shown) the limit is 2.1. These numbers indicate a more irregular shape of

the structures in B. A comparison with coordination numbers for two limiting cases,

namely, a rigid chain (1D) and a hexagonal cluster (2D) (Fig. 4.4b), further confirms
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Figure 4.5. Average coordination number per cluster as a function of cluster

size for systems B (�) and C1 (�). Two limiting cases for the average coordi-

nation number in one and two dimensions are included: linear chains (dotted

line) and hexagonal clusters (dashed line). The lines through the data points

are a guide to the eye.

that the structures in B and C1 have a pronounced one-dimensional character due to

the dominating dipolar inter-particle attraction.

Dipolar structure size distributions

We determined the chain and cluster size distributions, as shown in Fig. 4.6. The

obtained chain-length distributions for the three systems all exponentially decay with

increasing number of particles in a chain (see inset Fig. 4.6a). The average chain length

for system B is 3.6 particles whereas for system C1 it is 4.2 particles. The chain-

length probability in ferrofluid C decays faster with increasing length and indicates the

presence of significantly more single particles compared to B and C1. Consistently, the

average length is reduced from 4.2 to 1.7 particles due to dilution by a factor of 4.5.

The cluster-size distributions (Fig. 4.6b) are similar to the chain length distributions.

The average cluster sizes are 4.2 and 4.9 particles for systems B and C1 respectively.

Note that the chain-length and the cluster-size probabilities for system C3 are almost

identical, in line with the small average cluster size of 1.7 particles. Size distributions of

structures obtained by experiments with iron colloids [1] and by simulations in 2D [177]

and 3D [171] show comparable decays with increasing length at low density. The inter-

chain interactions are expected to be small at these low densities.

We propose a thermodynamical description of the chain length distribution for non-

interacting chains based on theories for micelles or living polymers [179]. Consider an

equilibrium between colloids (monomers) and linear rigid chains, described as

qA � Aq (4.3)
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Figure 4.6. (a) The chain-length distribution for systems B (�), C1 (�), and

C3 (◦). The inset shows the chain-length distribution on a logarithmic scale.

(b) The cluster-size distributions for system B (�), C1 (�), and C3 (◦). The

inset shows a fit to the data obtained for system C1 according to eq. 4.7.

where A represents the colloid monomers and Aq a chain constituted of q monomers.

The general condition for thermodynamic equilibrium is

qµ1 = µq (4.4)

where µ1 is the chemical potential of species A and µq that of Aq. In the dilute

regime, the chemical potential is given by

µi = µ0
i + kBT lnxi (4.5)

where µ0
i is the standard chemical potential, kB the Bolzmann constant, T the ab-

solute temperature, and xi the mole fraction. Rearranging eq. 4.4 and eq. 4.5 results

in

xq = xq
1exp

(−(µ0
q − qµ0

1
)

kBT

)

(4.6)

which describes the chain length distribution in terms of mole fractions as a function

of the standard chemical potential difference between q single particles and a chain with

length q. This potential difference is mainly determined by the number of contacts

(q − 1) with bond energy V in a colloidal chain of particles. However, this is only

valid if we assume that all the interparticle interactions are equal and that the change

in free energy upon chaining is only caused by the bond energy V . Applying these

assumptions, this means that the right-hand side of eq. 4.6 can be written as
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xq = xq
1exp(−(q − 1 )V ) (4.7)

where V is dimensionless and scaled to thermal energy. According to eq. 4.7, the value

of x1, the mole fraction of single particles, has to be known to obtain the complete size

distribution. In the presented quasi-2D experiments, the concentration was expressed

in terms of surface mole fraction [180] of the different species by assuming a film with

a thickness of one particle diameter, which is plausible since no overlapping particles

can be detected in the images. This distribution (applied earlier to surfactants [179])

agrees with the initial exponential decay in our own data (inset in Fig. 4.6b), whereas

it deviates for chains with n ≥ 4. This deviation is due to the flexibility and branching

disregarded in eq. 4.7. The fit to the initial decay, however, yields -9.8 ± 1 for V ,

which quantitatively agrees with V calculated from the independently measured dipole

moment of the particles (Table 4.1). As consistency requires, the data obtained for

system C2 (fit not shown) yield a similar value for the attraction V . By solving eq. 4.7

for x1, we verified that its value agrees with the experimentally obtained monomer

concentration.

4.4. Results and Discussion: binary mixtures M1 and M2

Dipolar structure morphology in binary mixtures

Fig. 4.7 shows representative cryo-TEM images obtained for the binary mixtures M1

and M2 (see Table 4.2). For M1, where θL is 0.14 and θS is 0.09, the majority of

large particles is present in large clusters, due to the strong dipole-dipole attractions

between them (Vmax = -9). The structures that form are similar to those observed

in single-component systems [152]. In contrast, since Vmax is only -0.6 for the small

particles, they hardly form any anisotropic, linear structures, although they sometimes

tend to form isotropic clusters. Moreover, the small particles are frequently involved

in the formation of aggregates containing both small and large particles, as has also

been demonstrated by recent simulation [84, 92, 94, 95] and theoretical [86] results of

bidisperse ferrofluids. Smaller particles either reside in the interstitial positions left by

the larger particles or they cling to the end or side of existing dipolar chains. The

end-position of smaller particles is explained by the relevant pair interaction parameter

Vmax = −2, describing the attraction between a small and a large particle for dipoles

in the head-to-tail configuration. The attachment of small particles to the side of a

chain is caused by the lateral magnetic field close to the relatively long dipolar chains

of large particles, leading to significant attraction in the direction perpendicular to the

chain [165]. Consequently, triangular positions of one small particle and two large ones

are frequently obtained. Similar features are found in system M2 in which the surface

fractions are reversed.
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Figure 4.7. Typical in situ cryo-TEM images of vitrified films of colloidal

mixtures M1 and M2 in zero field. For M1 the surface fraction of large (24

nm) particles θL is 0.14 and the surface fraction of small (13 nm) particles θS

is 0.09, while for M2 θL and θS are switched.

The small-particle g(r) for both M1 and M2 (Fig. 4.8a and b, dotted lines) shows that

the small particles remain homogeneously distributed due to the small dipolar attrac-

tions, despite the presence of the large particles. In contrast, the pronounced peaks at

integer values of the particle diameter in the large-particle g(r) indicate strong, linear

correlations between large particles, although they clearly decrease as a result of the

presence of small particles. A similar picture is obtained for mixture M2 (Fig. 4.8b) in

which the large particles also become less correlated when small particles are added.

The vanishing correlations are explained by the relatively small but significant pair
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Figure 4.8. Radial distribution functions g(r) obtained from the cryogenic

snapshots for (a): systems M1 (θL = 0.14) and (b): M2 (θL = 0.09). In

both figures, the dashed lines indicate the correlations in the corresponding

monodisperse systems, while the solid and dotted lines represent g(r) for large

and small particles respectively.(c) Radial distribution function for central sin-

gle, large particles and surrounding small particles in M2.

attraction (Vmax = -2) between the small and large particles. This is illustrated by

the radial distribution function (gLS(r)) of (single) large particles and small particles

in Fig. 4.8c, showing two peaks that can be expected when significant interaction be-

tween these different particles occurs. The intensity decrease of the first peaks in g(r)

describing large particle correlations only is in line with recent simulation results of

bidisperse [93] and polydisperse [94] ferrofluids, where similar interaction parameters

have been applied.

To study the topology, we calculated the number of nearest neighbors per particle.

(Fig. 4.9). For small particles in mixture M1 (Fig. 4.9a), the probability of finding

a single particle (zero neighbors) is relatively high, signaling the predominantly non-

aggregated state of these particles, although small clusters do occur. This is corrob-

orated by the average coordination number of 0.49 for the small particles. The large

particles in M1 show a distribution that sharply peaks at NC = 2 with an average

coordination number of 1.98, indicating the one-dimensional character of the dipolar

structures. This number, however, is smaller than the coordination number obtained

for the one-component system with θL = 0.14 (2.17) and with that points to the dissoci-

ation of the dipolar chains into shorter ones, resulting in more single particles, and fewer

clusters with defects. Furthermore, as consistency requires, the data demonstrate that

stronger correlations exist between small and large particles than among small particles

only since the average number of small particles next to large particles is 0.75. For

mixture M2 similar features are observed as in M1, though the effect of adding small

particles on the topology is even stronger. Compared to the one-component system of
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Figure 4.9. Histograms of the coordination number NC probability for large

particle only (�), small particles only (N), and small neighbors of large particles

(•) in ferrofluid mixtures M1 (a) and M2 (b). The open symbols (�) represent

the distribution for large particles in the corresponding monodisperse systems.

large particles, the distribution in Fig. 4.9b clearly shows a strong shift in the coordi-

nation number distribution to lower values of NC . This is expressed in the decrease

of the average coordination-number from 2.02 to 1.47. This agrees with the increasing

correlations between the two types of particles since the average coordination number

of small particles neighboring larges ones has now increased to 1.34.

Dipolar structure size distributions in binary mixtures

First, the cluster-size distributions of large particles only was calculated to determine

the effect of small particles on the average large-cluster size. In mixtures M1 and M2,

the cluster-size distributions of large particles decay exponentially, similar to the cluster-

size distributions of large particles in the one-component samples with θL = 0.09 [152].

The average cluster size in M1 is 4.3 ±0.8 particles, compared to 4.9 ±0.8 particles in

system C1 at θL = 0.09, indicating the decrease of the average cluster size due to the

intervention of small particles. In M2, the average cluster size is reduced from 4.4 ±0.9

to 2.5 ±0.4 particles, consistent with the relative increase in the concentration of small

particles. The presented errors in the cluster sizes are based on the so-called ’student

T distribution’ applying a confidence level of 95%, where the error scales with S/
√
n,

with S the standard deviation and n the number of clusters.

The chain-length probabilities in M1 and M2 decay faster with increasing length

compared to the cluster-size probabilities. The average chain lengths are 2.0 and 1.7

in M1 and M2, respectively, and are therefore more affected by the addition of the

small particles since the average chain lengths are 4.2 and 4.0 in the corresponding

monodisperse samples. This stronger effect is explained by the reduced number of
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Figure 4.10. (a) The large-particle fraction as a function of the cluster size for

M1 (�) and M2 (�). The dotted line is a guide to the eye. (b) The deflection

of the large-particle chains in terms of the ratio α, of the end-to-end distance

to the total contour length (n-1)d, versus the number of particles in a chain for

system M1 (�) and the monodisperse system (�) with θL = 0.14. The inset

shows the data for the large particles in M2 (�) and the monodisperse system

with θL = 0.09.

defects as a result of the overall cluster-size reduction, yielding more end particles and

consequently more chains.

The cluster-size distribution of small and large particles in M1 and M2 also decays

exponentially, although the average cluster size is 2.3 in both systems. The fraction of

large particles in a cluster was calculated as a function of the cluster size. The data

indicate that the large-particle fraction increases rapidly with the cluster size and that

it reaches a plateau of approximately 0.6-0.7 for clusters with more than 25 particles,

whereas in M2 this trend is less obvious. In M1, clusters larger than 5 particles have a

larger large-particle fraction than the average fraction of large particles of 0.31. With

the one-dimensional aggregation model introduced in Sec. 4.3, an attraction energy of

9.8 kBT was obtained for the monodisperse systems, which agrees well with the dipole

moment found from the independent magnetization measurements. Fits to the initial

decay of M1 and M2, however, suggest a subtle decrease of the effective attraction of

the order of 0.5 kBT .

Values for α (Fig. 4.10b) demonstrate the increased chain curvature for the large-

particle chains in M1 compared to the chains in the single-component system C. A simi-

lar trend is observed in M2, although the chain deflection is less profound in this system.

The latter observation might also imply a concentration effect in which chain entities

interact less at low concentrations, introducing less curvature in the structure forma-

tion. The increased curvature of the magnetic chains compared to single-component
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Table 4.3. Average cluster size considering large particles only in the

’monodisperse’ and ’bidisperse’ systems.

Code C1 M1 C2 M2

θL 0.14 0.14 0.09 0.09

< S >clusters 4.9 ±0.8 4.3 ±0.8 4.4 ±0.9 2.5 ±0.4

systems supports the suggested decrease of the effective pair attraction. As was men-

tioned by Wang et al. [93], the increased flexibility of the chains of equal length might

also be related to excluded volume effects, which can lead to fluctuations in the chain

structures. In this context, the small particles may also induce depletion forces and

with that an additional attractive contribution to the pair potential. However, this

effect is clearly not dominating since the cluster size data indicate a size reduction of

large-particle clusters as a result of the presence of small particles.

Positional order

To illustrate the positional order of the small particles relative to the large ones, the

large-particle neighbors of every small particle were determined, similar to what was

done in Fig. 4.9a. For every large neighbor that was found, the number of large nearest

neighbors was evaluated. This detection allows to locate the small particles that are

attached to a chain or cluster. For instance, when a small particle is attached to a

large particle with only one large neighbor, this small particle is situated at the end

of a chain or cluster. Furthermore, for each small particle with two large neighbors, a

distinction is made between a triangular and a non-triangular position. In a triangular

position, the two large particles neighboring a small particle are also neighbors.

The results for M1 and M2 are shown in Table 4.3. The data demonstrate that the

probability of finding a small particle at the end of a cluster is relatively high compared

to the other positions (with nn=0 or nn=1). This is in line with theoretical calculations

that predict the most probable configuration to be a chain of large particles with a small

particle at each end [86]. However, the other locations cannot be neglected, particularly

the triangular positions. This configuration might be due to significant lateral interac-

tions between the flexible chains and the small particles. The non-triangular position

indicates that small particles intervene between two large particles, although this is

energetically less favorable. The theoretical results are also presented in Table 4.3, and

indicate that there is a high probability of finding a small particle at the end of a chain.

The probability of finding a small particle between two large particles turns out to be

negligible for the investigated region of sizes.
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Table 4.4. Positions of small particles relative to large-particle-clusters for M1

and M2. The number of large nearest neighbors of a small particle is calculated.

For each small particle with one large nearest neighbor, the number of large

nearest neighbors of that large particle (nn) are calculated. For each small

particle with two large nearest neighbors, the triangular and non-triangular

position are considered.

Positions M1 M2

0 large nearest neighbor 73.3% 79.2%

1 large nearest neighbor 20.3% 17.2%

nn = 0 7.8% 8.4%

nn = 1 6.1% 4.9%

nn = 2 4.8% 2.8%

nn = 3 1.4% 1.0%

nn = 4 0.3% 0.1%

nn = 5 0.0%

2 large nearest neighbors 5.3% 3.2%

triangular 4.1% 2.3%

non-triangular 1.3% 0.9%

3 large nearest neighbors 1.1% 0.4%

triangularnon-triangular

4.5. Conclusion

In conclusion, we have performed a quantitative real-space analysis of magnetic equi-

librium structures on a single-particle level that can be directly compared to theory

and simulations on dipolar fluids. The presented magnetic colloidal systems show that

strongly dipolar colloids self-assemble to flexible chains as well as branched clusters with

a pronounced linear character. In the dilute regime, a transition occurs to predomi-

nantly unbranched structures. From the cluster-size distributions for strongly dipo-

lar fluids, the pair interaction can be determined from a one-dimensional aggregation

model. In bidisperse ferrofluids the interaction between small and large particles can-

not be neglected for the presented size ratios. The small particles attach to existing

chains of large particles, the end of which is the most likely position of the small parti-

cle. Therefore, the small particles do not simply act as a continuous low permeability

background for the large particles. Consequently, when a small particle acts as a bridge

to a neighboring chain, a relatively weak bond is formed that can easily break up as a

result of thermal fluctuations. The decrease of the average cluster sizes compared to

monodisperse systems confirms this scenario.
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5

Comparison of Reversible and

Irreversible Dipolar Structures in

Ferrofluids

Abstract
Zero-field aggregation of magnetic nanoparticles in a ferrofluid is either ir-

reversible or the result from a dynamic equilibrium; the two cases can be

distinguished by measurements of the complex magnetic susceptibility and by

cryogenic transmission electron microscopy (cryo-TEM). We demonstrate this

by comparing two colloidal systems that show dipolar structure formation in

zero field. A dispersion of magnetic iron nanoparticles is gradually oxidized to

decrease the magnetic moments, and despite the vanishing dipolar attractions,

thermal motion does not break up the dipolar structures into single particles.

Instead, the dipolar structures become chemically fixed during the oxidation

process, an example of irreversible aggregation. In contrast, the zero-field

dipolar structures in a chemically stable magnetite dispersion are found to dis-

integrate upon dilution, indicating that the structures are reversible and result

from a dynamic equilibrium.

59
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5.1. Introduction

Ferrofluids are colloidal dispersions of single-domain magnetic nanoparticles, elec-

trostatically or sterically stabilized in water or organic solvents. When the magnetic

interactions between the particles are sufficiently strong compared to thermal energy,

theory and simulations predict anisotropic aggregation in zero field [131, 177]. In prin-

ciple, the size of the structures is determined by a dynamic equilibrium between growth

of the structures by addition of particles and shrinking of the structures by removal of

particles. Two methods can be used to test the reversibility of dipolar chain formation:

to decrease the dipole moment of the particles or to decrease the concentration. Both

should shift the balance from enthalpy-driven chain growth to entropy-driven disinte-

gration into smaller units.

Here, we use this knowledge to examine the difference in behavior between two sys-

tems, an oxidized iron system with irreversible aggregates and a magnetite system

with reversible dipolar chain formation [1, 14]. In the first case, we gradually oxidize

surfactant-stabilized iron metal particles dispersed in an organic solvent. The mag-

netic moments are decreased by the oxidation of iron to iron oxides [181–185], which

have a considerably lower saturation magnetization. Since anisotropic aggregation is

due to magnetic interactions, weakening the magnetic moments is expected to break

up the dipolar structures. In the second case, we systematically decrease the particle

concentration of a dispersion of chemically stable magnetite particles. Upon dilution,

dynamic assemblies should break up for entropic reasons. The effect on the size of the

structures is assessed using two techniques: complex magnetic susceptibility measure-

ments [69] and cryogenic transmission electron microscopy (cryo-TEM) [1, 14]. The

first technique informs about the macroscopically averaged behavior, and the second

technique provides images of the structures with single-particle resolution.

5.2. Experimental Section

Colloidal systems

The colloidal magnetite dispersions (B and C) were prepared by the method described

in Chapter 2, in which the particles are coated with a thin surfactant layer of 2 nm

consisting of mainly oleic acid (Table 5.1). The initial iron dispersions were prepared

and characterized by Butter et al. [1, 138, 184]. These ferrofluids with codes E, F, and

G contain unoxidized metallic iron-carbon particles in Decalin with the stoichiometry

of Fe0.75C0.25 (saturation magnetization: 1.49 × 106 A m−1) and have the radii listed in

Table 5.1. The particles are coated with an organic surface layer (polyisobutene) [186]

with a thickness of 6 to 7 nm. This relatively thick polymer layer is necessary to prevent

the metal particles from clustering and effectively reduces van der Waals interactions

between the particles, to ensure that dipolar interactions are dominating [1, 138, 184].
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Table 5.1. Core radii and concentrations of the magnetite ferrofluids B and

C, and the iron ferrofluids (E-G) [138].

core radius (nm) concentration magnetic radius (nm)

ferrofluid aTEM (excl. surfactant layer) (mass fraction) before oxidation after oxidation

magnetite

B 8.0 ± 1.3 7.8 (XRD) 0.150 6.9

C 9.8 ± 1.2 10.3 (XRD) 0.270 9.2

iron

E 6.6 ± 1.1 6.0 (SAXS) 0.061 5.1 4.2

F 6.9 ± 1.0 8.8 (SAXS) 0.108 6.0 5.1

G 8.2 ± 1.5 9.5 (SAXS) 0.219 - -

Susceptibility measurements

The procedure used to oxidize the iron particles of ferrofluids E, F, and G is described

in detail in Sec. 5.3. Initial and final magnetic radii of the particles calculated from

magnetization curves are listed in Table 5.1 assuming the presence of single particles

(a correct assumption for ferrofluid E and a fair approximation for ferrofluid F; the

slow dynamics of ferrofluid G made its magnetization curves difficult to interpret).

The curves were recorded on a Micromag 2900 alternating gradient magnetometer from

Princeton Measurements Corporation. The ferrofluids that contained partially oxidized

iron particles were stable for months.

Magnetic susceptibility measurements at 875 Hz were performed with a Kappabridge

KLY-3 susceptibility meter from Agico. Dynamic susceptibility spectra in the 3 Hz

to 105 Hz range were recorded using a home-built setup [69] with mutually inducing

coils (Helmholtz configuration). The interaction energy of the magnetic field (30 A

m−1 amplitude) with the iron (oxide) particles was on the order of 10−2 kBT. As a

result of the weak field it was assumed that the forces acting on the particles did not

influence dipolar structure formation in the systems. For the temperature-dependent

measurements the samples were first cooled to 77 K using liquid nitrogen and than

slowly (3 K min−1) heated to room temperature.

