
 

 

Building crystals out of crystals 
Synthesis, structure and magnetic properties of iron oxide nanoparticles and 

self-assembled mesocrystals 

Erik Wetterskog 

 

 
 



 

Doctoral Thesis 2013 

 

Department of Materials and Environmental Chemistry 

Arrhenius Laboratory, Stockholm University 

SE-106 91 Stockholm, Sweden 

 

Faculty opponent 

 

Prof. Markus Niederberger 

Department of Materials 

Eidgenössische Technische Hochschule (ETH) 

Zürich, Switzerland 

 

Evaluation committee 

 

Doc. Kimberly Dick Thelander 

Department of Polymer and Materials Chemistry 

University of Lund, Sweden 

 

Prof. Adrian Rennie 

Department of Materials Physics 

Uppsala University, Sweden 

 

Doc. Muhammet Toprak 

Department of Materials and Nanophysics 

Royal Institute of Technology, Sweden 

 

Substitute 

PhD. Alfonso Garcia-Bennet 

Department of Materials and Environmental Chemistry 

Stockholm University, Sweden 

 

 

Cover art by Love Antell 

 

© Erik Wetterskog, Stockholm 2013 

All rights reserved. No parts of this thesis may be reproduced without permission from the author. 

 

ISBN: 978-91-7447-768-9 

 

Printed in Sweden by US-AB, Stockholm 2013 

Distributor: Department of Materials and Environmental Chemistry, Stockholm University, Sweden 

  



 

 
  

I’ve… seen things you people 

wouldn’t believe… 

 

Attack ships on fire off the shoulder 

of Orion. I watched C-beams glitter 

in the dark near the Tannhauser 

gate. 

 

All those moments…will be lost in 

time, like tears in rain. 

 

Roy Batty 
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Abstract 

This thesis is focused on the fabrication and characterization of self-assembled 

arrays of magnetic iron oxide (Fe3O4, γ-Fe2O3 and Fe1-xO) nanoparticles. The 

synthesis of spherical and cubic iron oxide nanocrystals, with sizes between 5 

and 30 nm and narrow size distributions, is demonstrated, along with a rigor-

ous morphological characterization of the cubic nanoparticles. The transfor-

mation of core|shell Fe1-xO|Fe3-δO4 particles into single-phase Fe3-δO4 particles 

is studied in detail. It is found that anti-phase boundaries in the particles result 

in the emergence of anomalous magnetic properties i.e. exchange bias, and a 

reduced saturation magnetization compared to that of bulk Fe3O4. Cubic nano-

crystals are assembled into arrays possessing an exceptionally high degree of 

translational ordering and a high degree of crystallographic alignment. A com-

bination of electron microscopy and small-angle X-ray scattering is used in the 

characterization of the 3D nanostructures. The directional (anisotropic) inter-

actions in the 3D structures are modeled in an attempt to find a link between 

the nanocrystal morphology and the corresponding mesostructure. Here, the 

cohesive van der Waals energy is estimated for a system of nanocubes with a 

variable truncation. The assembly of nanocubes in magnetic fields of various 

strengths is systematically investigated. A perturbed mesocrystal growth habit 

is observed at intermediate fields, whereas at high field strengths, the assembly 

is dominated by ferrohydrodynamic instabilities. Last, magnetometry is used to 

study the collective magnetic properties of self-assembled nanocrystals. The 

magnetic susceptibility in a weak magnetic field is studied as a function of film 

thickness and particle size. An increase in the tendency to form ferromagnetic 

couplings  with decreasing film thickness can be established. This 2D to 3D 

crossover of the magnetic properties of the nanoparticle arrays can be related 

to a change in the magnetic vortex states.  
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List of symbols and acronyms 

 

a, b, c = lattice parameter (unit cell edge length) 

θ = diffraction angle 

λ = wavelength 

q = scattering vector (     ⁄     ) 

l = particle edge length (cubes) 

d = particle diameter (spheres) 

r = particle radius (spheres) 