Cryo-TEM

Cryogenic transmission electron microscopy (cryo-TEM) images were made by prepar-

ing a vitrified film of dispersion (mass fraction iron: 0.002; mass fraction iron oxide:

0.03) in a nitrogen atmosphere on grids with holey carbon film (R2/2 Quantifoil Mi-

cro Tools, Jena, Germany). The samples were prepared by a vitrobot [137], thereby

removing excess solution by blotting (iron: 1 × 3 sec blotting; iron oxide: 1 × 2 sec

blotting). CCD-images were taken on a Philips Tecnai 12 TEM operating at 120 kV

using low-dose techniques.
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5.3. Results and Discussion

Arrested structures: oxidized metallic iron ferrofluids

Oxidation procedure

To oxidize the metallic iron particles, typically 3 mL of dispersion was introduced in a

narrow nitrogen-filled Schlenk flask, which was subsequently shortly (1-5 min) opened to

air. The oxidation kinetics of the iron particles is illustrated in Fig. 5.1a. As depicted in

Fig. 5.1a for ferrofluid E, the magnetic susceptibility at 875 Hz decreases exponentially

over several days, after the ferrofluid in the immobile flask has been shortly exposed

to air. After 24 hours, oxidation is slowed down and a passivating iron oxide layer

has formed [138]. Changing the duration of aeration from 1.5 to 5 minutes only weakly

influences the curve, which suggests that the solvent rapidly saturates with oxygen upon

exposure to air. For better control of the oxidation, a stepwise treatment was adopted.

The gas above the ferrofluid was replaced by air within 5 seconds, and the Schlenk flask

was closed again. The air now had little time to enter the liquid while the flask was

open, and therefore the amount of oxygen admitted into the system corresponded to

about 17 mL of air. After adding each dosage of air, the ferrofluids were stirred for 24

hours or more, in line with the reaction kinetics in Fig. 5.1a. The result was that the

magnetic susceptibility at 3 Hz now decreased more or less to the same extent in each

oxidation step (Fig. 5.1b). This suggests full reaction of the oxygen admitted to the

Schlenk flask in each oxidation step. For all the ferrofluids, the data now indicate the

gradual oxidation of the magnetic particles and give no evidence of passivation due to

the iron oxide layer.

Effect of oxidation on dipolar structure formation

Fig. 5.2 shows the dynamic susceptibility spectra of ferrofluids E, F, and G as a

function of the number of oxidation steps. Ferrofluids E-G correspond to different

situations and are now discussed separately. In E, rotational motion of single particles

dominates, while in F and G it is thermal motion of short or long dipolar chains.

Ferrofluid E

In ferrofluid E, no dipolar chains are present [69] and, consequently, there should also

only be single particles after oxidation, except if chemical instability causes aggregation.

At low frequencies the initial magnetic susceptibility is given by

χi =
µ0µ

2N

3kBTV
(5.1)

where µ0 is the permeability of vacuum, µ is the magnetic dipole moment, µN/V=Ms

is the saturation magnetization of the ferrofluid (in A/m), with a number N of colloids
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Figure 5.1. (a) Normalized initial magnetic susceptibility of ferrofluid E at

875 Hz, as a function of time after aeration for 1.5 min or 5 min. The inset

shows the normalized susceptibility on a logarithmic time scale. (b) Absolute

magnetic susceptibility at 3 Hz after consecutive oxidation steps (5 seconds of

aeration, 24 hours or more of stirring) for ferrofluids E, F, and G.

per volume V , T is the absolute temperature and kB is the Boltzmann constant. The

dipole moment of the particles is given by

µ = (4/3)πa3
Mms (5.2)

where aM is the magnetic radius and ms is the saturation magnetization of the

magnetic material.

For unoxidized ferrofluid E, the particles have a characteristic frequency (ωchar/2π)

of 4 kHz. This can be compared to a value of 8 kHz expected for Brownian rotation

frequency of non-interacting spherical particles [69]

ωB =
kBT

4πηa3
h

(5.3)

where T is the temperature, η is the viscosity of the solvent (2.5× 10−3 kg m−1 s−1),

and ah is the hydrodynamic radius (ah = acore + 7 nm). The polymer shell thickness of

6 to 7 nm is an effective thickness that is based on model-dependent fitting of SAXS

data [184] and assumes that the shell has a homogeneous density. In reality, the shell

probably has a density that is relatively homogeneous near the surface of the iron

particle but decreases near the edge of the shell. The polymer shell therefore extends

to a few nanometers more than 6 to 7 nm, so that a larger value should be used in

the calculation of the hydrodynamic radius. Cryo-TEM clearly demonstrates that the

particles do not form any aggregates [1]. We conclude that the characteristic frequency

of 4 kHz is the empirically found value for single sphere rotation in our system.
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Figure 5.2. Frequency dependence of the real (χ
′

) and imaginary (χ
′′

) com-

ponents of the normalized magnetic susceptibility of metallic iron ferrofluids

E-G upon oxidation. The spectra are scaled by normalizing the real value at

3 Hz. The numbers close to the curves indicate the different oxidation steps

(see Fig. 5.1b).

As a result of polydispersity, relatively small particles are also present, with charac-

teristic frequencies above 100 kHz, associated with rotation of magnetic moments inside

the particles. The characteristic frequency of this so-called Néel relaxation is given by

ωN = 2πf0 exp

(

−KVM

kBT

)

(5.4)
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where f0 is a constant in the range 107-1012 Hz [187, 188], K is a shape-dependent

material constant, and VM is the magnetic domain volume, that is VM = (4/3)πa3
M for

a spherical domain. Comparing eq 5.3 with eq 5.4 shows that Néel rotation strongly de-

pends on the magnetic radius of the particle, whereas Brownian rotation is more weakly

dependent on the hydrodynamic radius. The fastest rotation mechanism dominates for

individual particles [187].

The characteristic frequency of 4 kHz for particles that relax by Brownian rotation

hardly changes upon oxidation, despite the decline of the dipole moment. The expla-

nation for this observation is twofold. First, the hydrodynamic radius is only weakly

affected when the particles are oxidized. The decrease in magnetic susceptibility by a

factor 3 observed for system E (Fig. 5.1b), requires only the oxidation of a 1 nm shell of

metal, yielding a 1.5 nm shell of oxide. For a particle with a radius of 13.6 nm, 0.5 nm

growth corresponds to less than 5 %, so that the characteristic frequency for Brownian

rotation only shifts by 0.06 on a logarithmic scale, imperceptible in Fig. 5.2 where the

data points are 0.2 apart. Second, relaxation that is initially dominated by Brownian

rotation is taken over by Néel rotation after partial oxidation. Consequently, since Néel

relaxation occurs at much higher frequencies, the particles do not contribute anymore

to the signal at 4 kHz, leaving the Brownian rotation rate almost unchanged.

After four oxidation steps, relaxation via rotation of the whole particle is completely

taken over by rotation of the magnetic moment inside the particles, and an almost

flat spectrum is reached. The characteristic frequency is then beyond our experimental

range. The constant characteristic frequency of the particles that do continue to relax by

Brownian rotation agrees with the lack of dipolar structures before or after oxidation.

Ferrofluid F

Before oxidation, ferrofluid F consists of dynamic dipolar structures with an average

of about four particles per chain [1,69]. The characteristic frequency is strongly affected

by the number of particles in a dipolar chain, [68] and therefore, ωchar/2π is now situated

at 200 Hz instead around 4 kHz for single particles.

The iron particles were oxidized in 8 consecutive steps, leading to a progressive de-

crease of the susceptibility. The decrease of the low-frequency limit of the susceptibility

to 15 % of its initial value corresponds to a similar drop of the magnetic coupling

parameter Vmax since both scale with the dipole moment µ squared (compare with

eq 5.1):

Vmax = − µ0µ
2

2πkBTσ3
(5.5)

where σ is the hard sphere diameter. Dipolar structure formation is expected for V

> 2 [131,177]. For unoxidized ferrofluid F, Vmax equals 19, in line with the observation
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100 nm100 nm

a b

Figure 5.3. Typical in situ cryo-TEM images in zero field of vitrified disper-

sions of iron ferrofluid F, containing (a) unoxidized and (b) oxidized particles

with a magnetic radius of 5.1 nm (b). The oxidized particles still show the

chains formed before oxidation. Oxide shells of 1.2 nm are visible due to the

lower contrast of iron oxides compared to metallic iron.

of dipolar structures in the unoxidized ferrofluid (Fig. 5.3a). However, after eight

oxidation steps the interaction parameter is estimated at 2.9 (15 % of 19). Therefore,

the equilibrium cluster-size is also expected to decrease considerably.

The theoretical prediction is not experimentally confirmed by the dynamic suscepti-

bility measurements. Both the shape and the characteristic frequency remain the same

after each oxidation step (Fig. 5.2). If the chains would break upon oxidation, the char-

acteristic frequency would gradually shift from 200 Hz, the value for the initial chains,

to about 4 kHz, the value for single particles (compare with the results in section 3.2).

Instead, even though the magnetic moments decrease, Brownian relaxation at 200 Hz

is directly replaced by Néel relaxation above 100 kHz. The chains are oxidized without

breaking up.

Cryo-TEM images of ferrofluid F support the continued presence of chain-like struc-

tures in the fluid after oxidation, as shown in Fig. 5.3. The average chain length does

not appear to have changed compared to the situation before oxidation [1]. Fig. 5.3b

reveals an iron oxide layer of about 1.2 nm around the unoxidized iron cores and indi-

cates that most of the oxide layers touch each other. The dipolar structures apparently

become chemically fixed when the ferrofluid is exposed to air.

Ferrofluid G

In ferrofluid G, most of the particles are in aggregates that are much larger than in

ferrofluid F (Fig. 5.4a), and therefore a broad distribution around very low frequencies

is observed in the dynamic magnetic susceptibility spectra (Fig. 5.2G). Contrary to the

spectra of ferrofluid F, the low-frequency limit is below 3 Hz. In spectrum 1 of ferrofluid

F, after the first oxidation step, a peak in the imaginary part becomes visible at 65 Hz,
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100 nm100 nm

a b

Figure 5.4. Typical in situ cryo-TEM images in zero field of vitrified disper-

sions of iron ferrofluid G, containing (a) unoxidized [1, 138] and (b) partially

oxidized particles.

which suggests that the large structures in the unoxidized ferrofluid disintegrate into

smaller units, rotating at higher frequencies.

In the next oxidation steps, the peak at 65 Hz disappears, the number of Néel-

relaxing particles increases, and little change is seen in the shape of the spectrum,

suggesting that the structures have become fixed, as observed for ferrofluid F, and that

no additional single particles have been obtained. These conclusions are confirmed by

cryo-TEM images of oxidized ferrofluid G (Fig. 5.4b), which indicate the presence of

aggregates that are smaller than before oxidation (Fig. 5.4a).

The appearance of a peak at 65 Hz is not consistent with a shift in a dynamic equilib-

rium between chains of different sizes. Such an equilibrium would lead to a continuous

size distribution of the aggregates which gradually shifts to higher frequencies upon di-

lution (see section 3.2), not mainly to the appearance of units that respond at about 65

Hz. Our tentative explanation is that chemical fixation of the large network structures

is not perfectly homogeneous but that a distribution exists in the strength of the oxidic

links between the particles. At a certain point of the oxidation process, subunits of

the networks are already frozen, but the subunits are separated by sites where the link

between two particles is relatively weak. Thermal motion causes these relatively stable

units to break off from the large structures.

An interesting detail can be observed in the evolution of the normalized real com-

ponent χ
′

at 100 kHz: upon oxidation, it first decreases before it increases. On an

absolute scale, χ
′

at 100 kHz increases at every oxidation step, even at the beginning of

the oxidation, since the number of particles relaxing by Néel rotation (ωchar/2π > 100

kHz) always increases. The first oxidation step already causes the break up of networks

of particles into smaller units, so that the signal increases at 3 Hz, but not many new

Néel relaxing particles are created yet. The value at 100 kHz stays approximately the

same on an absolute scale but decreases when normalized to the 3 Hz value, which is
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Figure 5.5. Frequency dependence of the real χ
′

and imaginary χ
′′

compo-

nents of the magnetic susceptibility of ferrofluid C. Spectrum a corresponds to

a magnetite particle concentration of 332 mg/mL, b-d are spectra of diluted

samples of the same ferrofluid. The dilution factors relative to the original

dispersion (situation a) are indicated in the figure (2×, 4× and 16×). In b-d,

a rescaled spectrum of the undiluted ferrofluid C is included with dotted lines,

for comparison.

the effect seen in Fig. 5.2G. Further oxidation does yield more Néel-relaxing particles,

so that the 100 kHz signal increases, even when compared to the 3 Hz value.

Dynamic dipolar structures: a magnetite ferrofluid

Complex magnetic susceptibility spectra of magnetite ferrofluid C are presented in

Fig. 5.5. Assuming that surfactant-coated single magnetite particles (ah = acore +2nm)

with an internally fixed orientation of the magnetic moment exhibit Brownian relaxation

at approximately 10 kHz (see eq 5.3), the observed characteristic frequency ωchar/2π

of 100 Hz in the most concentrated sample (a) indicates the presence of large dipolar

aggregates in which the magnetic moments are fixed [68, 69]. When the dipolar chains

are considered as sphero-cylinders the mean aggregate size is estimated at 7 particles,
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Figure 5.6. Magnetic susceptibility measurements of system B and C, in

which the temperature was gradually increased from 77 K (liquid nitrogen) to

room temperature. The frequency is 870 Hz and the percentages give the

concentration.

based on the Brownian relaxation ratio between a single sphere and a sphero-cylinder

[69,189]. However, the estimated chain length of 7 particles based on Fig. 5.5a is most

likely an overestimate since the smallest magnetic units do not contribute to ωchar.

Furthermore, the cryo-snapshots of this system (see Fig. 5.7) clearly show that the

chains are curved.

Upon dilution of the ferrofluid, the characteristic frequency shifts to higher frequen-

cies though it still remains in the range where Brownian rotation occurs. This indicates

the dissociation of dipolar structures into smaller units. Néel relaxation at frequen-

cies above 100 kHz becomes increasingly important. This suggests that the magnetic

moments are not fixed in single uncorrelated particles, but that they are only arrested

if a chain is formed. In small aggregates of 2 or 3 particles, the magnetic moments

may possibly still react individually to the applied alternating magnetic field by Néel

rotation. This idea is supported by magnetic susceptibility measurements on the same

ferrofluid recorded between 77 K to room temperature (Fig. 5.6), from which different

temperatures could be determined at which the magnetic moments become fixed in the

aggregates. In the presence of magnetic dipolar chains (samples B and C, see Fig. 5.6)

the magnetic susceptibility becomes a rather complicated function of the temperature,

with several maxima below the freezing point of the solvent. The different bands in

Fig. 5.6 B and in Fig. 5.6 C are likely due to different environments of the particles;

first unblocking of singlet particles occurs, followed by doublets and triplets etc. In

system C, where Vmax is 9, there is a sharp increase of the magnetic susceptibility

around the melting point of the solvent. Since Néel relaxation in the dipolar structures

is strongly coupled and therefore slowed down, this dramatic increase is due to the sub-

stantial Brownian relaxation contribution of the existing dipolar structures that sets in
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200 nm

a

500 nm

b

Figure 5.7. Typical in situ cryo-TEM images of vitrified magnetite dispersion

C (a) before and (b) after dilution of by a factor 4.5. The images indicate that

the dipolar structures break up when the ferrofluid is diluted.

as soon as the structures are free to move. Furthermore, upon dilution the unblocking

of the particles with increasing temperature becomes more gradual, and approaches the

Curie-Weiss behavior for uncorrelated particles.

As presented in Fig. 5.7a, cryo-TEM imaging of ferrofluid C corroborates the presence

of dipolar structures. Dilution of the same ferrofluid by a factor 4.5 (Fig. 5.7b) yields

shorter dipolar structures and more single particles, as expected for a chain-length

distribution that results from a dynamic equilibrium. It is remarked that the flux-

closure rings are relatively stable upon dilution and that they have no net contribution

to the complex susceptibility spectrum, because of the way in which the dipoles are

oriented head-to-tail in a circle.

5.4. Conclusion

Complex magnetic susceptibility measurements and cryo-TEM imaging give comple-

mentary characterizations of the dipolar structures, the first technique corresponding to

a macroscopic average and the second giving microscopic information. The reversibility

of dipolar chain formation in zero field was compared for two different systems, metallic

iron ferrofluids and magnetite ferrofluids. With iron colloids, initially dynamic dipolar

chains do not break up into single particles when they are gradually oxidized. Although

the dipole moments of the individual particles decrease, the structures do not vanish

but become chemically fixed during the oxidation process. This eventually leads to

chains of iron-oxide core-shell units, of which the magnetic moments relax by the Néel

mechanism. The oxidized iron systems are a clear example of irreversible aggregation.

In contrast, in magnetite dispersions, the dipolar chains do indeed break up upon di-

lution. A broad size distribution of magnetic chains remains, but the average chain

length decreases upon dilution, leading to more single particles. This demonstrates

that a dynamic equilibrium exists between chains of different sizes.
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6

Thermal Motion of Magnetic Iron

Nanoparticles in a Frozen Solvent

Abstract
The thermal rotation of iron nanoparticles dispersed in cyclohexane was stud-

ied by measuring the dynamic magnetic susceptibility above and below the

freezing point of the solvent. Above the freezing point, the orientation of the

magnetic dipoles changes mainly by reorientation of the entire particles. Be-

low the freezing point, complete arrest of particle motion was expected, such

that the magnetic dipoles would only be able to reorient themselves inside the

nanoparticles (Néel relaxation). However, we find that thermal motion con-

tinues well below the temperature at which the bulk of the solvent is frozen.

We ascribe this to local lowering of the freezing point, due to the presence

of polymers in the close vicinity of the colloids. Furthermore, since strong

dipole-dipole interactions result in the formation of dipolar chains, we have

systematically studied the effect of particle size on dynamics in a frozen sol-

vent. For the larger particles, our data indicate that local wiggling of the

individual particles in a chain may become the dominating mode of thermal

motion.
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6.1. Introduction

Ferrofluids are colloidal dispersions of magnetic single-domain particles and are con-

venient model systems to explore fundamental issues in dipolar fluids [53, 129, 170].

The dipolar interactions can be studied experimentally using magnetic techniques. In

several studies ferrofluids have been frozen, yielding a system of immobile particles

randomly distributed in three dimensions with the dipoles relaxing by the Néel mech-

anism [190–193]. The underlying assumption is that the motion of the particles is

switched off in a frozen solvent.

The dominant magnetic relaxation mechanism in a ferrofluid is either Néel or Brow-

nian rotation, depending on the time scale on which each of these processes takes place.

When relaxation is dominated by Brownian rotation, the magnetic moment can be

considered as blocked within the particle. Reorientation of the magnetic dipole in an

applied magnetic field then occurs by rotation of the entire particle. At temperatures

far below the freezing point of the solvent, the particles are presumably immobilized and

consequently relaxation of the magnetic moment occurs by rotation of the dipole within

the particles (Néel relaxation). Experimentally, the rotation rate of magnetic dipoles

can be studied by measuring the dynamic susceptibility [68, 69, 187]. This also allows

detection of aggregates, since they substantially slow down the magnetic relaxation.

In this paper we report dynamic susceptibility measurements on frozen ferrofluids.

Using different iron dispersions with particles of well-determined size, [138] we have

systematically studied the effect of increasing dipole-dipole interactions. It was re-

cently demonstrated that dipole-dipole interactions in these iron dispersions may be

sufficiently strong to lead to the formation of dipolar chains [1]. The initial plan here

was to study Néel relaxation in immobilized particles by measuring the dynamic sus-

ceptibility in frozen ferrofluids. However, we found that the magnetic susceptibility of

our ferrofluids can still be largely determined by thermal motion of the (individual)

particles below the macroscopic freezing point of the system.

6.2. Experimental Section

Iron dispersions prepared by Butter et al. [1,138,184] were transferred to cyclohexane

to perform the measurements presented here. The dispersions D, E, F, and G have radii

listed in Table 6.1. The original iron ferrofluids were prepared by thermal decomposition

of iron carbonyl in a solution of modified polyisobutene [186] (2400 g mol−1) in Decalin.

The full characterization, including transmission electron microscopy (TEM) and small

angle X-ray scattering, has been described elsewhere [1, 138, 184]. The data indicated

the presence of an organic surface layer with a thickness of 6 to 7 nm. Mössbauer

spectroscopy revealed that the nanoparticles consist of an iron-carbon core with the
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Table 6.1. Iron Core Radii [138] and Concentrations of the Ferrofluids

Iron core radius (nm) concentration

ferrofluid aTEM aSAXS (mass fraction Fe)

D 6.0 ± 0.7 4.9 0.036

E 6.6 ± 1.1 6.0 0.048

F 6.9 ± 1.0 8.8 0.019

G 8.2 ± 1.5 9.5 0.016

stoichiometry of Fe0.75C0.25 [194]. The saturation magnetization is 1.49 × 106 A m−1,

somewhat less than for pure iron (1.71 × 106 A m−1).