A = Hamaker constant (J) 

B = magnetic flux density (T, G†) 

H = magnetic field strength (A/m, Oe†) 

Happ = applied magnetic field strength 

HEB = exchange bias field 

HC = coercive field, coercivity 

erg† =10-7 J 

kB = Boltzmann’s constant (1.381 ·10-23 J/K) 

K = anisotropy constant (J/m3, erg/cm3 †) 

ghkl = diffracted beam, with indices hkl 

µ0 = vacuum permeability (4π·10-7 N·A-2) 

 ⃗⃗  = vector of the magnetic moment 

M = magnetization (A/m or emu†) 

Ms = saturation magnetization (A/m or emu/cm3 †) 

Mr = remanent magnetization 

χ =      ⁄ = magnetic susceptibility (unitless or emu/(cm3·Oe)†) 

εr = relative permittivity 

ρ = density (g·cm-3) 

T = temperature (K) 

TC = transition (Curie) temperature 

TB = blocking temperature 

TN = Néel temperature 

 

† Unit in the centimeter-gram system (cgs) 

 

AFM – antiferromagnet or atomic force microscope 

FM – ferromagnet 

FiM – ferrimagnet 

TEM – transmission electron microscopy 

HR-TEM – high-resolution transmission electron microscopy 

BF-TEM – bright-field transmission electron microscopy 

DF-TEM – dark-field transmission electron microscopy 

SEM – scanning electron microscopy 

HR-SEM – high-resolution scanning electron microscopy 

SAED – selected area electron diffraction 
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FFT – fast Fourier transform 

FFT-filtering – generally: spatial frequency and/or low/high-pass filtering 

GPA – geometric phase analysis 

SAXS – small-angle X-ray scattering 

WAXS – wide-angle X-ray scattering (PXRD) 

GISAXS – grazing incidence small-angle X-ray scattering 

GIWAXS – grazing incidence wide-angle X-ray scattering 

SANS – small-angle neutron scattering 

GISANS - grazing incidence small-angle neutron scattering 

POLSANS – polarized small-angle neutron scattering 

PXRD – powder X-ray diffraction (WAXS) 

VSM – vibrating sample magnetometer 

SQUID – superconducting quantum interference device 

TGA – thermogravimetric analysis 

 



 3 

1 Introduction 

In this thesis, I will explore a concept known as self-assembly, and some of the 

materials that can be derived from it. Self-assembly (and self-organization) 

refers to processes in which order emerges from disorder, guided by local in-

teractions among the components. Material chemists refer to self-assembly as a 

bottom-up method, fundamentally different from the top-down fabrication 

methods by which we manufacture most of our nanostructured materials to-

day. Top-down and bottom-up approaches can be thought of respectively as 

analogous to the ways in which a stone-carver and a mason carry out their 

work. The stone-carver carefully chisels out a structure from a large boulder, 

whereas the mason builds his or her structures step-by-step from smaller 

blocks or bricks. Much like the mason, the bottom-up chemist puts great effort 

into the design of building blocks, with the ambition to transform them into a 

precisely defined microscopic structure. In contrast to the mason, however, the 

bottom-up chemist strives to avoid having to do the brick-laying him- or her-

self, and would much prefer it if the bricks would be willing to do the work on 

their own.  

 

Academic publications on self-assembly have proliferated tremendously in 

recent years, yet the definition of this ubiquitous phenomenon has been the 

subject of some controversy. The term self-organization was coined by the 

German philosopher Immanuel Kant in the 18th century in his Critique of Judg-

ment, but was brought into modern science by W.R. Ashby in 1947.1 The con-

cepts of self-organization and self-assembly have generally been used inter-

changeably in many disciplines, i.e., biology, systems science, computer science, 

and the physical sciences. In the last instance, the following distinction between 

self-organization and self-assembly has been suggested by J. Halley (2008):2 

 

(1) Self-assembly refers to reversible processes tending toward equilibrium  

(2) Self-organization is a non-equilibrium process and requires input of energy 

 

Several more general definitions of self-assembly have been suggested. Brinker 

and co-workers suggested the following:3 

  

A general definition of self-assembly is the spontaneous organization of materials 

through non-covalent interactions (hydrogen bonding, Van der Waals forces, 

electrostatic forces, π-π interactions, etc.) with no external intervention.  
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The most widely referenced definition was given by Whitesides and Grzyb-

owksy:4 

 

Self-assembly is the autonomous organization of components into patterns or 

structures without human intervention. Self-assembling processes are common 

throughout nature and technology. They involve components from the molecular 

(crystals) to the planetary (weather systems) scale and many different kinds of 

interactions.  

 

 

Figure 1: An early example of a structure challenging the textbook defi-
nitions of both crystallization and self-assembly. Ordered arrays of self-
assembled southern bean mosaic virus molecules with a diameter of 23 nm, 
imaged by TEM (micrograph by Ralph W.G. Wyckoff). Image reproduced 
from Allmän and Oorganisk kemi, Gunnar Hägg, 1963 with permission from 
the publisher. 

This definition implicates out-of-equilibrium processes, which are classified as 

dynamical self-assembly processes4 and are therefore equivalent to self-

organization, according to Halley.2 Whitesides and Gryzbowsky furthermore 

impose three restrictions on a self-assembly phenomenon: (1) It involves pre-

existing parts; (2) it is reversible; and (3) it can be controlled by proper design of 

the parts.4 An attempt to classify some commonly discussed physical phenome-

na is given in Table 1, which revolves around the emergence of patterns at 

some vastly different length scales. Following Halley’s suggestion, clear out-of-

equilibrium processes like galaxy formation and the patterns emerging from 

oscillatory reactions are therefore better classified as self-organization.  
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Although extremely complex, out-of-equilibrium processes are commonly en-

countered in nature, and are slowly finding their way into the laboratory. With-

out the proper understanding of the underlying physical laws governing a par-

ticular phenomenon, it is of course difficult to establish if it is the result of an 

equilibrium or a non-equilibrium process. Many authors (e.g. Brinker et al)3 

also tend to want to exclude all classical crystallization processes. A problem 

with this exclusion is that in a number of cases, the driving force of crystalliza-

tion is not the formation of covalent bonds, e.g. in the case of macromolecular 

crystals (e.g. proteins, viruses). Ironically, there are also examples of inorganic 

nanoparticle assembly routes that rely on covalent bond formation in the form 

of linkage of DNA strands.5 Where to draw the line between classical crystalli-

zation and self-assembly therefore becomes a matter of taste, and perhaps also 

depends on how restrictive the term molecule really is. 

 

Then why should we study self-assembly? Firstly, because of its generality: self-

assembly is a truly interdisciplinary field that unifies almost every contempo-

rary discipline in the natural sciences — biology, chemistry, material science, 

and physics. Its generality also makes it useful from a practical standpoint, and 

its basic principles can always be applied to new systems in order to create new 

materials with tailored properties. Secondly, it will help us to understand our-

selves, as self-assembly processes and self-assembled structures are a funda-

mental part of life and of our own molecular machinery.6,7 Last, self-assembled 

structures could potentially be very cheap to manufacture, and in a world in 

which some materials are getting scarce and energy is becoming increasingly 

expensive, we need to find more efficient ways to fabricate high-technology 

materials. 
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Table 1: Comparison between physical processes that are commonly associated with self-assembly and self-organization phenomena. 
 