For the measurements, the magnetic particles were transferred to cyclohexane, an

organic solvent with a relatively high melting point (279.5 K) [195]. In a typical proce-

dure, 2 to 3 mL of the original system in Decaline was introduced in a round-bottom

flask in a dry nitrogen atmosphere. The solvent was removed by gently heating ('
75◦C) the system at reduced pressure. The obtained dry solid was redispersed in cy-

clohexane and stored under nitrogen in a closed glass tube. The concentration was

determined by comparing the magnetic susceptibility to that of the original dispersion

in Decalin [138]. Dynamic susceptibility spectra in cyclohexane at room temperature

were comparable to the spectra in Decalin [69].

Dynamic susceptibility measurements were performed on a home-built setup [69] with

mutually inducing coils (Helmholtz configuration) placed in a cooling-compartment.

The spectra were recorded from 15 to 105 Hz in a temperature range from 263 to

293 K. The interaction energy of the alternating magnetic field (30 A m−1 amplitude)

with the iron particles was on the order of 10−2 kBT. On this basis, it is assumed

that the forces acting on the particles and aggregates were negligible and did not alter

the systems. Preceding the measurements at temperatures below the freezing point of

cyclohexane, the samples were instantaneously frozen (in zero applied field) by plunging

them in cooled ethylene glycol (253 K) and slowly heated to the desired temperature.

The applied freezing method resulted in homogeneously distributed segments of frozen

dispersion due to the sudden density drop of the solvent [195]. The temperature at which

the measurements were done was regulated by thermostatization of the walls of the

cooling-compartment, placed under a dry nitrogen flow. Prior to the measurements, the

temperature was allowed to stabilize several hours to obtain the intended temperature

in the sample. To establish the freezing point of the ferrofluids, differential scanning

calorimetry (DSC) was performed on a Mettler Toledo DSC-821e with a heat rate of 2

K/min.
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Figure 6.1. Frequency dependence of the real (χ
′

) and imaginary (χ
′′

) com-

ponents of the magnetic susceptibility of ferrofluids D-G at 293 K and below

the freezing point of cyclohexane at 263 K (Df −Gf ).

6.3. Results

Dynamic susceptibility spectra of ferrofluids D, E, F, and G are presented in Fig. 6.1.

The corresponding spectra obtained at 263 K are indicated by Df , Ef , Ff , and Gf .

Spectra recorded at 293 K before and after freezing were identical, demonstrating a

reversible phase transition.

The frequency dependence of the magnetic susceptibility gives information on how

fast the magnetic dipole moments in a ferrofluid reach a new steady-state average

orientation by thermal motion when an alternating but weak magnetic field is applied

[187]. It consists of a real χ
′

(in-phase) and an imaginary χ
′′

(out-of-phase) part.

The estimated characteristic frequencies of the studied ferrofluids at different tem-

peratures are shown in Fig. 6.2. The characteristic frequencies were determined by

establishing the maxima of the imaginary parts of the magnetic susceptibility.

DSC measurements on the iron dispersions show a melting traject between 268 K and

279 K (Fig. 6.3). At 268 K and below the dispersions are macroscopically frozen (the

sample can be held upside down without liquid flow). By comparison, pure cylohexane

is characterized by a clear melting temperature of 279.5 K (onset).
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Figure 6.2. Estimated value of the characteristic frequency (ωchar) of samples

E-G recorded at different temperatures. The region between the dashed lines

indicates the observed melting regime. Below 268 K the sample is macroscop-

ically frozen. The error bars correspond to a 35% error (above 280 K) and a

50 % error (below 280 K) in the estimated frequency values.

6.4. Discussion

Ferrofluids D-G correspond to different situations and are discussed seperately. In

D, Néel relaxation dominates, and in E, it is the motion of single particles. F contains

short dipolar chains and G longer ones.

Ferrofluid D

Fig. 6.1 shows dynamic susceptibility spectra of ferrofluid D above (293 K) and below

the freezing point (Df ) of the mixture (263 K). The signal is ascribed to rotation of

the magnetic dipole moments inside the particles (Néel rotation) [69]. This can be

understood by comparing the theoretically predicted characteristic frequencies for Néel

and Brownian rotation of single uncorrelated particles. The characteristic frequency for

Néel rotation is given by

ωN = 2πf0 exp

(

−KV
kBT

)

(6.1)

where f0 is a constant in the range 107-1012 Hz [187, 188], K a shape-dependent

material constant, kBT the thermal energy, and V the magnetic domain volume. The

characteristic frequency for Brownian rotation is given by

ωB =
kBT

4πηa3
h

(6.2)

where η is the viscosity of the solvent, and ah the hydrodynamic radius. Fig. 6.4

illustrates the equations by a theoretical calculation of the Néel rotation frequency

and the Brownian rotation frequency of single particles as a function of the iron core
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Figure 6.3. DSC data for (a) an iron dispersion and (b) for cyclohexane. The

vertical dashed lines in (a) indicate the temperatures at which the dynamic

susceptibility measurements were done.

Figure 6.4. Calculation (eq 6.1 and 6.2) of the Néel rotation frequency (ωN )

and the Brownian rotation frequency (ωB) of single particles as a function of

the iron core radius acore (eq 6.2, η = 1.0 ×10−3 kg m−1 s−1). The particles are

assumed to be spherical, with ah = acore + 7.0 nm and acore = am + 1.5 nm,

where am is the magnetic radius. The calculation of ωN is based on f0 = 109

Hz and K = 100 kJ m−3, chosen to reproduce the observed dominance of the

Néel or the Brownian mechanism for ferrofluids D-G. The experimental iron

core radii from TEM are indicated (Table 6.1).

radius. If the relaxation processes take place on different time scales, the measured

characteristic frequency will be determined by the fastest rotation mechanism [187]. The

magnetic relaxation observed for the D-system is too rapid to be caused by Brownian

rotation.
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Although measurements on the non-frozen dispersion already unambiguously show

domination of the Néel mechanism, this is confirmed by the data on the frozen dis-

persion. Based on eq 6.1 and considering a polydisperse system, only slight changes

are expected in the characteristic frequency for Néel relaxation on going from 293 K to

263 K (data between 293 and 263 K are not shown). This is supported by the results

presented in Fig. 6.1. Furthermore, it is in agreement with results obtained by Fannin

et al. [192] on polydisperse colloidal magnetite dispersions.

At low frequencies the magnetic susceptibility matches the initial slope of the mag-

netization curve, which is directly related to the temperature

χi =
µ0µMs

3kBT
(6.3)

where µ0 is the permeability of vacuum, µ the magnetic dipole moment and Ms the

saturation magnetisation per unit volume. According to eq 6.3, χi increases with de-

creasing temperature but within the applied temperature range this is hardly observed.

Ferrofluid E

For ferrofluid E, the majority of the magnetic particles has a characteristic frequency

of about 4 kHz. As discussed in Erné et al. [69] and according to Fig. 6.4, it can

be deduced that this frequency is of the order expected for the Brownian rotational

diffusion of single uncorrelated particles. Due to polydispersity, a significant number of

smaller magnetic particles is also present whose magnetic moments relax by the Néel

mechanism.

Comparing the measurements of the frozen (Ef) and the liquid (E) state reveals a

major displacement of the relaxation frequencies to lower values. Based on the max-

imum of the imaginary part, the estimated characteristic frequency of the magnetic

particles in the frozen state is about 200 Hz at 263 K. This considerable decrease of the

characteristic frequency points out that for most particles in ferrofluid E, the magnetic

moment is blocked within the particle. As a result, the alignment of the dipoles in the

applied alternating magnetic field can only happen by rotation of the particles them-

selves. One might expect that freezing the dispersion would cause mechanical rotation

to stop.

However, the measurements clearly indicate that motion of the particles still occurs in

the macroscopically frozen state. The likely explanation is that the magnetic cores of the

particles are able to move because their local environment is not frozen cyclohexane but

non-frozen polymer. This is the polyisobutene coating on the magnetic cores responsible

for steric stabilization. The organic layer at the surface of the particles can be seen as

a highly concentrated polymer solution, whose melting point is significantly lower than

that of the pure solvent. Pure polyisobutene has a glass transition at about 200 K [196]
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and is highly viscous (η > 1.0 Pa s for our polymers at room temperature [186]). The

motion of the magnetic particles below the macroscopic freezing point would be less

pronounced in case of a thinner surfactant layer (here about 7 nm thick).

The low-frequency limit, now below our frequency range at 263 K, is not expected

to change much within the applied temperature range. However, this assumes that the

dipoles do not loose the possibility to reorientate themselves, be it by Néel rotation at

very low frequencies.

Upon going from 293 to 285 K, the viscosity of the solvent increases by 30 % [197].

This means that on a logarithmic scale, the characteristic frequency only shifts 0.1 to

lower values (eq 6.2). As a result, between 293 K and the initial freezing point, no

noticeably changes in the spectrum are detected.

Ferrofluid F

At room temperature a broad distribution of ωchar around 900 Hz can be observed

for ferrofluid F. Since the frequency for the Brownian rotation of single particles is

calculated around 11 kHz (eq 6.2), the frequency distribution at 900 Hz indicates the

presence of aggregates in the dispersion. According to a previously described relation,

[69] this frequency range should correspond to aggregates of 2-3 particles. The size of

the aggregates, however, depends on the concentration of the magnetic particles in the

dispersion [69].

Freezing the sample results in a drastic decline of ωchar to frequencies well below 100

Hz. As with ferrofluid Ef , the magnetic susceptibility does not decrease to zero upon

freezing. Instead, it appears that the magnetic particles or aggregates are still able to

react to the applied alternating magnetic field. Dipolar chains are still present, since

otherwise a characteristic frequency would be expected comparable to that found for

ferrofluid Ef (ωchar is a weak function of the iron core radius, see Fig. 6.4.)

However, freezing the solvent was expected to have a stronger effect in the presence of

dipolar chains. Since thermal motion of single particles is inhibited in a frozen solvent

(ferrofluid E), end-over-end-rotation of an entire dipolar chain is likely to be slowed

down more drastically or even stopped completely (explained in Fig. 6.5). Nevertheless,

the frequency decline of ferrofluid F with dipolar chains seems to be comparable to the

frequency decline of ferrofluid E without dipolar chains (see Fig. 6.2).

For the smaller particles (system D), which exhibit Néel relaxation (see Fig. 6.5 D),

the viscosity of a solvent has no impact on dipole rotation in the particle. The rotation

of single particles in a frozen solvent (system E) can be considered as the motion of a

sphere in a spherical cavity filled with polymers (see Fig. 6.5 E). Fig. 6.5 F reflects the

situation concerning dipolar chains in a macroscopically frozen solvent. End-over-end

rotation of a chain appears practically excluded. Nevertheless, although the particles are

correlated, local thermal wiggling of single particles in a chain may still be possible. In
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Figure 6.5. D: Néel relaxation is not affected by freezing the ferrofluid. E:

Rotation of single particles in a frozen solvent may still occur due to the low

melting point of the organic surface layer. F: End-over-end rotation of the

chain as a whole is highly unfavorable in a frozen ferrofluid. However, local

wiggling of the individual particles in the chain may still occur.

other words, local motion of the individual particles in a chain becomes the dominating

mode of thermal motion. In this case, the dipole-dipole interactions are expected to

lead to somewhat lower values of ωchar in comparison with single uncorrelated particles

(as in system E).

Ferrofluid G

In ferrofluid G, at room temperature, a major part of the particles is in aggregates

rotating with a characteristic frequency of approximately 650 Hz. This value indicates

relatively large aggregates composed of more than 2-3 particles [69]. In the frozen state

(263 K) a characteristic frequency is found below 100 Hz. This is somewhat lower than

that detected for ferrofluid Ef . Furthermore, the data presented in Fig. 6.2 give the

impression that freezing has a comparable impact on the G and F systems.

The observation that the 15 Hz susceptibility of sample G is a factor of 13 lower than

that of sample E at comparable concentrations agrees with our previous findings [69].

It has likely to do with the fact that the low-frequency limit is not reached in the

spectra of sample G and therefore the quantitative link between concentration and

susceptibility is difficult to establish. Furthermore, Cryo-TEM pictures of sample G

show the presence of large semi-spherical clusters of dipolar chains (aggregates) [1],

of which the net contribution to the susceptibility is unclear. In contrast, cryo-TEM

pictures of sample E do not show these clusters, but demonstrate more linear structures.

The fact that the low-frequency limit is not reached in the spectra of the frozen

samples and the samples containing aggregates is a limitation of the measurements.

Nevertheless, the spectra allow a much more detailed interpretation than if measure-

ments had only been performed at a single (low) frequency.
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6.5. Conclusion

Dynamic susceptibility measurements provide direct information about the degree

of dipole-dipole interactions between magnetic nanoparticles in a ferrofluid. Here, for

instance, the technique establishes the presence of dipolar chains in iron dispersions D

and E. Measurements on frozen dispersions can be performed to determine unambigu-

ously whether Brownian rotation or Néel rotation dominates the relaxation mechanism

in single particles or aggregates. Although in principle Néel relaxation is expected to

be the only relaxation mechanism, our measurements on macroscopically frozen iron

dispersions show that the local viscosity near the colloids, in contrast to the frozen

macroscopic bulk, may still be finite. As a result, local motion of the particles or the

chain itself still occurs. Thermal motion of single particles is substantially slowed down

in a macroscopically frozen solvent. Therefore, it was expected that the motion of dipo-

lar chains would be slowed down much more and that end-over-end rotation should even

stop completely. Since considerable thermal motion can still be detected, this suggests

that the motion corresponds to local thermal wiggling of individual particles in a chain.
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Dipolar Structures in Dispersions of

Quantum Dots with an Electric

Dipole

Abstract
We show by cryogenic transmission electron microscopy that PbSe and CdSe

nanocrystals in a liquid colloidal dispersion self-assemble into equilibrium struc-

tures that have a pronounced dipolar character, to an extent that depends on

particle concentration and shape. Analyzing the cluster-size distributions with

a one-dimensional aggregation model yields an estimate of 8-10 kBT for the

dipolar pair attraction. This accounts for the long-range alignment of the crys-

tal planes of individual nanocrystals in 2D self-assembled hexagonal layers of

the nanocrystals. The imaged structures closely resemble the dipolar equilib-

rium structures that have been observed in colloidal dispersions of magnetic

iron oxide.
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7.1. Introduction

Anisotropic features in self-assembled structures of semiconductor nanocrystals (NCs)

point to the presence of a directive force on the particles [123,198,199]. An example is

the growth of single-crystal nanowires from PbSe NCs which indicates that the particles

attach to each other in a precise orientation [198]. The origin of a directive force

is still under debate. CdSe has a wurtzite crystal structure which can, in principle,

account for a dipole moment. In contrast, the rock-salt lattice of PbSe and the zinc-

blende lattice of, e.g., ZnSe are centrosymmetric and cannot explain dipole moments

in nanocrystals of these materials [200]. It has been speculated that nanocrystal dipole

moments result from the distribution of differently terminated polar crystal facets [198]

or from charged surface states [200]. Dipolar coupling was also suggested to play a

role in the self-assembly of semiconductor NCs into ordered films [199], although the

unknown strength of the proposed dipolar attraction makes it difficult to evaluate its

importance compared to capillary drying effects. Very recently Talapin et al. presented

calculations on the effect of a NC dipole moment on the structure of self-assembled

supercrystals of, amongst other things, PbSe nanocrystals [124]. Though the strength

of the dipolar interaction is the most important parameter in such calculations, it has

up to now not been experimentally determined. Moreover, the model proposed by Cho

et al. for the origin of the dipole moment in NCs with a rocksalt lattice [198] has not

been tested experimentally. Whatever its origin, a dipolar interaction has an important

impact on the opto-electrical properties of assemblies of the NCs. In particular, strong

coupling may cause a delocalization of the electronic states of the individual particles

by overlap of the wave functions. Here we provide independent experimental evidence

for the presence of a directive force between semiconductor NCs by demonstrating that

it leads to anisotropic aggregates in liquid colloidal dispersions of the particles.

Our novel approach to quantify dipolar attractions between NCs is by image ana-

lysis of equilibrium structures in colloidal dispersions of sterically stabilized particles

visualized by cryogenic transmission electron microscopy (cryo-TEM) [1, 14, 121, 137].

With this technique, we present in situ images of one-dimensional dipolar equilibrium

nanostructures in thin (2D) vitrified films of PbSe and CdSe dispersions in Decalin.

The initial dispersions are prepared using hot injection, solution-based synthesis proce-

dures [123,199]. Colloidal dispersions of PbSe and CdSe NCs are studied as a function

of concentration and particle shape, and we conclude with an estimate of the dipolar in-

teraction strength based on quantitative analysis of the imaged structures on the single

particle level [165, 201].
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Table 7.1. The shape, composition, and average particle size d of systems A-F.

TEM diameter surface fraction

Code shape composition d (nm) θ V (kBT)

A sphere PbSe 6.8 ± 0.3 0.01 -8.0 ± 1

B sphere PbSe 6.8 ± 0.3 0.06 -8.0 ± 1

C sphere PbSe 6.8 ± 0.3 0.16 -8.0 ± 1

D cube PbSe 11.1 ± 0.6 0.12 -9.0 ± 2

E star PbSe 12.8 ± 1.6 0.02 -10.0 ± 2

F sphere CdSe 5.9 ± 0.7 0.09 -9.0 ± 2

7.2. Experimental

Colloidal PbSe and CdSe dispersions in Decalin (A-F) were prepared by a method

described previously [123, 199], in which the size and the shape of the particles could

be tuned. Table 7.1 lists the average particle diameters (d) according to TEM and the

particle concentration expressed in surface fractions θ (= NTAp/AI, where NT is the

total number of particles in the images, Ap is the cross-sectional area of one particle,

and AI is the total area of all images). Cryo-TEM images were obtained by preparing

a vitrified film of dispersion on grids with holey carbon film (R2/2 Quantifoil Micro

Tools, Jena, Germany). A droplet of dispersion was placed onto the holey carbon grid

and excess solution was removed automatically with a vitrobot [121,137]. In this way, a

freestanding liquid film was produced in the grid holes (diameter 2 µm) with a thickness

of the order of one particle diameter. Thermal motion of the particles was arrested by

plunging the film into liquid nitrogen [138]. The homogeneous grey background in

Fig. 7.1 demonstrates that the solvent is vitrified, since crystallization would lead to

strong scattering of the electron beam and, consequently, to loss of image resolution.

While still in liquid nitrogen, the grids were placed into a specially devised cryo-holder

which could be mounted in microscope. The presented CCD-images were taken on

a Philips Tecnai 12 TEM operating at 120 kV. Particle positions were tracked in 2D

snapshots using image analysis software [175]. For all systems, at least 6 images were

analyzed containing altogether more than 600 particles.

7.3. Results

Panels A-C in Fig. 7.1 present cryo-TEM snapshots obtained for dispersions A-C that

contain spherical PbSe nanocrystals (see Table 7.1). The images clearly demonstrate

the presence of single nanocrystals as well as straight and branched chains of particles

in the liquid film and manifest the one-dimensional character of the structures. The

snapshots in A-C correspond to different particle concentrations. The sample in panel A

was prepared by diluting the sample in panel C. We remark that the sample in panel B

was prepared in a separate synthesis. This shows that the observed linear aggregation
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Figure 7.1. Typical in situ cryo-TEM images of vitrified colloidal dispersions

of PbSe (A-E) and CdSe (F) NCs. The surface fractions and chemical com-

positions are listed in Table 7.1. Anisotropic structures can be observed in all

the images and clearly indicate the presence of a dipole moment, irrespective

of particle shape or chemical composition.

is a reproducible property of PbSe NC dispersions. The imaged structures strongly

resemble the magnetic dipolar structures that have been observed recently in colloidal

iron and magnetite dispersions (Chapters 2 and 4) [1, 14].

As a first quantification of the imaged dipolar structures we calculated the radial

distribution function g(r), defined as:

g(r) =
1

ρ

〈

∑

j 6=i

δ(ri − rj − r)

〉

i

, (7.1)

where ρ is the average number density, δ represents a delta-function, r is the position

vector and the indices i and j run over all particles.
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Figure 7.2. (a) Radial distribution function g(r) obtained from the cryo-

genic 2D images for system A. (b) Histograms of the coordination number Nc

probability of a particle in system A (�), B (�), and C (◦). Note that the co-

ordination number probability of C peaks at Nc=2, indicating predominantly

linear structures.