Process Classical crys-

tallization 
 

Oscillatory reactions 

e.g. Belusov-

Zhabotinsky 

Galaxy 
formation 

Membrane 

formation 

Nanoparticle self-assembly  

(e.g. mesocrystallization) 

Building blocks Atoms, 

Molecules, 

Macromolecules 

Autocatalytic com-

plexes 

Stars, 
Interstellar 
matter, 
Dark matter 

Lipids, 

Proteins, 

Surfactants 

Inorganic and organic particu-

lates 

Macromolecules 

Viruses 

Interactions/driving 
forces  

Covalent 
Electrostatic 
Hydrogen 
van der Waals 
Entropy 

Oscillatory kinetics, 
Reaction-diffusion 
mechanics 

Gravity Electrostatic 
Hydrogen 
van der 
Waals 
Entropy 

Electrostatic 
van der Waals 
Magnetic 
Covalent (e.g. DNA-linkers) 
Entropy 

Typical length scale Å - nm Universal kly nm nm - µm 
Associated patterns Crystals 

Quasicrystals 
Stripes, Rings, Hexa-
gons, Spirals, Travel-
ling waves, Turing 
patterns 

Spirals, 
Discs, 
Rings, 
Ellipsoids 

Liposomes, 
Micelles, 
Bilayers, 
Minimal sur-
faces 

Chains, Sheets, Mesocrystals, 
Colloidal crystals, Patterns 
emerging from e.g. instabili-
ties in magnetic fluids 

Equilibrium? Yes, 
in most cases 

No No Yes, 
in most cases 

Yes, 
In most cases 

Self-assembly? In some cases No No Yes Yes 
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Scope of this thesis 

 

This thesis is divided into four parts. The introduction aims to give background 

on iron oxide nanoparticles and the interactions governing their colloidal sta-

bility and self-assembly behavior. The fundamentals of magnetic materials will 

be covered, together with some of the more non-standard characterization 

techniques used throughout this thesis.  

 

Chapter 2 describes methods for size and shape control in the synthesis of 

iron oxide nanoparticles by thermal decomposition of an iron oleate precursor 

complex. A morphological characterization of the particles is performed with 

the aim of finding a way to rationalize their shape and to analyze the associated 

change in shape that was observed after aging the nanocube dispersions. Spe-

cial emphasis will be put on the characterization of defects in the nanoparticles. 

This is done specifically to demonstrate the abundance of defects (e.g. anti-

phase boundaries) in the particles, and also that their formation is inherent to 

the synthetic method in use. 

 

Chapter 3 deals with the self-assembly of iron oxide nanocubes and nano-

spheres into oriented arrays — so-called mesocrystals. The structure-directing 

influence of the nanoparticle shape and the anisotropic interactions is explored 

by the combined use of electron microscopy and grazing incidence small-angle 

X-ray scattering. The unique precision in these measurements, together with a 

rigorous morphological characterization, allowed us to estimate the cohesive 

van der Waals Madelung energies in a mesocrystal of truncated cubes and 

compare their thermodynamic stability with another plausible arrangement. I 

will also elaborate on the impact of a small change in the average nanocube 

geometry, and demonstrate just how sensitive the mesoscopic arrangement can 

be to the shape of the building blocks. Last, the assembly of magnetic nanocrys-

tals in applied magnetic fields is briefly discussed. 

 

Chapter 4 will cover the magnetic properties of the nanoparticles and their 

self-assembled arrays. The magnetic properties of nanocubes with different 

composition and microstructures are investigated, with the aim of linking their 

anomalous properties to their defect structure. Last, I will probe the collective 

magnetic properties of self-assembled arrays of nanospheres and nanocubes.  

Effects relating to the average array thickness will be elaborated on and ana-

lyzed in a mean-field model. 
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Iron oxides and their chemistry 

 

Iron oxides are among the most abundant and important minerals on earth. 