The radial distribution function g(r) for system A is shown in (Fig. 7.2a). The data

show two peaks at r=9 nm and 18 nm, indicating the predominance of linear aggre-

gation. Furthermore, the position of the first maximum at 9 nm implies an ’effective ’

inter-particle separation of approximately 2.2 nm. This value is close to the length of a

single oleic acid molecule and, therefore, suggests the presence of only one single layer

between two touching particle surfaces.

The structures partially dissociate when the system is diluted (C→A), in line with our

hypothesis that thermodynamic equilibrium exists between the structures of different

lengths. To examine the equilibrium in more detail, we calculate the number of nearest

neighbors per particle (Fig. 7.2b). We define a neighbor as being located within a center-

to-center distance of dc = 1.35(D), where D is the mean particle diameter (including

the capping) determined from the first maximum in g(r). The calculations were not

affected by the choice of the cut-off distance in the range 1.0-1.5 (D). For system C,

the distribution peaks at 2, signaling the one-dimensional character of the structures.

Note that coordination numbers larger than 2 indicate branching points. When system

C is diluted by a factor of 16, the probability distribution shifts to 1 and the number

of branching points decreases significantly, confirming the dissociation of the clusters.

The cluster-size distribution of these systems decays with increasing number of parti-

cles in a cluster, as is depicted in Fig. 7.3a. We define a cluster as having one end-particle

that serves as a starting point; all the nearest neighbors of this particle are assigned to

be part of this cluster, including their nearest neighbors, etc., until no new neighbors

are detected. The average cluster size decreases from 4.5 in system C to 2 particles

for system A, in line with a dynamic equilibrium. We now apply a one-dimensional
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Figure 7.3. (a) The cluster-size distribution of system A. The inset shows a

fit to the data according to equation 2. Note that the relevant thermodynamic

measure for concentration in this model is surface mole fraction [179,180]. (b)

Average coordination number per cluster as a function of the cluster size for

system A. The line through the data points is a guide to the eye.

aggregation model that we previously introduced to describe dipolar chain lengths in

colloidal dispersions of magnetic nanoparticles (see Chapter 4) [152]. This model only

takes into account the effective nearest neighbor interaction V and gives the following

relation between the concentrations of dipolar chains of different lengths q:

xq = xq
1exp(−(q − 1)V ) (7.2)

where x1 is the surface mole fraction of single particles and V is dimensionless and

scaled to thermal energy (see Chapter 4) [179,180]. A fit to the initial decay (see inset

Fig. 7.3a) yields a value for V of approximately -8 ± 1 and similar values for systems

B and C. Beyond 3-4 particles in a cluster, a more detailed description is required that

takes into account chain curvature. We conclude that the PbSe nanoparticles have a

dipolar attraction of -8 ± 1 kBT at minimal contact. In a point-dipole appromixation

this interaction is equivalent to a dipole moment of 480 D. This is significantly larger

than quantum-dot dipole moments that have been reported previously, which were on

the order of 100 D [200, 202].

Fig. 7.3b shows the average coordination number per cluster as a function of the

cluster size for system A. The coordination number increases with increasing cluster

size. Already at a cluster size of 4, the average coordination number reaches 2. Since

a coordination number of 2 is only expected in the limit of infinite chains this sug-

gests deviations from linearity, for instance the square or triangular structures of a few

particles.



7.3. Results 89
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Figure 7.4. (A) Typical TEM image showing hexagonal monolayers of quasi-

spherical PbSe nanocrystals of 6.8 ±0.3 nm. (B) Typical TEM image showing

a three dimensional fcc supercrystal formed by quasi-spherical PbSe nanocrys-

tals of 7.7 nm. (C) Fourier transform of image A showing the hexagonal sym-

metry and long range order. (D) WAED image of a 0.8 µm2 subsection of the

monolayer in A. (E) WAED pattern on one supercrystal, clearly illustrating

atomic alignment [204].

The effect of the particle shape is demonstrated in panels D and E in Fig. 7.1.

The particle shape is changed from spherical to cubic (panel D) upon increasing the

nanocrystal size [203], or by adding a small amount of acetic acid to the reaction

mixture to obtain star-like particles (Panel E) [199]. Interestingly, both the cubes and

the stars exhibit similar linear structures as observed for the PbSe spheres. CdSe yields

qualitatively similar pictures of particles that self-assemble into predominantly one-

dimensional structures, although the aggregates appear more flexible than with PbSe,

as is revealed by worm-like structures (Panel F).

The directional interaction of NCs observed in cryo-TEM of colloidal dispersions di-

rectly affects the orientation of the NCs in 2D hexagonal self-assembly layers. Fig. 7.4

shows a monolayer of spherical PbSe nanocrystals that form a defect-free and single-

crystalline area over several µm2. The Fourier transform of such a monolayer indicates

the hexagonal symmetry with an average distance of 9.0 nm (Panel C), in good agree-

ment with the position of the first maximum in the radial distribution function in

Fig. 7.2 (at 9 nm for the same sample). Panel D is a Wide-Angle Electron Diffraction

(WAED) pattern of 0.8 µm2. In WAED the diffraction is probed at angles correspond-

ing to Bragg diffraction at atomic distances. This implies that WAED is sensitive to

the crystal structure within the PbSe NCs and that it probes the crystal planes per-

pendicular to the electron beam. The occurrence of discrete peaks instead of rings in

the WAED image demonstrates atomic alignment between the nanocrystals with the

< 111 > axis of the rocksalt lattice toward the substrate (as six equidistant peaks are

observed). We remark that our observations differ from those of Talapin et al. [124]
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in that we have exclusively observed atomic alignment with the < 111 > crystal axis

of the PbSe NCs towards the substrate, whereas they have observed atomic alignment

with the < 100 > axis towards the substrate. The substrates were similar carbon-

coated polymer TEM grids for their and our experiments. The atomic alignment of the

spherical NCs is also illustrated in Panel B of Fig. 7.4. It shows a TEM image of a

3D supercrystal of spherical nanocrystals with a 7.7 nm diameter, which self-assembled

in a slightly destabilized dispersion. The inset is a WAED pattern of one of these su-

percrystals clearly showing a strong alignment of the atomic lattices of the individual

NCs. Such atomic alignment can be induced by the shape of the nanocrystals. For

example, cubic nanocrystals exhibit cubic packing if two 100 facets face one another.

However, the nanocrystals in Fig. 7.4 are close to spherical and therefore it is likely

that the atomic alignment is caused by dipolar interactions between the nanocrystals.

7.4. Discussion

The presence of an electrical dipole moment in nanocrystals with a centro-symmetric

crystal structure (e.g. zinc-blende, rock-salt) can be partially explained by a theoretical

model that ascribes the origin of the dipoles to differently charged facets [198,200]. The

largest effect is expected from polar facets, such as the {111} facets in PbSe. Assuming

an equal number of partially negatively charged (Se terminated) and positively charged

(Pb terminated) {111} facets with a random geometrical distribution Cho et al. [198]

have calculated that 90 % of the NCs have a dipole moment. The relative probabilities

of particles having zero dipole moment or a dipole along the < hkl > direction are

0 :< 100 >:< 110 >:< 111 > = 4:15:12:4. Furthermore, the largest dipole moment is

along the < 100 > axis. Although this simple model neglects the influence of capping

molecules, surface reconstructions, and the free-energy cost for the creation of a dipole,

it has been used successfully to explain various structures formed by oriented attache-

ment of PbSe nanocrystals [198,199]. In the above model, the size of the dipole moment

is determined by the total surface of the {111} facets. This should be the largest for

the star-shaped nanocrystals, the smallest for the cubic nanocrystals (zero for perfect

cubes), and intermediate for quasi-spherical nanocrystals. The cryo-TEM images indi-

cate that both the cubes and the stars exhibit chain formation with a pronounced linear

character. The extend to which these different systems form anisotropic structures is

similar, including topological features as curvature etc.. In light of the model by Cho

et al. this means that next to the six regular factes the cubes have still distinct 111

facets.

In the past decade, several experiments have been described in the literature in

which the response of CdSe dispersions was measured using electrical impedance spec-

troscopy [200, 202, 205]. These measurements indicated the presence of an electrical
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dipole moment of the order of 100 D that scales linearly with the particle diame-

ter. From the cryo-TEM analysis presented here we obtain significantly larger dipole

moments of the order of 480 D for 6.8 nm PbSe and 494 D for 5.9 nm CdSe NCs.

However, as is demonstrated by Fig. 7.1, for such large dipolar interactions, large ag-

gregates are expected at high concentrations with a highly one-dimensional character.

This implies that measuring the dielectric response of individual particles is largely

impeded, since chains of different sizes have different relaxation times that are much

longer than for single particles. With magnetic colloids that form magnetic equilibrium

structures according to cryo-TEM, it has been demonstrated that the response to an

alternating field occurs at frequencies corresponding to the slow motion of the dipolar

structures [69, 206]. Moreover, since particle concentrations have to be high enough

to measure significant impedance signals (e.g. a volume fraction of 0.3 was used in

ref. [202]), the number of single dipolar colloids present in the dispersion is limited,

as the cluster size strongly depends on the concentration (see eq 7.2). It is, therefore,

questionable whether impedance spectroscopy is a suitable tool to determine the dipole

moment of colloidal nanocrystals when dipolar structures are involved. In contrast, the

cryo-TEM analysis we presented here provides quantitative information on the dipole

moment and equilibrium structures of nanocrystals in dispersion.

7.5. Conclusion

In conclusion, we have shown with in situ cryo-TEM that in dispersions of PbSe and

CdSe quantum dots, dipolar equilibrium structures form whose size mainly depends on

concentration. Analyzing the cluster-size distribution with a one-dimensional aggrega-

tion model (eq 7.2) yields a pair attraction on the order of 8-10 kBT. 2D self-assembled

hexagonal layers of these NCs clearly indicate local crystallographic alignment of the

colloids as a result of the dipolar coupling.
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Field-Dependent Magnetization of

Model Ferrofluids with Zero-Field

Dipolar Chains

Abstract
Conclusive experimental evidence is presented for the effect of dipolar chains

on the field-dependent magnetization of ferrofluids. Magnetization curves are

measured for concentration series of low-polydispersity colloidal dispersions

with three different average sizes of magnetic nanoparticles in an apolar sol-

vent. At low concentrations or with the smallest particles, the magnetization

data obey the Langevin equation for non-interacting dipoles. Magnetization

curves for the largest particles, however, strongly deviate from the Langevin

equation but quantitatively agree with a recently developed mean-field model

that incorporates the field-dependent formation and alignment of flexible dipo-

lar chains.
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8.1. Introduction

The dielectric response of dipolar fluids not only depends on the interaction of indi-

vidual dipoles with the external field but also on the interactions between the dipoles.

To describe the dipolar interactions theoretically is a long-standing problem. When

the dipole-dipole interactions exceed the thermal energy kBT , the classical theories

by Langevin, [134] Weiss, [207] Debye, [208] and Onsager [209] strongly differ in their

predictions at high concentrations. Much work has been done to develop improved the-

oretical descriptions, and evaluating them is a task of its own (for a review see [77]). An

experimental approach to evaluate the theories is to fit them to magnetization measure-

ments on so-called ferrofluids, colloidal dispersions of single-domain magnetic nanopar-

ticles. Until now, a drawback of the investigated ferrofluids has been that they are

highly polydisperse, which complicates quantitative comparison with theory [98]. Nev-

ertheless, a pragmatic solution to that problem has been to measure on concentration

series of ferrofluids and to extract the average magnetic diameter by model-dependent

analysis of the data, the test of theory being that the calculated diameter should

be concentration-independent [210]. Until recently, the modified mean-field model by

Ivanov and Kuznetsova [211] was the only theory to pass that test when it comes to

describing the concentration dependence of the initial magnetic susceptibility of poly-

disperse ferrofluids that do not contain chain aggregates [212]. However, to describe

the field-dependence of the magnetization, the model had to be extended to incorporate

the field-dependent formation and alignment of flexible dipolar chains [125, 126].

Here, we perform field- and concentration-dependent magnetization measurements

on weakly polydisperse, single domain magnetite (Fe3O4) colloids, whose dipolar struc-

tures were demonstrated and quantified in zero and applied magnetic field by cryogenic

transmission electron microscopy (Chapters 4 and 9), and we show that the recently-

developed Flexible Chain Model [125, 126] provides a quantitative description of the

magnetization properties of these ferrofluids up to concentrations of 7%.

8.2. Experimental Section

Colloidal systems

Magnetization curves were measured for model ferrofluids whose preparation and

properties have been described in detail in Chapter 2. In brief, the fluids consist of low-

polydispersity magnetite nanoparticles with an oleic acid surface layer and dispersed in

the solvent Decalin. Dilutions were done with a 1 mM solution of oleic acid in Decalin

to prevent surfactant desorption [174]. Three systems with different average particle

diameters are examined, corresponding to three different dipole-dipole coupling param-

eters (see Table 8.1). The diameters dTEM are from transmission electron microscopy

(without the surfactant layer).



8.2. Experimental Section 97

Table 8.1. Sample characteristics of systems A and C.

Code dTEM (nm) µ (10−20Am2) dM (nm) Vmax

A 9.6 ± 1.2 17 9.0 -0.6

B 16.1 ± 2.6 66 13.8 -4

C 20.0 ± 2.4 155 18.4 -9

The dipole moments µ in Table 8.1 are obtained from the concentration dependence

of the so-called initial (low field) magnetic susceptibility in the limit of low concentra-

tions, where the dipole-dipole interactions are negligible. The initial susceptibility then

corresponds to the linear low-field part of the Langevin equation,

ML = MsL(ε) = Ms(coth(ε) −
1

ε
) (8.1)

where ML is the sample magnetization in A/m or Gauss, Ms the saturation magneti-

zation, L is the Langevin function, and ε = −µ0µH/(kBT ), with µ0 = 4π× 10−7 J A−2

m−1 and H the magnetic field in A/m. In the low-field limit, the Langevin magnetic

susceptibility χL = ML/H is linear in the particle number density n:

χL =
µ0nµ

2

3kBT
= 8Vmaxφ (8.2)

where φ is the particle volume fraction, defined as the total volume of particles,

including oleic acid layer, divided by the sample volume, and Vmax = −µ0µ
2/(2πkBTσ

3)

is the magnetic coupling constant, with σ the hard core diameter of the particles. For

the values for Vmax in Table 8.1 we assumed that the outer diameter σ of the particles

is equal to the core diameter dTEM plus a 2 nm oleic acid layer [174]. The magnetic

diameters dM in Table 8.1 are calculated from µ using a bulk magnetization of 480

kA/m for magnetite (Fe3O4) [36]. Comparison of dTEM with dM suggests the presence

of a magnetically disordered iron oxide surface layer [151] of 1.2 nm for systems C and

B, whereas this disordered layer is much less for the smaller particles in system A (0.3

nm).

Magnetization measurements

Magnetization measurements were conducted on a MicroMag 2900 alternating gra-

dient magnetometer from Princeton Measurements Corporation. The principle and

performance of practically the same apparatus were described by Flanders [213]. The

AC field was kept low (1 kA/m) to avoid non-linear effects on the measurements [214]

(AC fields of 100 A/m gave practically the same results with much more noise). Dis-

persions of the nanoparticles were contained in glass cups of dimensions 4 mm × 4 mm
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× 0.4 mm, with the 4×4 faces oriented parallel to the magnetic field to limit the de-

magnetization. Only a few hundred microliters of concentrated ferrofluid were available

for the experiments, making it necessary to work with such small sample holders.

A demagnetization factor D of 0.08 was taken into account, calculated on the basis

of the prismatic geometry of our sample holders [215]. Demagnetization is significant

above χ=2. The error in its calculation is reflected in the error bars in Fig. 8.2 and

was ascertained experimentally by filling a sample holder with different amounts of

ferrofluid. Demagnetization was taken into account using the general formula [216]

M = χmeasH = χtrueH
1

1 +Dχtrue
(8.3)

where D is the demagnetization factor.

The initial slopes were measured by cycling between 300 A/m and +300 A/m in steps

of 10 A/m per s. Full magnetization curves were measured by cycling back and forth

to higher maximum fields (e.g., ±25 kA/m) at a scan rate that was sufficiently low to

prevent hysteresis (25 A/m per s. or lower).

8.3. Results and Discussion

Fig. 8.1 summarizes our visualization of the dipolar structures in ferrofluids A-C

by cryogenic transmission electron microscopy. This technique provides snapshots of

the in situ dipolar structures in 2-dimensional ferrofluid films. In ferrofluid A, the

dipolar coupling is too weak for dipolar structure formation, in ferrofluid B, zero-field

structures start to be visible, and in ferrofluid C, chaining is extensive. In a saturating

magnetic field, the dipolar structures are greatly increased in size and the zero-field

chains assemble into long, thick columns.

The strength of the dipole-dipole coupling in ferrofluids A-C is depicted by the data

points in Fig. 8.2, showing the experimentally determined initial magnetic susceptibility

as a function of the volume fraction. First, in all three cases, the data exhibit linear

behavior at low concentrations. This allows determination of the magnetic coupling

constants Vmax (see Table 8.1) using eq 8.2 (see Fig. 8.2, dashed-dotted lines), which

all agree with previously determined values of Vmax [152]. The linear behavior agrees

with the Langevin model, which ignores interparticle interactions and only takes into

account the orientational statistics of a single dipole in an external field. Second, at

concentrations above φ ≈ 0.02, deviations from linearity in Fig. 8.2 reveal the effect

of interparticle interactions. Due to the strong dipole-dipole coupling (V = −9) the

deviations are the strongest in system C, despite that the applied demagnetization

factor of D = 0.08 is even slightly underestimated as a result of small wetting effects

in the sample containers.
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Figure 8.1. Cryogenic transmission electron microscopy of ferrofluids A (a),

B (b), and C (c) in zero field. Panel d shows ferrofluid C in a saturating

magnetic field of H = 160 kA/m (see Chapter 9).

To better highlight the effect of the dipolar structures on the magnetization prop-

erties of ferrofluids, we measured the magnetization as a function of the external field

strength for systems A-C at different volume fractions φ. Magnetization curves of ferro-

fluids A-C are presented in Fig. 8.3 at selected volume fractions φ. For ferrofluid A (see

Fig. 8.3, lower right panel), the data correspond to the Langevin equation (eq 8.1), as

expected in the case of weak dipole-dipole interactions. With increasing interactions

(system B) small deviations occur at relatively high concentrations (φ=3.9 %), indi-

cating moderate but significant interactions (Vmax=-1.7). For strongly dipolar fluids

(Fig. 8.3, left panels), Langevin only gives a satisfactory description of the data at very

low concentrations (φ < 0.005), where the initial magnetic susceptibility is linear with

concentration (Fig. 8.2A). The strong differences in shape between the experimental

data and the Langevin curve at high concentration (Fig. 8.3, upper left panel) clearly

demonstrate the effect of magnetic dipolar chains on the magnetization properties of a

ferrofluid.

Since the Langevin approach is no longer applicable for strongly dipolar fluids, two

recently developed mean-field approaches that describe dipolar interactions are applied

to the experimental data, taking into account the well-defined physical properties of the

particles as shown in Table 8.1. The measurements in Fig. 8.2 and Fig. 8.3 are compared
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Figure 8.2. Initial dimensionless magnetic susceptibility χ versus particle vol-

ume fraction φ for ferrofluids A-C. The theoretical curves through the data

points refer to the Langevin equation (eq 8.1, dashed-dotted line), the Modi-

fied Mean-Field Model (MMFM, dashed line), and the Flexible Chain Model

(FCM, solid line).

to the Modified Mean-Field Model (MMFM) [211] and the Flexible Chain Model (FCM)

[125,126]. Before discussing the results of those comparisons, the main aspects of these

models are reviewed. The development of these and other improved theories for the

magnetization of dipolar fluids is done by statistical mechanical perturbation. The

MMFM was proposed by Pshenichnikov [217] as a modification of Weiss’s mean-field

model [207]. The main idea is that the field affecting the orientation of the dipoles

consists of the external field H plus a contribution ML/3 from the surrounding partially

aligned dipoles. This leads to an initial susceptibility χ = χL(1+χL/3). The mean-field

models are based on the assumption of a homogeneous distribution of particle positions.

However, when the dipole moment is large or the temperature low, the dipole-dipole

interaction energy is considerably larger than thermal energy, and the particles can
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strength (kA/m) for ferrofluids A-C at the indicated volume fractions φ. As in

Fig. 8.2, the dashed-dotted lines are Langevin, the dashed lines MMFM, and

the solid lines Flexible Chain Model.

aggregate even in zero field to form chains (see Fig. 8.1). Computer simulations have

shown that the particle chains increase the degree of magnetization of ferrofluids in an

external field [90,172]. The simulation data are in qualitative agreement with the model

of rigid rod-like chains [88, 218]. However, the model involves Langevin orientational

statistics of rigid rods, leading to a great overestimation of the chains’ response to

external fields [218]. In fact, whereas the chain structures are stiff in strong fields, they

are flexible in weak fields. This was demonstrated in computer simulations [88,172] and

confirmed by cryogenic transmission electron microscopy [165].

The Flexible Chain Model (FCM) incorporates the MMFM and also accounts for

the field-dependent association of dipolar particles into flexible chains. This combined

theory was found to be in good agreement with magnetization curves calculated on the
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basis of molecular dynamics simulations [125, 126]. The FCM expression for the initial

magnetic susceptibility is [125]

χ = χL

(

1 +
χL

3

)(

1 + p0K

1 − p0K

)

(8.4)

with

p0 =
1 + 2q0φ−

√
1 + 4q0φ

2q0φ
(8.5)

The first term in parentheses corresponds to the mean-field component, and the sec-

ond term in parentheses corresponds to the flexible-chain component. The p0 parameter

gives the zero-field probability of a magnetic particle to be connected a chain; p0 in com-

bination with the zero-field partition function q0 of a dimer determines the chain length

distribution. K is the correlation coefficient that describes the orientational rigidity of

the chains. Both q0 and K depend on the dipole-dipole interaction parameter Vmax and

on the specific short-range interparticle repulsion [90, 125, 126, 212]. For the simplest

model of hard sphere dipolar particles, these parameters are given by [125]

q0 =
exp(2V )

3V 3
max

, for Vmax >>1 (8.6)

and

K = L

(

Vmax

2

)

(8.7)

where L is the Langevin function (eq 8.1) . The detailed expressions that describe

the magnetization as a function of the applied field were presented elsewhere [90, 126,

212, 219]. In the weak field and weak dipole limit, the theory reverts to the Langevin

equation. For ferrofluids with a dipolar coupling parameter Vmax between 0 and -3, the

mean-field component dominates. Flexible chains manifest themselves around Vmax ≈
-3 at concentrations φ of about 0.01 to 0.05, although with very strong dipoles and

fields (Vmax >10 and ε >10), the chains are effectively stiff. Interactions between

dipolar chains are neglected in the current Flexible Chain Model but these only become

important at (very) high fields where the deviation from Langevin is relatively small.

Comparison with computer simulations indicates that the model overestimates the chain

length and magnetization above volume fractions of 7 % [125, 126].

At weak to moderate dipolar interactions (ferrofluids A and B), the Flexible Chain

Model [125,126] is difficult to distinguish from the Modified Mean-Field Model [211] in

the concentration ranges of Fig. 8.2. At stronger interactions (ferrofluid C), the initial

magnetic susceptibility data appear to correspond to the Flexible Chain Model up to

concentration of 7%. Conclusive are the magnetization curves of ferrofluid C in Fig. 8.3,
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Figure 8.4. Initial and subsequent magnetic field scans for ferrofluid C at a

volume fraction (a) of φ= 0.6% and (b) of φ= 6.8%, and at a scan rate of 100

A/m per s (�) and 25 A/m per s (�).

which clearly are well described by the Flexible Chain Model in the concentration

regime 0-7 %. The deviations observed at concentrations >7 % are likely to be related

to inter-chain interactions. All these observations agree with the well-known trend that

extensive dipolar chaining of magnetic particles requires both a high coupling parameter

Vmax and a high concentration φ.

Further evidence for the effect of dipolar chains on the field-dependent magnetization

is found at higher field scan rates at relatively high concentrations with ferrofluid C

(Fig. 8.4). At a field scan rate of 100 A/m per sec., the parts of the curve scanned

towards zero field are different from the parts of the curve scanned from the origin

towards positive or negative fields, indicating that the field-induced structures have

no time to disintegrate while the scan field passes zero. This implies that the dipolar

structures that are formed at relatively high fields are relatively stable until the field

decreases below ε ≈ -1. At a field scan rate of 10 A/m per sec this effect diminishes.

At a scan rate of 25 A/m per sec as in Fig. 8.3 and Fig. 8.4, hysteresis effects are

sufficiently small to be neglected.

In the future, it would be interesting to study the effect of interactions between

dipolar chains on the magnetization. Such interactions have been evidenced by com-

puter simulations and cryogenic transmission electron microscopy [165], but they are

neglected in the current Flexible Chain Model [125, 126]. The chain partition function

only accounts for the dipolar interactions between particles that are nearest neighbors

in single chains. Another issue is the effect of polydispersity, on which much effort is

already being devoted [88, 89, 92, 93]. In the present work, the experimental data are

analyzed as if the particles were monodisperse, which seems a fair assumption in light

of the clearly different chaining behaviors observed by cryogenic transmission electron

microscopy for the three different mean particle sizes (Fig. 8.1) and also in light of the

previous success of quantitative image analysis on the basis of monodispersity [152].
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Taking polydispersity into account changes the absolute values by about 20% but does

not affect the general trends.

8.4. Conclusion

In conclusion, we have measured the field-dependent magnetization of model ferro-

fluids for which dipolar chaining was demonstrated independently using cryogenic trans-

mission electron microscopy. The switch to extensive dipolar chaining that occurs when

the concentration and particle dipole moment become large enough is accompanied by

a switch in the magnetic behavior. In the absence of chains, the initial susceptibility

is linear with concentration and the magnetization curve is described by the Langevin

equation (eq 8.1). When chains are present, the concentration dependence of the ini-

tial susceptibility and the magnetization curves agree with the theory that accounts

for the magnetic effects of field-induced dipolar chaining [125, 126]. This is conclusive

experimental evidence that dipolar chaining affects the static magnetic properties of

ferrofluids.
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In-Situ Imaging of Field-Induced

Hexagonal Columns in Magnetite

Ferrofluids

Abstract
Field-induced structures in a ferrofluid with well-defined magnetite nanopar-

ticles with a permanent magnetic dipole moment are analyzed on a single-

particle level by in situ cryogenic transmission electron microscopy (2D). The

field-induced columnar phase locally exhibits hexagonal symmetry and con-

firms the structures observed in simulations for ferromagnetic dipolar fluids

in 2D. The columns have a liquid-like internal structure, distorted by lens-

shaped defects, due to the weak inter-chain attraction relative to field-directed

dipole-dipole attraction. Both dipolar coupling and the dipole concentration

determine the dimensions and the spatial arrangement of the columns. Their

regular spacing manifests long-range end-pole repulsions that eventually dom-

inate the fluctuation-induced attractions between dipole chains that initiate

the columnar transition.
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9.1. Introduction

Nanoparticles dispersed in a solvent and with a sufficiently large permanent magnetic

dipole moment self-assemble into a variety of magnetic equilibrium structures such as

(flux-closure) rings and worm-like, branched dipole chains [1, 14]. The morphology of

these clusters, formed in absence of an external field, has been examined in detail,

together with a determination of pair correlation functions and chain-length distribu-

tions [152]. In contrast, much less is known about the structural transitions induced

by an external (homogeneous) magnetic field for fluids of permanent dipoles. Interest-

ingly, magnetic colloids in an external field are nevertheless frequently encountered in

biomedicine [22, 46] and other fields of applications [153].

The structure formation and phase behavior of colloidal systems in reduced dimen-

sions is not necessarily equivalent to that of three-dimensional (3D) systems [220–222].

In particular, for permanent dipolar spheres confined to two dimensions (2D) a field-

induced transition to a columnar phase with local hexagonal symmetry was predicted

[72], although a conclusive experimental real-space analysis was still lacking untill now.

Elongated iron-particle clusters have been imaged [1] but the irregular particle shape

and the bidisperse size distribution obstruct the wanted single-particle analysis. Paral-

lel structures have also been observed for maghemite ferrofluids dried in the presence of

a homogeneous field [70,71]. However, we have shown elsewhere that drying procedures

may drastically change structure morphology [14]. Moreover, dipole interactions in

conventional ferrofluids are in general too weak for a realistic comparison to the purely

dipolar spheres from simulations.

Here, we report unequivocal real-space evidence for the predicted columnar phase

transition [72] from in situ cryo-TEM images of monodisperse magnetic colloids with

dominating dipolar interactions. The particle positions are confined to a 2D film

whereas the dipole orientations can thermally fluctuate in 3D. Our imaging results, in

addition, allow us to quantify positional and angular inter-particle correlations show-

ing, among other things, a progressive distortion of the local hexagonal symmetry for

decreasing particle dipole moments.

The permanently magnetic particles in this study are monodisperse magnetite (Fe3O4)

colloids with a surfactant shell such that the pair interaction comprises only a steep

contact repulsion and a dipolar potential x/r3, where x is the angular dependent am-

plitude of two dipoles at a center-to-center distance r. The maximal dipolar attrac-

tion for two dipoles in head-to-tail configuration is Vmax = −µ0µ
2/(2πkBTσ

3), where

µ0 = 4π × 10−7 J A−2 m−1, µ is the magnetic dipole moment of one particle, kB is

the Boltzmann constant, T the absolute temperature, and σ the hard core diameter,

including the surfactant shell. The interaction of the dipoles with the applied magnetic

field is ε = −µµ0H/(kBT ), where H is the external magnetic field strength.
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Table 9.1. Sample characteristics of systems A and B

Code B C

σTEM (including surfactant layer) (nm) 19.8 ± 2.6 24.0 ± 2.4

dipole-dipole attraction Vmax (kBT ) a -4 -9

Interaction (ε) with 0.2 T at 300K (kBT ) -32 -76
a determined using the dipole moment of the particles directly obtained from magnetization curves and the

interparticle distance obtained from radial distribution (g(r)) analysis of cryo-TEM data.

9.2. Experimental

Colloidal system

Two colloidal magnetite dispersions (B and C) in Decalin were prepared as described

in Chapter 2. The average particle diameter (σ) according to TEM (including the 2 nm

surfactant layer), the values for the dipolar contact attraction Vmax, and the interaction

of the particles with the magnetic field ε are listed in Table 9.1.

Cryo-TEM

Cryo-TEM images were obtained for systems B and C (see Chapter 2). Prior to

vitrification, dispersion films (thickness of 1σ) were prepared in a homogeneous magnetic

field (0.2 T). The resolution of the images is approximately 1 nm, which allows analyzing

the images on a single particle level.

Data analysis

To track particle positions in the 2D cryo-TEM snapshots we used image analysis

software [175]. For the analysis of the dipolar structures in systems B and C, at least 8

images were analyzed for each system containing altogether more than 1500 particles.

To characterize the dipolar structures several order parameters were calculated.

To study the internal column structure, the number of nearest neighbors per particle

was determined by introducing a cutoff distance rc. Particles were considered to be

bonded if their center-to-center distance was less than the predetermined cutoff value

rc. The coordination number probability was computed by defining a neighbor as being

located within rc = 1.35σ, which is between the first maximum and minimum in g(r).

To quantify the differences in the orientational order at the particle length scale, we

computed the local bond-orientational order parameter ψ6 [222]

ψ6(ri) =
1

N

N
∑

j=1

exp[6iθ(rij)] (9.1)

where the summation j runs over the total number of nearest neighbors N of a

particle i. θ(rij) is the angle between the bond vector connecting particles i and j

and an arbitrary fixed reference axis. Averaging over all particles i yields the average
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hexagonal order parameter 〈|ψ6|〉, which is approximately 0.4 for a fluid and 1 for a

perfect 2D hexagonal crystal.

Information on the translational correlation lengths was obtained by calculating the

radial distribution function g(r). It is defined as the local particle density at distance

r from a central particle devided by the average density of the system

g(r) =
1

ρ

〈

∑

j 6=i

δ(ri − rj − r)

〉

i

(9.2)

where ρ is the average number density and the indices i and j run over all particles.

The radial distribution function scales with the probability P of finding a particle at

distance r from a given particle.

The bond-orientational correlation function, defined as

g6(r) = 〈ψ∗
6(0)ψ6(r)〉 (9.3)

was determined to establish the bond-orientational correlation length [222].

9.3. Results and Discussion

The arrangement of the dipolar particles in an external field (Fig. 9.1) is for both

systems markedly different from the structure formation in zero field (Chapter 2) [152].

In system B, where the dipole-dipole attractions do not exceed 4 kBT, relatively long

(> 60σ), but rather diffuse sheets are formed of loosely bound chains with a width in

the range 1-10σ, separated by a typical average distance of about 260 nm (13σ). A clear

structural transition from loosely bound chains to tightly packed long (>80σ) columns

is observed when Vmax is increased to -9 (system C). Due to the strong dipole-dipole

interaction and the strong coupling to the magnetic field (ε = −76) linear dipolar chains

are formed that join into uniform columns with hexagonal order and a limited number

of lens-shaped voids (see Fig. 9.1B, open circles). These voids likely are kinetically

arrested defects whose relaxation requires simultaneous displacement of many neigh-

boring dipoles. Furthermore, the columns all have a similar width of about 5σ and are

equally spaced with a characteristic distance of 330 nm (14σ), manifesting a significant

long-range repulsion between the stiff elongated sheets. Upon lowering the particle

concentration by a factor of 4, the columns laterally shrink to strands of about two

dipole chains (see inset Fig. 9.2a). The observations validate the simulation results of

quasi-2D dipolar hard-sphere systems at comparable interactions by Satoh et al. [223]

and by Weis [72], the latter also showing a columnar phase that exhibits hexagonal

symmetry and a column spacing of order 10σ.

Within the columns, two neighboring chains are generally shifted by (1/2)σ, which is

energetically favorable [224]. For rigid aligned chains that are out of registry, the lateral
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Figure 9.1. Typical in situ cryo-TEM images of magnetite dispersion B (A1-

A3) and C (B1-B3), vitrified in the presence of an in-plane homogeneous mag-

netic field (0.2 T). The surface fraction θ is 0.25 for both systems. Open circles

mark the imaged lens-shaped voids in the magnetic sheets. The inset in panel

B1 shows the structures upon dilution by a factor 4. The inset in panel C3 is

the 2D structure factor (S(q)) calculated for the cryo-TEM images.

chain-chain interaction scales with the dipole-dipole attraction and with the length of

the chains [225]. In system B, the short range attraction between the chains is clearly

much weaker than in system C.
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Figure 9.2. Typical in situ cryo-TEM images of magnetite dispersion C, vit-

rified in the presence of a homogeneous magnetic field (0.2 T) directed (a) par-

allel to the film (dispersion diluted compared to the Fig. 9.1C series, θ = 0.06)

and (b) perpendicular to the film. Fig. 9.2 demonstrates that orienting the

field perpendicular to the film melts the columns to a gas of repulsive dipoles.

This is supported by the nearest neighbor distribution in the inset of the figure.

Thermal fluctuations [224], defective chains [226], or chain bending in general [227]

can induce variations in the dipole moment density and, consequently, long-range cou-

pling between one-dimensional structures in colloidal dispersions. In system B, fluctua-

tions in the dipole moment density must be important, particularly in view of the initial

particle configuration in zero field, which consists of deflective chains. As the relatively

short dipolar chains in zero field easily form and break up, the induced attractions are

limited. Consequently, the observed columns are rather diffuse and have a liquid-like

structure, in contrast to the C-system.

For the columns to grow in system C, they have to adsorb neighboring chains. How-

ever, as this process advances, the columns become more rigid such that fluctuation

attractions vanish. Instead, the end-poles of the rigid magnetic columns cause neigh-

boring columns to repel one another, leading to the observed regular spacing between

the columnar aggregates, which resemble the structures observed in MR fluids [105].

To show that these systems are indeed quasi-2D, the field was rotated by 90◦ and

applied perpendicular to the film of magnetite dispersion C prior to vitrifying it. Con-

sequently, up to 4.5 kBT of repulsion is introduced and almost all clusters break apart

(see Fig. 9.2b), leading to a gas-like configuration of single particles. This is corrobo-

rated by the nearest neighbor distribution in the inset of Fig. 9.2b, which shows that

the most probable configuration is a single particle. This configuration also confirms

that dipolar attractions dominate the column formation in our fluids since no isotropic

clusters are observed.

To quantify the internal column structure, the coordination number probability was

calculated, defining a neighbor as being located within a center-to-center distance of

rc = 1.35σ (Fig. 9.3a). The distribution shows a broad band for the B-particles, whereas
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Figure 9.3. (a) Histogram of the coordination number Nc probability of a

particle in ferrofluid B and C. The dotted line corresponds to the probability

observed in zero field (0 T) [152]. (b) Nearest neighbor angle distributions for

the B-particles and the C-particles.

it clearly peaks at 4 and 6 in system C, corresponding to respectively outer and inner

chains in a column. For comparison, for zero-field dipolar structures the most probable

coordination number is 2 [152], confirming the self-assembly of particles in single linear

chains. The difference between structures is even more pronounced in the nearest

neighbor angle distribution in Fig. 9.3b, which quantifies the local orientational order in

the columns. For small interactions, only moderate orientational correlation is observed

in the 0◦(parallel to the magnetic field) and the 180◦ (anti-parallel to the magnetic field)

directions, manifesting the presence of uncorrelated linear chains. The orientational

order is drastically enhanced in system C, where peaks are observed at multiples of 60◦,

manifesting a hexagonal particle configuration. Due to the local fluctuations, the peaks

are considerably broad.

In systems B and C, 〈|ψ6|〉 values of 0.49 and 0.57 were obtained respectively, indi-

cating a significant but not dramatic increase in hexagonal order with growing dipolar

attractions despite the liquid-like character of the sheets in both systems. To visualize

these results, the ψ6 values of the particles in Fig. 9.1A3 and Fig. 9.1B3 are displayed

in Fig. 9.4 using color codes. Note that the number of particles with ψ6 ≥ 0.8 is the

highest for system C and that these particles are more frequently each other’s neigh-

bors, confirming significant differences in both the local orientational order and the

correlation lengths of the particles in systems B and C.

Information on the translational correlation lengths is obtained by calculating the

radial distribution function g(r) (Fig. 9.5a). For strong interactions (Vmax = −9) ,

the data show peaks that manifest correlations extending over more than 6 particles

diameters. In contrast, data obtained recently in zero field show only clear correlations

up to 2 particle diameters [152]. The hexagonal arrangement of the particles leads to



112 9. In-Situ Imaging of Field-Induced Hexagonal Columns in Magnetite Ferrofluids

B3 C3

Figure 9.4. Bond-orientational order parameter ψ6 values for the individual

particles in the corresponding images Fig. 9.1B3 and Fig. 9.1C3. The color

code for the ψ6 values is as follows: 1.0 ≥ ψ6 ≥ 0.8 (black), 0.8 > ψ6 ≥ 0.6

(red), 0.6 > ψ6 ≥ 0.4 (grey), and ψ6 < 0.4 (white). See section ’Color figures’

for color version.

a shift of the second peak in g(r) to
√

3σ. The peaks in g(r) are relatively broad com-

pared to a perfect crystal due to curvature of the chains and the lens-shaped voids that

are present in the bands. Furthermore, to a limited extent the particles exhibit shape

anisotropy, which in colloidal crystals can lead to peak broadening in g(r) [228]. To ex-

amine more precisely the hexagonal conformation of the particles, the two-dimensional

correlation function g(x, y) is more appropriate. As demonstrated in Fig. 9.5c, there

is no clear translational correlation in any distinct direction in system B, since only a

diffuse ring is observed at 1σ and 2σ, leading to the first two peaks in the radial distri-

bution function g(r). However, in system C a distorted hexagonal correlation pattern

is observed with the first peaks at 1.0σ (parallel to the field) and at 1.1σ (perpendicular

to the field), indicating that the inter-particle distance is 10% longer perpendicular to

the magnetic field, due to fluctuations in the distance between the parallel chains. A

Fourier transform of the field-induced columns (inset of Fig. 9.1B3) corroborates the

elongated hexagonal symmetry. Strong similarities are found with neutron scattering

patterns obtained on cobalt ferrofluids in 3D [109]. Our results therefore suggest that

formation of 2D columns also occurs in 3D systems (see Chapter 10).

The bond-orientational correlation function (Fig. 9.5b) shows a rapid initial decay for

system B, indicating that the orientational correlations do not exceed 2σ. In system C,

a plateau is reached between approximately 10 to 15σ, after which the decay proceeds

to reach a constant value of about 0.08. The first decay describes the orientational

correlations for all directions (both parallel and perpendicular to the field) since it

concerns relatively short distances. The second decay, which sets in after 15σ, probably
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Figure 9.5. (a): Radial distribution function g(r). The curves have been

shifted vertically for clarity. The dotted line corresponds to the peak posi-

tions observed in zero field [152]. (b): Bond-orientational correlation function

(eq 9.3). Here, the curves have not been shifted vertically: the zero-level ap-

plies both to B and C. (c): Two-dimensional correlation function of systems B

and C.

indicates the retained orientational correlations in the magnetic field direction. The

distance at which this decay sets in roughly agrees with the typical width of the magnetic

bands.

9.4. Conclusion

In summary, we have demonstrated that sterically stabilized nanoparticles with a suf-

ficiently large permanent magnetic dipole moment form columns with distorted hexa-

gonal symmetry in the presence of an in-plane magnetic field, confirming the existence

of the structures predicted by 2D simulations of dipolar hard spheres. A quantitative

analysis shows a progressive distortion of the local hexagonal symmetry for decreasing

particle dipole moments. The regular spacing between the columns shows that their

nucleation and growth is an interplay between short-range attraction between single

dipolar chains and long-range repulsion between the end-poles of the columns.
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Dipolar Structures in Magnetite

Ferrofluids Studied with SANS

Abstract
Field-induced structure formation in ferrofluids with low-polydispersity mag-

netite nanoparticles (systems A-C, see Chapter 2) was studied with small-angle

neutron scattering (SANS). The magnetic interactions were tuned by adjust-

ing the size of single-magnetic-domain particles and by applying an external

magnetic field. The data show local hexagonal symmetry, which results from

the formation of magnetic sheets. For decreasing particle dipole moments,

the hexagonal symmetry gradually becomes distorted. The SANS data show

qualitative agreement with cryo-TEM results obtained in 2D (see Chapter 9).
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10.1. Introduction

Ferrofluids are colloidal dispersions of single-domain magnetic particles, electrostat-

ically or sterically stabilized in water or organic solvents. The structural behavior of

ferrofluids is mainly governed by the dipolar interaction potential, of which the depth

of the potential well cannot be tuned by a magnetic field. This is because the mag-

netic dipole moments of the particles in ferrofluids are permanent, in contrast to the

particles in electrorheological (ER) and magnetorheological (MR) fluids, with an in-

duced dipole moment that depends on the external magnetic field strength. In ferro-

fluids, the maximal dipolar attraction (for two dipoles in head-to-tail configuration) is

Vmax = −µ0µ
2/(2πkBTσ

3), where µ0 = 4π × 10−7 J A−2 m−1, µ is the magnetic dipole

moment of one particle, kB is the Boltzmann constant, T the absolute temperature,

and σ the hard core diameter, including the surfactant shell if it is present. When

the dipolar attraction exceeds a few kBT , the dipolar nanoparticles self-assemble into

magnetic equilibrium structures such as dipolar chains, as was recently demonstrated

in dilute iron [1] and magnetite (Fe3O4) [14] dispersions. In an applied magnetic field,

the interaction of the dipoles with the field is ε = −µµ0H/(kBT ), where H is the

magnetic field strength. Although Vmax is not affected by an applied field, the interac-

tion of the particles with the field causes the dipole moments to (partially) align and,

hence, the effective attraction to increase. As a result, elongated clusters can form due

to lateral interactions between the dipolar chains, yielding semi-ordered nanoparticle

arrangements [1, 70, 71, 109, 110, 165].

The basic physics of this type of structural transition in which dipolar chains are

attracted in the lateral direction is still being debated, particularly since two rigid

finite chains are expected to repel each other if they are not in close proximity [225].

Halsey and Toor proposed a mechanism in which thermal fluctuations can induce long-

range attraction between two parallel chains, leading to column formation [229]. The

long-range interaction between dipolar chains is predicted to be independent of the

applied field strength, and it reaches a maximum when the inter-chain distance is of

the same order as the thermal fluctuations of the nanoparticle positions. Dipolar column

formation has also been predicted to involve defect-driven coarsening [226] and finite

chain length effects [227].

In the case of particles with an induced dipole moment, simulations in the presence

of a magnetic field have shown a variety of solid equilibrium phases, among which

the body-centered-tetragonal (bct) and face-centered-cubic (fcc) phases [100, 106, 107],

that can coexist with the chain phase. Experimentally, magnetic-field-induced order

has indeed been observed in ER fluids [100] and MR fluids [105]. For particles with a

permanent magnetic dipole moment, for instance in ferrofluids, field-induced structure

formation has received less attention. Moreover, the columnar phase with hexagonal
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symmetry that was predicted by simulations for dipolar spheres confined to two di-

mensions [72, 223] has only recently been observed in real-space experiments [165].

Interestingly, recent SANS experiments on cobalt ferrofluids (3D) in a magnetic field

also show the formation of magnetic sheets with hexagonal symmetry [109], though the

structure formation and phase behavior of colloidal systems in reduced dimensions is

not necessarily equivalent to that of 3D systems [220–222].

Here, we provide a detailed study of well-defined magnetic dipolar colloids as a func-

tion of particle size using SANS, both in zero field and in an applied external magnetic

field. SANS or SANS with polarized neutrons (SANSPOL) has proven to be a powerful

technique to study ferrofluids in situ, due to the specific interaction of the neutrons with

the magnetic core [119]. The primary goal is to compare zero-field and field-induced

dipolar structure formation as observed with SANS with data obtained in real space

(see Chapter 9). In particular, we recently analyzed the structure of field-induced bands

in real-space (2D) in terms of radial distribution functions and structure factors [165],

and now we compare those results to structure factors obtained from SANS (3D). Both

techniques show, among other things, thin bands with a progressive distortion of the

local hexagonal symmetry for decreasing particle dipole moments.

This chapter is organized as follows. In Sec. 10.2, the technique and the single-particle

properties of three colloidal dispersions (A, B, and C) each with a different mean particle

size are presented. Sec. 10.3 describes the data analysis of the SANS data. Sec. 10.4

contains the results that were obtained in reciprocal space under different experimental

conditions. The results are discussed in Sec. 10.5 and conclusions are drawn in Sec. 10.6.

10.2. Experimental

Colloidal dispersions of single-domain magnetite (Fe3O4) nanoparticles (encoded A,

B, and C) dispersed in Decalin (C10H18) were prepared according to a method de-

scribed in Chapter 2. The particles are coated with short-chain hydrocarbons, mainly

oleic acid, to prevent them from irreversible aggregation. The dispersions were pre-

pared with a small excess of surfactant (1 mM) to prevent surfactant desorption [174].

Steric stabilization of these particles in nonpolar solvents substantially screens van der

Waals attractions and introduces steep steric repulsion between the particles at contact.

Therefore, the only additional contribution to the pair interaction is a dipolar potential

x/r3, where x is the amplitude depending on the angular orientation of two dipoles

at a center-to-center distance r. The strength of the attractions and consequently the

equilibrium chain length could be tuned by adjusting the volume of the particles and

with that the dipole moment. The characteristics of the individual particles are listed

in Table 10.1, including the values for the dipolar contact attraction Vmax between the

particles, the interaction of the particles with a magnetic field, and the volume fractions

φ.
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Table 10.1. Sample characteristics of systems A-C

Code A B C

dTEM (excluding surfactant layer) (nm) 9.6 ± 1.2 16.1 ± 2.6 20.0 ± 2.4

dXRD (nm) 8.7 ± 1.3 15.6 ± 2.5 20.6 ± 3.5

dM (nm) 9.0 13.8 18.4

< dSANS > (nm) 9.7 ± 1.9 13.4 ± 2.7 18.1 ± 3.6

µ (10−19Am2) 1.7 6.6 15.5

dipole-dipole attraction Vmax (kBT ) -0.6 -4 -9

Interaction (ε) with 1 T at 300K (kBT ) -42 -165 -380

vol. fract. φ (%) (excluding surfactant layer) 0.13 1.41 0.38

SANS measurements were performed on samples with hydrogenated Decalin to study

the magnetic structures and on diluted samples consisting of a mixture of H-Decalin

and D-Decalin (deuterated) to probe the core-shell structure of the individual particles.

The average particle sizes obtained from fitting SANS data of diluted samples are given

in Table 10.1. SANS(POL) measurements were conducted between 100 K and 300 K on

the V4 [135, 136] instrument installed at the BERII reactor of HMI situated in Berlin.

The scattering patterns were collected at a sample-detector distances of 2, 4 and 12 m.

The scattering patterns that are presented in this chapter were collected at a sample-

detector distance of 4 m. The wavelength of the neutron beam was λ=0.6 nm. The

horizontal magnetic field (1 T) was aligned perpendicular with respect to the incoming

neutron beam. The sample thickness was 1 mm. For the measurements in Decalin, the

nuclear scattering contrast is 6.93 1010 cm−2 and the magnetic scattering contrast is

1.39 1010 cm−2.

10.3. Data Analysis

SANS and SANSPOL

For polarized neutrons (SANSPOL) the scattering intensity depends on the polariza-

tion state of the neutrons, which can be parallel (-) or antiparallel (+) to the applied

magnetic field. When the magnetic dipole moments are fully aligned along an external

field H the two intensities are given by

I(−,+)(Q) = NP

∫

j

Nj(R)[F 2
N (Q) + sin2 α(F 2

M (Q)) ± 2FN (Q)FM (Q)]S(Q,α)dR (10.1)

where Nj(R) is the size distribution of particles with number density NP . FN(Q) and

FM(Q) are the nuclear and magnetic form factors of the particles, respectively. α is the

angle between the scattering vector Q and the magnetic field direction. S(Q,α) is an

anisotropic structure factor that accounts for the local order of the particles and which

for diluted systems is S(Q)=1. S(Q) is related to the pair distribution function g(r) by

the Fourier transform S(Q) = 1 +NP

∫

[g(r)− 1] exp(iQr)dr. Along the magnetic field

the intensity is independent of the polarization state and results from nuclear contrast
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only, while for Q perpendicular to B the polarization dependent magnetic contribution

is maximum. In the core-shell model assumed here, the particles contain a magnetic

core of radius R and a non-magnetic shell of thickness D, the form factors are given by

Fc−sh(Q) = [(∆η1 − ∆η2)fsph(QR) + ∆η2fsph(Q(R +D))]Vp (10.2)

where fsph(x) is the well-known shape factor for spheres: fsph(x) = 3[sin(x) −
x cos(x)]/x3, where x equals QR. The scattering contrasts for nuclear scattering are

given by ∆ηnuc
1 = ηnuc

c − ηsolvent and ∆ηnuc
2 = ηnuc

sh − ηsolvent while for the magnetic

scattering ∆ηmag
1 = ηM = (0.27 × 10−12)

∑

ciM
⊥
i /Ωi, where ci and Ωi are the con-

centrations and atomic volumes of the elements, and where only the projection of the

magnetic moment M⊥
i onto a plane perpendicular to the scattering vector Q contributes

to the interaction. M⊥
i is given in units of Bohr magnetons µB. For the non-magnetic

shell ∆ηmag
2 = 0. The intensity difference between the two polarization states indicates

a nuclear-magnetic cross term

I−(Q,α) − I+(Q,α) = 4FNFMS(Q,α) sin2 α (10.3)

The average (I+ + I−)/2 of both polarization states corresponds to the scattering of

non-polarized neutrons, given by

[I+(Q) + I−(Q)]/2 = NP

∫

j

Nj(R)[F 2
N (Q) + F 2

M (Q) sin2 α]S(Q)dR (10.4)

In zero magnetic field the magnetic moments of the superparamagnetic particles are

distributed randomly and the scattering is isotropic and given by

I(Q)H=0 = NP

∫

j

Nj(R)[F 2
N (Q) + 2/3F 2

M (Q)]S(Q)dR (10.5)

In the case of weak magnetic fields the intensities are determined by Langevin sta-

tistics [120, 230].

10.4. Results

Room temperature measurements

To characterize the colloidal particles, a core-shell model was used (eq 10.2) to fit

the scattering curves of diluted samples, which are expected to contain no structures

(dilution with a factor of 10 compared to the original dispersions listed in Table 10.1).

The scattering intensities for the diluted systems were fitted according to eq 10.1 using

S(Q) = 1 and the theoretical contrast values. Fig. 10.1a shows a schematic representa-

tion of the different scattering length densities of the core, the shell, and the solvents.
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Figure 10.1. (a) Schematic representation of the SANS fit model with the

particle radius of system C. The x-axis corresponds to the distance from the

center of the particle. For the (-) curve the magnetic and nuclear scattering

length densities were added, whereas for the (+) curve the magnetic scattering

length density was subtracted from the nuclear scattering length density.(b)

Scattering data of system B (◦) and system C (�), the solid line showing a fit

using the core-shell model (eq 10.2).

The size of the core and the thickness of the shell were determined from a fit of the

scattering curves of dilute samples (Fig. 10.1b). In all cases, volume weighted average

core diameters < dcore > ranging from 9.7 to 18.1 nm were obtained that agree well

with the average particle sizes from TEM, X-ray diffraction (XRD), and magnetization

curves (Table 10.1). From fitting the SANS data, a surfactant shell thickness of 2.1

nm was obtained, which is in line with g(r) data obtained from analyzing cryo-TEM

images that indicate a particle separation in a chain of one time the diameter d plus

3 to 4 nm [152]. Since the thickness of the surfactant layer agrees with the length of

one oleic acid or oleylamine molecule, this indicates that the particles are grafted with

a monolayer of surfactants.

Fig. 10.2 gives the 2D SANS scattering patterns of systems A-C in zero field and

in 1 T. As can be inferred from the zero-field data, the patterns are isotropic as long

as the dipole-dipole attractions do not exceed 2 kBT. For system C at 0 T, the SANS

scattering pattern is slightly anisotropic, showing more intensity in the vertical direction

and suggesting the presence of aligned magnetic structures. This alignment is due to

the presence of a small remanent magnetic field of the electromagnet of the order of 5

mT, which leads to an interaction of a few kBT between single dipoles and the field.

The scattering intensity scales with Q−1 at low Q values, which is typical for linear

objects [109, 231] and therefore supports the presence of dipolar chains, as observed
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Figure 10.2. 2D SANS patterns of systems A-C at 300 K cooled in zero

field (left panels) and at 1 Tesla (right panels) acquired at a sample-detector

distance of 4m. The horizontal magnetic field was aligned perpendicular to

the incoming neutron beam. The spectra are normalized to standard monitor

(Std. mon.). See section ’Color figures’ for color version.

in thin vitrified films of ferrofluids (see Chapter 2). This scaling behavior was only

observed in system C.

To see whether magnetic structures can be induced in dispersions with smaller par-

ticles (systems A and B), we applied a horizontal magnetic field of 1 T, which causes

alignment of the magnetic moments and with that facilitates a stronger mean attrac-

tion. As Fig. 10.2 shows, the scattering patterns are all anisotropic in an applied field

of 1 T, even for system A, which contains particles with relatively weak dipoles. They

nevertheless have -42 kBT of interaction with the field (Table 10.1). Hexagonal sym-

metry emerges in system C, where ε is less than -150 (Table 10.1), suggesting that the

strings that are already present in zero field assemble into larger structures.

Low temperature measurements

To amplify the effects of dipolar attractions, we lowered the temperature to 100 K, far

below the melting point of the pure solvent (242 K) and below the melting trajectory
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Figure 10.3. Magnetic susceptibility measurements of samples A-C at 875 Hz,

in which the temperature was gradually increased from 77 K (liquid nitrogen)

to room temperature. ZFC = zero-field cooled, FC= field cooled.

of the dispersion [201]. Consequently, the dipolar structures become fixed in a solid

matrix and the magnetic dipoles of the individual particles become blocked at their

blocking temperature Tblock.

Fig. 10.3 illustrates the blocking temperatures of samples A-C, as determined by mea-

suring the magnetic susceptibility as a function of the temperature (see also Fig. 5.6).

Sample A shows the well-known Curie-Weiss behavior above Tblock of approximately 80

K. However, in the presence of magnetic dipolar chains (samples B and C) the magnetic

susceptibility becomes a rather complicated function of the temperature, with several

maxima below the freezing point of the solvent. The different bands in Fig. 10.3 B and

in Fig. 10.3 C are likely due to different environments of the particles; first unblocking

of singlet particles occurs, followed by doublets and triplets etc. Furthermore, the shape

of the curve depends on the history of the sample, i.e. there is a difference between

the zero-field-cooled and field-cooled samples. The zero-field-cooled curve of sample B

shows gradual unblocking of the magnetic dipoles between 80 K and 180 K, but above
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Figure 10.4. 2D SANS scattering patterns of systems A-C in zero field (left

panels) and 1 T (right panels) all recorded at 100 K. The spectra are normalized

to standard monitor (Std. mon.). See section ’Color figures’ for color version.

180 K Néel relaxation is coupled as a result of the dipole-dipole interactions between

the particles. When the sample is cooled in the presence of a magnetic field, all dipole

orientations are fixed in dipolar structures, and unblocking only starts above 140 K.

In system C, where Vmax is -9, there is a sharp increase of the magnetic susceptibility

around the melting point of the solvent. Since Néel relaxation in the dipolar structures

is strongly coupled and therefore slowed down, this dramatic increase is due to the

substantial Brownian relaxation contribution of the large dipolar structures that sets

in as soon as the structures are free to move. A considerable slowing down of Brownian

relaxation due to large field-induced structures has been recently observed in metallic

cobalt ferrofluids by time-resolved SANS [232].

Fig. 10.4 indicates that on reducing the temperature to 100 K, the SANS scattering

patterns are profoundly affected (compare to Fig. 10.2). The hexagonal symmetry of

the magnetic structures becomes more pronounced. Note the gradual transition from

an almost isotropic pattern in the case of small magnetic particles (upper left panel in
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Fig. 10.4), where the dipole-dipole attractions are less than 1 kBT, to a hexagonal scat-

tering pattern when relatively large dipoles are involved that are aligned and strongly

interact (lower right panel in Fig. 10.4). This is a new illustration that the many-

particle structures depend on both the magnetic field strength and the dipole moments

of the particles. Particularly in system C, it is interesting to see the clear structural

differences between the field-cooled and zero-field-cooled situations; cooling in field re-

sults in a distinct hexagon with two additional well-defined peaks in the direction of the

field (horizontal), whereas cooling ”without field” (a remanent field of 5 mT is present)

leads to a less sharply defined scattering pattern. In the field-cooled scattering pattern

of system C in Fig. 10.4, four maxima can be observed at constant scattering vectors

of Q1 = 0.36 nm−1 and at angles of ± 30◦ with respect to the horizontal direction of

the magnetic field. Furthermore, two peaks are present at Q2 = 0.34 nm−1 in the 90◦

direction, and at Q3 = 0.61 nm−1 in the horizontal (0◦) direction. The peaks can be

assigned to different reflections as is schematically depicted in Fig. 10.5.

To elucidate the hexagonal symmetry of the field-cooled magnetic structures in sys-

tem C, we first calculated the radial average of a thin shell sector with an average radius

of 0.36 nm−1, which comprises the six distinguishable peaks Q1 and Q2. Fig. 10.6 shows

the scattering intensity as a function of the azimuthal angle at temperatures between

300 K and 200 K. The graphs corroborate the presence of a hexagonal structure, as

the peak positions are separated by about 60◦, and they show that the structure grad-

ually sets in as the temperature is reduced from room temperature to 240 K. The

peak positions and the shape of the peaks are neither profoundly influenced when the

temperature is reduced, nor when the field strength is varied.

The hexagonal symmetry can be explained by magnetic sheets that form in a ho-

mogeneous magnetic field, as is shown in Chapter 9 [165]. The nearest neighbor angle

distributions for the particles in the B and C-system, as obtained from the cryo-TEM
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images, also show that the orientational order enhances with increasing dipolar inter-

actions (see Fig. 10.6). Moreover, the orientational order as depicted in Fig. 10.6 for

system C qualitatively agrees with the angle distributions in Fig. 10.6. The calculated

structure factor profiles from the cryo-TEM images are depicted in Fig. 10.7, including

the corresponding sector averages for α = 30◦ and 90◦ which show peaks at Q = 0.28

nm−1 and Q = 0.31 nm−1.
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Figure 10.8. 2D SANSPOL intensities for system C in a horizontal magnetic

field of 1 T at 100 K. I+ refers to the neutron spin antiparallel to the field H

and I− to the neutron spin parallel to H. The average [I++I−]/2 corresponds

to the nonpolarized scattering pattern (Fig. 10.4C, field-cooled), and I+-I−

reflects the nuclear-magnetic cross term resulting from magnetic particles only

(eq 10.1). See section ’Color figures’ for color version.

SANSPOL

To be able to distinguish between the nuclear and magnetic scattering contributions,

we performed SANSPOL measurements on system C. Fig. 10.8 demonstrates the dif-

ferent scattering patterns obtained with two different polarization states I+ and I−.

Both states show hexagonal symmetry and the Q3 peaks at 0.61 nm−1 which are due

to fully nuclear scattering contributions. The intensity difference between I+-I− that

comprises the nuclear-magnetic cross term is confined to the vertical axis suggesting a

magnetic structure that is aligned in the horizontal direction in real space.

Fig. 10.9 displays the SANSPOL intensities I+ and I− obtained for system C averaged

over four azimuth sectors of 15◦ in width. In the 0◦ sector, where the intensity is fully

due to the nuclear contrast, a peak at Q3 as well as a peak at Q = 0.34 nm−1 can be

clearly distinguished. The maximum at Q = 0.34 nm−1 reflects diffuse residual intensity

present along the vertical direction between the two Q1 peaks, which can be ascribed

to the first-order diffraction peak in the x-direction for single chains, and is expected
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Figure 10.9. SANSPOL intensities I+ (black squares) and I− (open squares)

of system C (100 K) averaged over azimuth sectors of 15◦ in width, with

sector centers at 90◦ (⊥), 60◦, 30◦, 0◦ (‖). The magnetic field was applied

perpendicular to the incident neutron beam.

at Q = (2π)/a, where a is the (average) nearest neighbor distance in the chain. In the

sector α = 30◦, where only a slight difference in the SANSPOL intensities is observed,

a well-defined peak is present at Q1. In contrast, in the α = 60◦ sector only a broad

shoulder exists, though the two SANSPOL intensities now slightly differ. Besides the

fact that the intensities are more strongly dependent on the polarization state in the

vertical direction (α = 90◦), the peak is broadened and shifted to Q = 0.34 nm−1. This

means that on average the interparticle separation in the direction perpendicular to the

magnetic field is approximately 10% larger compared to the direction parallel to the

magnetic field, which is in line with cryo-TEM results that show a similar difference

in spacing in the lateral and longitudinal direction (see Fig. 10.7b). The structure

factors S(Q,α) for the four orientations, shown in Fig. 10.10, were obtained by dividing

the measured intensities I± by those obtained from a fit to scattering data of diluted

samples; again the peak positions at Q1 = 0.36 nm−1 for α = 30◦, Q2 = 0.34 nm−1

for α = 90◦, and Q3 = 0.61 nm−1 for α = 0◦ indicate the distortion in the lateral

direction. Note the qualitative similarities between these structure factors and the

structure factors obtained from the cryo-TEM images (Fig. 10.7b); they both indicate

a distorted hexagon.

Comparing the peak positions ofQ1 andQ3 yields a ratio of 1.65, close to the expected

value
√

3 for hexagonal symmetry. The hexagonal lattice constant can be calculated

using Q(hk) = 2π
√

4(h2 + k2 + hk)/3a2, yielding ahex = 19.6 nm based on Q1 (100) and
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Figure 10.10. Obtained structure factors S(Q,α) for system C (100 K) for

sectors α = 0◦, 30◦, 60◦, 90◦.

ahex = 20.6 nm based on Q3 (110), suggesting that the structures are slightly distorted.

Assuming that line broadening is dominated by the size of the crystals, the full width at

half maximum (FWHM) of both reflections gives a correlation length of approximately

60 nm, which roughly corresponds to 3 particle diameters. This qualitatively agrees

with the cryo-TEM image in Chapter 9 (Fig. 9.1) that shows similar correlation lengths,

confirming predominantly local order. Similar lattice constants have been obtained on

concentrated Co ferrofluids dispersed in toluene and in technical oil [66, 109].

The obtained SANS scattering patterns were compared to simulated diffraction data

for body-centered tetragonal (bct), face-centered cubic (fcc), and random-stacking hexa-

gonal close-packed (rhcp) structures (see Fig. 10.11), which have been observed in sim-

ulations for spherical colloids carrying a dipole moment [107]. In all cases, one of the

crystallographic directions was assumed to be fixed by the external magnetic field while

orientational averaging was done for the other two directions. Interestingly, the sim-

ulation results for all three structures (see Fig. 10.11) were found to be not in line

with the experimental data. Clearly, additional peaks should appear if it concerns a

three-dimensional stacking of the particles. Our results thus suggest that at these vol-

ume fractions formation of (quasi)2D bands with negligible positional particle-particle

correlations between the bands also occurs in 3D suspensions.

10.5. Discussion

Magnetic field-induced structures in colloidal dispersions of magnetic dipolar colloids

were studied as a function of particle size using SANS. The important observation
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bct fcc

rhcp

a b

c

Figure 10.11. Simulated diffraction patterns (white open circles) for bct (A),

fcc (B), and rhcp (C) crystal structures. The simulated patterns are scaled to

the 110 reflection and are placed on top of the original scattering pattern that

were obtained at 100 K and 1T. The size of the symbols is proportional to the

square root of the integrated intensity. For clarity, the hexagonal symmetry of

the pattern is underlined (white lines).

is a clear gradual transition from isotropic particle configurations for weak dipolar

interactions (system A) to bands with hexagonal symmetry for strong dipolar fluids

(system C).

In system C, due to the strong dipole-dipole interaction, which is enhanced by the

alignment of the dipoles in an external magnetic field, sheets are formed that exhibit

hexagonal symmetry, manifesting the structures observed with cryo-TEM in the pres-

ence of a homogeneous magnetic field (Chapter 9). Within these bands, two neighboring

chains are generally displaced by half a hard-sphere diameter, which is energetically fa-

vorable since this leads to short range attraction [100, 224, 225, 229]. For rigid aligned

chains that are out of registry, the lateral chain-chain interaction scales with the dipole-

dipole attraction and with the length of the chains [225].

In system B, where the dipole-dipole attraction is only 4 kBT, the relatively short

zero-field dipolar chains become correlated in the presence of a homogeneous magnetic

field (Chapter 9). The interaction of the particles with the field is strong enough (>160

kBT) to align the dipolar chains and the individual magnetic moments. Consequently,

the alignment causes attractive forces in the lateral direction between magnetic chains.
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However, since these attractions are expected to be relatively weak, this results in the

formation of diffuse bands without local orientational order, in line with recent cryo-

TEM observations [165]. Therefore, the observed scattering patterns display no clear

hexagonal symmetry.

Thermal fluctuations [224], defective chains [226], or chain bending in general [227]

can induce variations in the dipole moment density and, consequently, long-range cou-

pling between one-dimensional structures in colloidal dispersions. The distorted hexa-

gonal symmetry that is observed for system C with both SANS and cryo-TEM suggests

that defects or thermal fluctuations may also play such role here.

10.6. Conclusion

The studied colloidal magnetic particles can be well described by the applied core-

shell model, resulting in a core-shell structure that agrees with the structure obtained

from real-space data. We have demonstrated that colloidal dispersions of sterically

stabilized nanoparticles with a sufficiently large permanent magnetic dipole moment

form bands with distorted hexagonal symmetry in the presence of an in-plane magnetic

field. The scattering data qualitatively agree with cryo-TEM data obtained in 2D

for the same systems. The obtained scattering patterns are not in line with common

colloidal crystal structures and suggest that the formation of (quasi) 2D bands with

negligible correlations between the bands also occurs in 3D suspensions.
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Dipolar Dynamics in Magnetite

Ferrofluids Studied with

Stroboscopic SANS

Abstract
The dynamics of field-induced dipolar chain formation in weakly polydisperse

magnetite ferrofluids (Chapter 2) are investigated using stroboscopic small-

angle neutron scattering (SANS) synchronized to an alternating magnetic field

(no DC field component). At room temperature and with an oscillating field of

20 mT, magnetic structures are continuously formed and disintegrated. Upon

increasing the temperature from the melting point of the dispersion to room

temperature, the formation of single chains sets in at the cost of hexagonal

structures (multi-chain structures). The scattering-intensity response at 100

Hz at low temperature indicate that the field-directed alignment is faster that

the lateral alignment. The effective structure factor depends on the magnetic

field by scaling with the square of the Langevin factor, and this indicates that

the dipolar structures are mainly determined by the effective dipole-dipole

interaction.
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11.1. Introduction

The presence of an external magnetic field in colloidal dispersions of magnetic nanopar-

ticles not only can induce the growth of long and aligned chains but it then also intro-

duces lateral interactions between these chains, resulting in the formation of elongated

magnetic sheets with hexagonal symmetry (see Chapters 9 and 10). The formation

of these elongated sheets in dispersion is mainly governed by magnetic interactions

between (single) dipolar chains, while the disintegration of these structures upon re-

ducing the field is predominantly determined by diffusion. For instance, this diffusion-

dominated disintegration of dipolar structures is the main reason for hysteresis is effects

in magnetization curves. The elongated shape of the sheets is the result of the fast

growth of existing chains (addition of single particles to chain ends) relative to the slow

dynamics and fusion of aligned chains in the lateral direction. To study the dynamics

of the formation and disintegration of magnetic structures, a periodic sine-wave mod-

ulation of the magnetic field was exposed to the sample and the SANS pattern was

accumulated at 100 different phases (time channels) at the frequency of the alternating

field [232].

The studied colloidal magnetite particles in this chapter possess a special feature in

that the ratio between the nuclear and magnetic form factors of the core is about 5, in

contrast to for example metallic cobalt (two equal contributions). As will be explained

in Sec. 11.3, the specific contribution of S(Q) to the scattering intensity can now be

clearly observed and studied as a function of the applied magnetic field strength and

the temperature. To study S(Q) as a function of temperature and field strength, this

approach provides a greater number of internal references or fitting constraints than

conventional SANS(POL) methods.

11.2. Experimental

A colloidal dispersion of single-domain magnetite (Fe3O4) nanoparticles dispersed

in Decalin was prepared according to the method described in Chapter 2 (particle

code C). The particles are coated with short-chain hydrocarbons, mainly oleic acid, to

prevent them from irreversible aggregation. The size of the particles according to TEM

(excluding the surfactant layer) is 20.0 ± 2.4 nm, and the dipole-dipole attraction Vmax

is -9 (eq. 2.1).

Stroboscopic measurements have been performed at BENSC, Berlin, using a con-

tinuous neutron beam. The wavelength of the neutron beam was λ=0.6 nm with a

wavelength spread of δλ/λ=0.1. All data have been corrected pixel by pixel for back-

ground, sample transmission, and detector efficiency, and converted to an absolute

scale by referring to the incoherent scattering of a water standard. For the nuclear and

magnetic scattering length densities we used the theoretical values of bulk magnetite
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ηnuc=6.96 1010 cm−2 and ηmag=1.39 1010 cm−2 respectively (note that ηnuc/ηmag ≈5).

The oscillating magnetic field was horizontal and aligned perpendicular with respect to

the incoming neutron beam. Periodic sine-wave modulations of the magnetic field up to

field amplitudes of 20 mT and frequencies νs between 50 and 200 Hz could be applied to

the sample placed in the homogeneous part of the magnetic field. The sample thickness

was 1 mm. The sample-detector distance was L=4 m.

Data acquisition was triggered by the frequency generator and operated in the list

mode. This means effectively that every neutron was registered together with its time

stamp. Data have been grouped in histograms of 128 × 128 pixels of 0.5 × 0.5 cm2 and

n=100 time channels of widths ∆t=(nνs)
−1. The neutron time of flight is given by

tTOF[ms] = λ[nm] × L[m] × 2.52778[ms nm−1m−1] (11.1)

leading to a phase delay of the detector response with respect to the magnetic field

of φ ≈ −π/2. Moreover, there is a phase shift between the ac voltage producing the

trigger signal and the induced magnetic field. The time channels corresponding to zero

field depend on the frequency according to nt(H = 0) = (tTOF/∆t) ± φ100/2π [232].

11.3. Theory

In this setup the SANS intensity is given by:

I(Q, α,H, T, t) = fe

∫

([F 2
ML2(ε)sin2α+ F 2

N ]S(Q, α, t)

+ F 2
M{2L(ε)/ε − sin2α[L2(ε) − 1 + 3L(ε)/ε]})D(∆λ, νs)d∆λ

+ (1 − fe)U(Q, α, νs)

(11.2)

FN and FM are the nuclear and magnetic form factors of the particles and S(Q,α,t)

is an effective anisotropic structure factor which accounts for interparticle interactions

[66, 109]. The prefactor fe gives the fraction of superparamagnetic moments that can

follow the oscillating field, whereas (1-fe) is the fraction of moments that cannot follow

and leads to a time independent scattering contribution (1-fe). The integral term

was obtained for single-domain particles in equilibrium [233, 234]. In eq. 11.2, the

field dependence is given by the Langevin function L(ε), now time-dependent via ε =

µ0µH(t)/(kBT ) with µ the magnetic moment of a particle. If all particles follow the

oscillating magnetic field, the SANS pattern should be described by eq. 11.2 with

H(t) = Hmax sin(2πνst) +Hst (11.3)
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Oscillating field

Scattering intensity

H=0

H=-10 mT

H=+10 mT

Isotropic

Partially aligned

Structures break up

Partially aligned

Figure 11.1. Schematic illustration of the scattering intensity as a function

of the applied oscillating magnetic field for the studied magnetite ferrofluids.

At H=0, the scattering pattern is nearly isotropic (assuming immediate break

up of the structures), while at H=± 10 mT the magnetic moments become

aligned, leading to anisotropic scattering patterns.

where Hst represents the residual static field. In eq. 11.2, U(Q,α, νs) is a time-

independent scattering contribution. The first term has to be convoluted withD(∆λ, νs)

which incorporates the smearing of the oscillations due to a spread of tTOF times. The

relative time spread ∆tR of the signal increases linearly with the frequency according to

∆tR/Ts = (∆λ/λ)tTOFνs with 6% at 100 Hz (Ts is the sample cycle time: 1/frequency)

[232]. The damping factors have been evaluated to decrease from 1.0 in the static case

to 0.93 at 100 Hz.

The important question is whether the effective structure factor S(Q,α, t) in eq. 11.2

will depend on the applied magnetic field. If not, the intensity will depend on the

magnetic field via the Langevin parameter ε according to eq. 11.2 and eq. 11.3. In

the direction along the magnetic field, for α=0, eq. 11.2 simplifies to F 2
N ∗ S(Q,α, t) +

F 2
M2L(ε)/ε which yields a maximum at H=0, since for ε →0, 2L(ε)/ε → 2/3 while

for finite magnetic fields this term is smaller than 2/3 and vanishes for full alignment

of the particle moments. For all other directions, additional magnetic terms add up

in such a way that at B = 0 the intensity I(α 6= 0) will always be lower than in the

maximum field. This means that the intensities for α = 0 and α 6= 0 are expected

to oscillate in an opposite way as a function of time. Conversely, in-phase oscillating

intensities for all angles are only observed when the structure factor S(Q,α, t) itself

depends on the magnetic field. It that case, the term F 2
NS(Q,α, t) for α = 0 increases

with H leading to a maximum intensity at Hmax and minimum at H = 0. Note that
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Figure 11.2. Room-temperature SANS patterns of system C at 100 Hz and

Hmax ±10 mT, at time channel (a) 34, (b) 42 (intermediate H), and (c) 58.

Panel (d) shows the corresponding static scattering pattern for H =10 mT

(ε = −4). The horizontal magnetic field was aligned perpendicular to the

incoming neutron beam. The spectra are normalized to standard monitor (Std.

mon.).

only in the case where F 2
NS(Q) is the dominant term (F 2

NS(Q) > (2/3)F 2
M) the time-

dependent structure factor can be extracted reliably from the oscillating intensities.

This condition is clearly fullfilled in the magnetite samples for which ηnuc/ηmag ≈5.

This implies that for all angles the scattering intensity follows the oscillating field as is

depicted in Fig. 11.1.

11.4. Results

Room temperature

Fig. 11.2 shows four different SANS scattering patterns corresponding to three differ-

ent time channels for νs=100 Hz (panels a, b, and c) when a magnetic field is applied

that alternates between Hmax = ± 10 mT (Hst=0). At this frequency the oscillations

due to the oscillating magnetic field are clearly visible in the 2D scattering patterns.

For the time channel that exactly corresponds to Hmax (see Fig. 11.2 c for Hmax=-10

mT) the scattering intensity is anisotropic, while for H=0 (see Fig. 11.2 a) the pattern

is approximately isotropic. In the static case of 10 mT (panel d), the scattering pattern

indicates the maximum anisotropy that can be obtained at this field strength. At this
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static field strength, the formed chains and sheets partially align along the external

field. In the dynamic experiment the steady state structures only partially form and

the steady state hexagonal SANS pattern is only partially established.

The full time dependence of the integrated intensities I(Qi, α) for ν=100 Hz in the

Q-range 0.28 nm−1 to 0.38 nm−1, using sector boxes averaged over a width of 20o, is

shown in Fig. 11.3 for α=0o, 30o, and 90o. Note that this is the Q-range in which the

peaks are expected when hexagonal sheets are formed (see Chapter 10). In addition,

the corresponding values for the static case are presented in Fig. 11.3 (horizontal lines).

The periodicity of the response perfectly agrees with the magnetic field oscillations.

For all directions the oscillations of the intensities are almost in phase with the

applied magnetic field. The intensity in the direction of α = 0o comes closer to the

steady state value than in the α = 30o and α = 90o directions, which clearly shows

a strong contribution from a time dependent structure factor. The observed response

suggests a time-dependence of S(Q, t) which must be related to the magnitude of the

magnetic field. The intensities at all angles can be modelled by using

S(Q, α, t) = 1 + (S(Q, α) − 1)L2(ε) (11.4)

where S(Q,α) gives the average correlation between the magnetic moments and the

correlation between the particle positions. At zero field when there is a random orien-

tation of the particle moments S(Q,α, t) = 1. However, as soon as the magnetic field

is applied S(Q,α, t) can be larger or smaller than 1 depending on the actual value of

S(Q,α), which describes the structures formed at the given value of H. The formation

Figure 11.3. Time dependence around Q1 and Q2. The solid symbols are the

experiments, the solid lines are a fit to the data using eq 11.2, and the open

symbols are the static measurements for the different angles.
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Table 11.1. Fit parameters for system C at ν=100 Hz and H=10 mT.

Ndyn/Nstat 0.76

φ0o 11.1o

φ30o 14.4o

φ90o 6.9o

S(Q)0o 1.4

S(Q)30o 1.1

S(Q)90o 1.3

of field-induced structures is mainly governed by the dipole-dipole coupling which scales

with µ2. Therefore, the structure factor S(Q,α, t) depends on L(ε)2 in this model.

The experimental data in Fig. 11.3 have been simultaneously fitted using eq 11.2,

yielding more fitting constraints compared to conventional SANS. As a result, the values

for S(Q,α, t) can be determined more accurately, and only one sample is required (no

diluted sample needed). As is shown in Fig. 11.3, excellent agreement was obtained

when using an identical set of global parameters for both the dynamic data and the

static data. The most relevant fit parameters are shown in Table 11.1. In this table, the

ratio Ndyn/Nstat gives the fraction of particles that can follow the oscillating field, where

N is the number of particles. This means that at ν=100 Hz and Hmax = ± 10 mT the

fraction of particles that can follow the oscillating field is about 76%. The other fraction

(24%) gives rise to a static background contribution. The obtained structure factors

for the different directions also demonstrate that the formation of chains is dominant

at this temperature and field strength. Furthermore, the similar phase shift for the

different angles indicates that the rate at which the structures form is similar for all

directions. In the frequency range 160-300 Hz the ratio Ndyn/Nstat hardly changes.

Low temperature

To study the temperature dependence of the formation of magnetic structures, we

cooled the sample to 150 K without a magnetic field. In this way, the chains that are

present at zero field become fixed with random orientations. At 150 K, the scattering

patterns (not shown) remain nearly isotropic and identical when either measured in

zero field, or a static field of 20 mT (ε = −8), an oscillating magnetic field of 20 mT, or

even when a dc field of 20 mT is imposed. This implies that practically no reorientation

of the magnetic moments is achieved in static or dynamic fields of 20 mT. In the frozen

state at 150 K, Brownian rotation is impeded and even Néel relaxation does not play a

significant role since no measurable effect of the applied magnetic fields can be detected.

Therefore, the randomly oriented structures at 150 K can be considered as completely

arrested (in agreement with Fig. 10.3c).
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Figure 11.4. The sector box intensity as a function of the time channel for

different temperatures for the (a) 0 degrees and (b) 90 degrees direction (Hmax

= ± 20 mT). The frequency is 100 Hz. The frequency is 100 Hz.

Next, we applied an oscillating magnetic field of 20 mT and increased the tempera-

ture. Fig. 11.4 depicts the sector box intensities versus the time channels for 0o and 90o

as a function of the temperature. At low temperature (200 K) hardly any oscillations

are present as a result of the solid matrix, and it is only at 230 K that the oscilla-

tions start to be clearly visible. Note that with decreasing temperature the oscillations

demonstrate a small phase shift, indicating the retarded formation dynamics of the

structures at lower temperature.

To better highlight the melting of the ferrofluid (after zero-field cooling), the sector

box intensities are presented as a function of the temperature when exposed to a static

field of 20 mT (Fig. 11.5a). The sector box intensities-in the Q-range 0.28 nm−1 to

0.38 nm−1-increase with increasing temperature for all directions and, notably, around

the melting point of the ferrofluid there is a strong increase of the intensity as a result

of the full alignment of the chains, or as a result of the unblocking of the individual

moments (see also Chapters 5 and 6). Above the melting point, the scattering intensity

drops with increasing temperature in the 90o direction due to the breaking up of dipolar

chains. Interestingly, the apparent melting point shifts with the applied frequency, e.g.

220 K for 100 Hz and 230 K for 200 Hz.

The structure factor S(Q, α) shows a similar temperature dependency as the sector

box intensities, as is depicted in Fig. 11.5b. The values of S(Q, α) were determined

from dynamic experiments where Hmax=± 20 mT and were obtained after simultane-

aously fitting the scattering intensities in all directions with the corresponding DC field

measurements as an internal reference. In the whole temperature and magnetic field

range, the intensities were successfully described by the model based on eq 11.2 and

eq 11.5b. At room temperature, S(Q) in the 0o direction is relatively high and reflects
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Figure 11.5. (a) The sector box intensity as a function of the temperature for

the three different angles in a static field of 20 mT. The dashed line indicates

the melting point of the ferrofluid. (b) The structure factor S(Q, α) as a

function of the temperature for the three different angles (Hmax = ± 20 mT).

Figure 11.6. The ratio between the Ndyn/Nstat as a function of the tempera-

ture obtained at 100 Hz.

the residual intensity that is ascribed to the first-order diffraction peak for single chains.

This suggests that single chains are the dominant structures at room temperature. The

value of S(Q) gradually decreases in this direction with decreasing temperature, indica-

tive for the dissipation of single chains. In contrast, the intensities in the 30o and 90o

direction increase until the melting point is reached. These trends suggest that there is

a gradual transition from chains to hexagons when the temperature decreases.

Finally, the ratio Ndyn/Nstat was determined at different temperatures (Fig. 11.6),

indicating that the number of particles that can still follow the field oscillations is a

strong function of the temperature.
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11.5. Discussion

For the studied ferrofluid system in this chapter (system C), the magnetic field oscil-

lations induce scattering-intensity fluctuations as schematically depicted in Fig. 11.1.

This means that initially at H=0, the particles and chains are randomly distributed

and as a result the intensities in the different directions are relatively low. Once the

oscillating field is switched on, large structures are grown that become (partially) aligned

when the field is maximum. Subsequently, the structures either completely disintegrate

when the field direction changes orientation, or-if the frequency is high enough-the mag-

netic moments will change orientation and the particle positions will remain practically

unchanged.

As the data in Fig. 11.3 show, in all studied directions the maximum scattering

intensity in the dynamic experiments does not reach the intensity that is obtained in

static fields. This implies that on the time scale of the oscillations in the dynamic

experiment (< 10 msec) not all magnetic units become aligned. As is known from

dynamic magnetic susceptibility experiments, the relaxation time strongly depends on

the average cluster size (Chapter 5). Therefore, it is mainly the presence of aggregates

in system C that prevents the scattering intensity from reaching full saturation at 100

Hz.

Above the melting point of the ferrofluid, the sector intensities in the direction parallel

to the magnetic field oscillate in phase with the sector intensities perpendicular to the

field. This can only be observed if the nuclear contribution is comparable to or larger

than the magnetic contribution (see eq 11.2), so that the effect of the structure factor

becomes pronounced. If the structure factor would have no effect on the applied field

then the scattering intensity in the 0o direction would be maximum in zero field, as

was previously observed in metallic cobalt ferrofluids [232]. The presented dynamic

and static data can be quantitatively described when an effective structure factor is

incorporated that depends on the applied magnetic field by scaling with the square of

the Langevin factor.

In the 90 degrees direction the maximum scattering intensity in the dynamic experi-

ments is relatively far from saturation, which is most likely due to non-perfect alignment

of the magnetic moments. In general, as a result of the magnetic contrast, alignment

of the magnetic moments along the magnetic field direction leads to a scattering con-

tribution in the vertical direction, as was shown in Fig. 10.8.

The effect of the temperature on the structure factor can be described quantitatively

using the presented model. At temperatures far below the melting point of the sol-

vent the structure factor is close to unity, manifesting only relatively small structures

if cooling is performed in zero field. Upon increasing the temperature the structure

factor increases and reaches a maximum just above the melting point in the direction
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perpendicular to the field. Subsequently, when the temperature is increased to room

temperature the structure factor decreases again as a result of growing thermal fluctua-

tions. The temperature dependency of the structure factor indicates that the formation

of dipolar structures is mainly determined by the effective dipole-dipole interaction,

which is enhanced by the (partial) alignment of the dipoles when an external magnetic

field is applied. Furthermore, the number of particles that can follow the oscillations

drops significantly with decreasing temperature due to the formation of larger structures

with longer relaxation times.

11.6. Conclusion

The field-induced formation of dipolar structures in magnetite ferrofluids can be

quantitatively studied as a function of temperature with stroboscopic SANS. The ef-

fective structure factor depends on the magnetic field by scaling with the square of the

Langevin factor, and this shows that the dipolar structures are mainly determined by

the effective dipole-dipole interaction, which is enhanced by the (partial) alignment of

the dipoles in an external magnetic field.
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[201] M. Klokkenburg, B. H. Erné, and A. P. Philipse. Langmuir, 21:1187, 2005.

[202] S. A. Blanton, R. L. Leheny, M. A. Hines, and P. Guyot-Sionnest. Phys. Rev. Lett., 79:865, 1997.

[203] J. M. Pietryga, R. D. Schaller, D. Werder, M. H. Stewart, V. I. Klimov, and J. A. Hollingsworth.

J. Am. Chem. Soc., 126:11752, 2004.

[204] A.J. Houtepen. Charge Injection and Transport in Quantum Confined and Disordered Systems.

PhD thesis, Utrecht, 2007.

[205] A. Sashchiuk, L. Amirav, M. Bashouti, M. Krueger, U. Sivan, and E. Lifshitz. Nano Lett., 4:159,

2004.
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Summary

In this thesis, the microstructure in colloidal dispersions of magnetic nanoparticles

(ferrofluids) is studied under various conditions. For this, both real-space imaging

(cryo-TEM) and scattering techniques (SANS) are pursued, which give complementary

information. A general introduction on magnetic colloids is presented in Chapter 1,

which also discusses magnetic materials, the preparation of magnetic colloids, their

applications, and the current state of research on dipolar fluids. The remaining chapters

of the thesis are grouped into three parts.

The first part describes the preparation and characterization of a novel experimental

colloidal model system that has been used for most of the studies presented throughout

this thesis. In Chapter 2 it is shown that surfactant-stabilized colloidal magnetite

(Fe3O4) particles can be prepared sufficiently large to exhibit rich dipolar structure

formation in colloidal dispersions. The average size of the particles in dispersion can

be tuned through the amount of reactants added during the synthesis. Compared to

conventional ferrofluids, these dispersions are better suited for quantitatively studying

the microstructure and thermodynamics of dipolar fluids because of their much lower

polydispersity and their better defined shape. In Chapter 3 the surface of magnetite

nanoparticles dispersed in cyclohexane is studied in the presence of oleic acid and oleyl-

amine using in situ FTIR spectroscopy. Equimolar mixtures of these surfactants are

widely used in the chemical synthesis of nanoparticles with a low polydispersity. The

IR spectra indicate that oleic acid molecules adsorb to the magnetite surface as a car-

boxylate. Measurements as a function of surfactant concentration yield an adsorption

isotherm which maps the gradual change from partial to full monolayer coverage. No

spectral indication is found of oleylamine molecules at the surface of magnetite.

The second part of this thesis (chapters 4 to 7) addresses dipolar structures in disper-

sions of dipolar colloids in zero field. In Chapter 4, we present a real-space analysis

on a single-particle level of the dipolar chains and branched clusters self-assembling in

magnetite ferrofluids. Spatial correlations and chain-length distributions are directly

obtained from tracked particle positions in vitrified films of magnetite dispersions. An-

alyzing the cluster-size distribution using a one-dimensional aggregation model yields

a dipolar attraction energy that agrees well with the dipole moment found from in-

dependent magnetization measurements. The second part of this chapter is devoted

to dipolar structure formation in binary mixtures. We find that a significant number
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of small particles is attached to large particles or to an assembly of large particles,

and that the average cluster size on the basis of large particles only is smaller than in

one-component systems of the large particles.

Zero-field aggregation of magnetic nanoparticles in a ferrofluid is either irreversible

or the result of a dynamic equilibrium; the two cases can be distinguished by mea-

surements of the complex magnetic susceptibility and by cryo-TEM (Chapter 5). We

demonstrate this by comparing two colloidal systems that show dipolar structure for-

mation in zero field. A dispersion of magnetic iron nanoparticles is gradually oxidized

to decrease the magnetic moments, and despite the vanishing dipolar attractions, ther-

mal motion does not break up the dipolar structures into single particles. Instead, the

dipolar structures become chemically fixed during the oxidation process, an example of

irreversible aggregation. In contrast, the zero-field dipolar structures in a chemically

stable magnetite dispersion are found to disintegrate upon dilution, indicating that the

structures are reversible and result from a dynamic equilibrium.

The thermal rotation of iron nanoparticles dispersed in cyclohexane is studied in

Chapter 6 by measuring the dynamic magnetic susceptibility above and below the

freezing point of the solvent. Above the freezing point, the orientation of the magnetic

dipoles changes mainly by reorientation of the entire particles. Below the freezing point,

complete arrest of particle motion was expected, so that the Néel relaxation might be

studied. However, we find that thermal motion continues well below the temperature

at which the bulk of the solvent is frozen.

In Chapter 7 we show by cryo-TEM that PbSe and CdSe nanoparticles in a liquid

colloidal dispersion self-assemble into equilibrium structures that have a pronounced

dipolar character, to an extent that depends on particle concentration and shape. An-

alyzing the cluster-size distributions indicates a strong pair attraction. This accounts

for the long-range alignment of the crystal planes of individual nanocrystals in 2D self-

assembled hexagonal layers of the nanocrystals. The results indicate that our approach

to study interactions between nanoparticles using cryo-TEM and image analysis is also

applicable to other systems than ferrofluids.

The third part of the thesis describes structures that are formed when a magnetic

field is introduced. In Chapter 9, conclusive experimental evidence is presented for

the effect of dipolar chains on the field-dependent magnetization of ferrofluids. Magne-

tization curves are measured for concentration series of colloidal magnetite dispersions

with three different average sizes. At low concentrations or with the smallest particles,

the magnetization data obey the Langevin equation for non-interacting dipoles. Mag-

netization curves for the largest particles, however, strongly deviate from the Langevin

equation but quantitatively agree with a recently developed mean-field model that in-

corporates the field-dependent formation and alignment of flexible dipolar chains.
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To study the effect of a magnetic field on the microstructure of the ferrofluids we

employed both cryo-TEM and SANS measurements. With cryo-TEM, field-induced

structures in the magnetite ferrofluids are analyzed on a single-particle level in 2D

(Chapter 8). The observed field-induced columnar phase locally exhibits hexagonal

symmetry and confirms the structures observed in simulations for ferromagnetic dipolar

fluids in 2D. The columns have a liquid-like internal structure, distorted by lens-shaped

defects, due to the weak inter-chain attraction relative to field-directed dipole-dipole at-

traction. Both dipolar coupling and the dipole concentration determine the dimensions

and the spatial arrangement of the columns.

SANS data obtained for 3D magnetite dispersions also demonstrate hexagonal sym-

metry (Chapter 10) that results from the formation of magnetic sheets. For decreas-

ing particle dipole moments, the hexagonal symmetry gradually becomes distorted.

The SANS data show qualitative agreement with cryo-TEM results obtained in 2D

(Chapter 9). The dynamics of field-induced dipolar chain formation in these ferro-

fluids are investigated using stroboscopic SANS synchronized to an alternating mag-

netic field (Chapter 11). At room temperature and with an oscillating field of 20 mT,

magnetic structures are continuously formed and disintegrated. The effective structure

factor depends on the magnetic field by scaling with the square of the Langevin fac-

tor, and this shows that the dipolar structures are mainly determined by the effective

dipole-dipole interaction, which is enhanced by the (partial) alignment of the dipoles

in an external magnetic field.



Samenvatting voor een breder

publiek

Vrijwel iedereen is bekend met het verschijnsel magnetisme. Magnetische materialen

hebben de neiging om elkaar aan te trekken of juist af te stoten. De afmetingen van

een magneet kunnen variëren van enkele meters tot enkele nanometers (een miljoenste

van een millimeter). Ook op de nanoschaal trekken deze magneten elkaar aan. In

dit proefschrift staat beschreven hoe in de vloeistof ronde nanomagneetjes gemaakt

kunnen worden van ijzeroxide en hoe deze deeltjes zich gedragen in de vloeistof onder

verschillende omstandigheden.

De afmeting van deze deeltjes is zo klein dat de aanwezigheid van thermische en-

ergie er voor zorgt dat ze Brownse beweging vertonen, waardoor ze blijven zweven in

de vloeistof en niet uitzakken onder invloed van de zwaartekracht. Dit soort syste-

men waarbij de deeltjes (collöıden) in de vloeistof blijven ’hangen’ worden dispersies

genoemd. Ook nanomagneten vertonen dit verschijnsel in een vloeistof. Een voorbeeld

van een vloeistof waarin nanomagneten zijn gedispergeerd is te zien in Fig. 11.7A.

Deze vloeistoffen worden veelal ferrofluids genoemd, waarbij de donkere kleur wordt

veroorzaakt door de gedispergeerde nanodeeltjes. Een schematische weergave van de

inhoud van een dergelijke vloeistof is terug te vinden in Fig. 11.7B en laat zien dat de

deeltjes door de warmtebeweging bij kamertemperatuur niet uitzakken, maar verdeeld

in de vloeistof blijven hangen. Zoals ook blijkt uit Fig. 11.7B is het oppervlak van de

collöıden meestal bedekt met een laag van korte (oliezuur) moleculen. Dit voorkomt

dat de deeltjes irreversibel aan elkaar vast gaan zitten en alsnog door het totale gewicht

uitzakken naar de bodem. In de aanwezigheid van een magnetisch veld laten ferrofluids

de meest opmerkelijke vormen zien, zoals blijkt uit Fig. 11.7C and D.

Het magnetisch moment van een deeltje, ofwel de kracht van de magneet, hangt op

de nanoschaal af van het volume; hoe groter de deeltjes zijn hoe sterker deze elkaar

aantrekken. Het is bekend dat de onderlinge aantrekking kan leiden tot dipolaire struc-

turen in de vloeistof, waarbij zelfs zonder een extern magnetisch veld lineaire structuren

worden gevormd. Deze structuurvorming vormt de rode draad in dit proefschrift.

In hoofdstuk 1 wordt een algemene inleiding gegeven op het gebied van ferrofluids

en de toepassingen. Naast de fundamentele toepassingen wordt hier ook een aantal
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Magneet Magneet

A B

C D

Figure 11.7. A: Een ijzeroxide ferrofluid in een glazen potje zonder extern

magnetisch veld. B: Schematische weergave van de zwevende nanodeeltjes in de

vloeistof. De pijltjes geven de richting van de magneetjes aan. Bij relatief hoge

concentratie geven deze deeltjes een zwarte kleur aan de vloeistof. C: Hetzelfde

potje als in A, maar nu tegen een magneet geplaatst. Als de concentratie aan

deeltjes hoog genoeg is zal de vloeistof worden aangetrokken door een externe

magneet en gedraagt het zich als een magnetische vloeistof. D: Het oppervlak

van de vloeistof kan stekels vertonen doordat de vloeistof magnetisch gezien

het liefst helemaal bij elkaar zou trekken, maar dit wordt tegengewerkt door

oppervlaktespanning en zwaartekracht.

andere toepassingen genoemd zoals data opslag, magnetische inkt en biomedische ap-

plicaties. Voor de laatstgenoemde is de laatste jaren steeds meer belangstelling. In

hoofdstuk 2 wordt een nieuwe synthese methode beschreven die leidt tot uniforme mag-

netische ijzeroxide (magnetiet) collöıden die groot genoeg gemaakt kunnen worden om

dipolaire structuren te vormen in de vloeistof. De dipolaire structuren kunnen met

cryogene elektronenmicroscopie in twee dimensies in beeld worden gebracht. De tech-

niek is gebaseerd op het snel invriezen van een dunne ferrofluid film met behulp van

vloeibaar stikstof. Vervolgens kunnen deze films bestudeerd en gefotografeerd worden

met elektronenmicroscopie. Het unieke aan het ontwikkelde systeem is dat de deeltjes

duidelijk individueel te onderscheiden zijn, wat een één-deeltjes analyse mogelijk maakt.

Bovendien is dit systeem uitermate geschikt om deze structuurvorming als functie van

de concentratie en deeltjesgrootte te bestuderen. Dit is dan ook het onderwerp van

hoofdstuk 4, waarin de structuurvorming bestudeerd is door middel van beeldanalyse
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software. De beeldanalyse maakt het mogelijk om een statistisch betrouwbaar beeld te

krijgen van de lengte van de structuren, de kromming en de attractie tussen de deeltjes.

Het effect van polydispersiteit (deeltjesgrootte verdeling) op de lengte van de dipolaire

structuren staat ook beschreven in dit hoofdstuk en is benaderd door hetzelfde type

deeltjes toe te voegen maar dan een stuk kleiner.

De reversibiliteit van dipolaire structuren staat centraal in hoofdstuk 5. Hier is

gekeken naar de gemiddelde lengte van de structuren als functie van de concentratie. In

het geval van thermodynamisch evenwicht is de verwachting dat de gemiddelde lengte

afhangt van de concentratie aan deeltjes. Dit effect is duidelijk waargenomen met

behulp van dynamische susceptibiliteits metingen waarbij de reactiesnelheid van de

dipolaire structuren op een klein extern magnetisch veld wordt vastgesteld. Tevens

wordt aangetoond dat het opbreken van de ketens in dispersies van pure ijzer deeltjes

niet wordt bereikt door partiële oxidatie. Oxidatie resulteert weliswaar in een afname

van het dipoolmoment, maar het leidt ook tot aggregatie die niet omkeerbaar meer

is. Hoofdstuk 6 beschrijft het effect van bevriezen op de rotatie mogelijkheden van

ijzeroxide ketens in de vloeistof. Het blijkt dat ook ver beneden het vriespunt van het

oplosmiddel lokaal nog reoriëntatie kan plaatsvinden indien een klein extern magnetisch

veld wordt aangelegd.

Niet alleen voor deeltjes met een permanent magnetisch dipoolmoment mogen struc-

turen verwacht worden, maar ook voor deeltjes met een permanent elektrisch dipool-

moment ligt dit verschijnsel voor de hand. Hoofdstuk 7 laat een duidelijke parallel zien,

waarbij deeltjes met een elektrisch moment vergelijkbare structuren vormen.

Het laatste deel van dit proefschrift beschrijft de structuurvorming in de aanwezigheid

van een extern magnetisch veld. In de aanwezigheid van een homogeen magnetisch veld

waarin de dichtheid van de veldlijnen constant is, trekt de vloeistof niet naar de mag-

neet en kunnen de magnetisatie eigenschappen bepaald worden. Door een magnetische

vloeistof aan een extern, homogeen magnetisch veld bloot te stellen is in hoofdstuk 8

de uitlijning van de dipoolmomenten bepaald en de invloed van de aanwezigheid van

ketens op de magnetisatie eigenschappen vastgesteld.

Hoofdstuk 9 toont microscopische beelden van ijzeroxide deeltjes in de aanwezigheid

van een extern magnetisch veld. De beelden geven aan dat de hexagonale ordening

en de symmetrie van de gevormde banden van deeltjes afhangt van de grootte van de

deeltjes. Op een aantal manieren is in dit hoofdstuk geprobeerd om deze structurele

verschillen te kwantificeren.

Naast microscopische technieken die een direct beeld geven van de deeltjes in de

vloeistof zijn er ook verstrooïıngs technieken die een indirect beeld geven van de struc-

tuur in de vloeistof. Het voordeel van deze technieken is dat de informatie over de

structuur in de vloeistof altijd verkregen wordt door naar een groot aantal deeltjes te

kijken. In de laatste twee hoofdstukken is met neutronen verstrooïıng gekeken naar de
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vorming van banden in de vloeistof. In hoofdstuk 10, is met deze techniek de vorming

van banden met hexagonale symmetrie vast gesteld, wat een duidelijke parallel legt met

hoofdstuk 9. De vorming en desintegratie van deze bandenstructuur is in hoofdstuk 11

met tijdsafhankelijke verstrooïıngs technieken bepaald. Het blijkt dat de symmetrie en

de vorming van banden een sterke functie is van de temperatuur.
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de samenwerking en de bereidheid om mij het nodige bij te brengen op dit gebied.

Furthermore, I would like to thank Christan Holm, Juan Cerda, Sophia Kantorovich,

Alexy Ivanov, and Valentin Mendelev for very useful meetings and discussions on dipolar

fluids. I hope that our collaboration will continue in the future.

Verder wil ik nog mijn collega’s Arjan, Rolf, Daniël, Peter, Pedro en Mirela uit het
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