Prehistoric uses of iron oxides as light-fast dyes have been encountered all over 

the world, including at such sites as Lascaux (17,000 BC) and Altamira (20,000 

BC). Early processing of iron oxides enabled humans to craft paints of different 

colors, and there is evidence that yellow goethite (α-FeOOH) was transformed 

by heat to produce red hematite (α-Fe2O3) in Trobaut (French Pyrenees) over 

12,000 years ago.8 

 

Today, iron oxides are used in a number of applications including catalysis, 

magnetic storage, ferrofluids, and pigments, to name a few.9 Many potential 

uses for nanoscale iron oxides in medicine are being intensively researched 

today for things like treatment of hypothermia and targeted drug delivery, and 

as contrast agents for magnetic resonance imaging (MRI).10–12 

 

Figure 2: The inverse spinel structure of magnetite, Fe3O4. (a) Unit cell, 
and (b) subunit (1/8th) of the crystal structure. Red atoms: O2- (Oh), blue at-
oms: FeII/FeIII (Oh), yellow atoms: FeIII (Td). (c) Octahedral magnetite crystals 
on a feldspar matrix (Cerro Huañaquino, Bolivia). Author’s collection. 

All iron oxides, oxyhydroxides, and hydroxides contain exclusively trivalent 

iron, except for Fe3O4, Fe1-xO and Fe(OH)2. The iron cations typically occur as 

interstitials in cubic or hexagonally close-packed layers of anions (O2- or OH-).9 
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All nanoparticles in this thesis are synthesized in organic media and at elevated 

temperatures (higher than the dehydration temperature range), and conse-

quently we can focus our attention on the pure iron oxides and disregard the 

iron hydroxides and oxyhydroxides. Structural parameters and some general 

properties of the iron oxides can be found in Table 2. Generally speaking, the 

only two iron oxides that are found in great abundance in the crust of the Earth 

are hematite (α-Fe2O3) and magnetite (Fe3O4). Bulk maghemite (γ-Fe2O3) and 

the non-stoichiometric wüstite (Fe1-xO) are metastable under normal atmos-

pheric conditions with certain exceptions that are discussed further in Chapter 

2. Wüstite, being stable at high temperatures and pressures, is one of the pri-

mary constituents of the Earth’s lower mantle, and has therefore attracted sig-

nificant interest from geochemists.13 

 

Figure 2a shows the inverse spinel structure of Fe3O4, which we will be con-

cerned with in Chapter 2. The unit cell is composed of an fcc network of 32 O2-, 

with 16 interstitials in octahedral (Oh) positions (8 FeIII and 8 FeII) and 8 FeIII in 

tetrahedral (Td) positions. The close similarity of the spinel structure to that of 

a regular NaCl-type structure (e.g., Fe1-xO, MgO) is more easily seen in the 1/8th 

portion of the unit cell (Figure 2b). The charge is delocalized over the octahe-

dral interstitials above the so-called Verwey transition (T ≈ 125 K). Below this 

transition, the conductivity of Fe3O4 drops by several orders of magnitude, due 

to charge ordering and the consequent localization of the d-electrons.14,15 

Table 2: Crystallographic data and basic properties of iron oxides.9,16–21 
Iron hydroxides and oxyhydroxides have been omitted. (* = vacancy ordered 
supercell, † = value determined for nanosized particles). 

 Hematite Magnetite Maghemite Wüstite  

 α-Fe2O3 Fe3O4 

 

γ-Fe2O3 

 

Fe1-xO 

 

ε-Fe2O3 

Crystal 

System 

Hexagonal Cubic Cubic or 

tetragonal* 

Cubic Ortho-

rhombic 

Space 

Group 

R ̅c Fd ̅m P4332 or 

P41212* 

Fm ̅m Pna21 

Lattice 

parameter 

(nm) 

a = 0.504 

c = 1.375 

a = 0.8396 a = 0.8347 

c = 2.501* 

a = 

0.4282 – 

0.4332 

a = 

0.5095 

b = 0.879 

c = 0.9437 

Magnetic 

properties 

Weak FM 

with AFM 

FiM FiM AFM FiM/AFM 

 

Ms 

(emu/g) 

- 90 76 - 25† 

 

Stability 

(bulk) 

Stable Stable Metastable Meta-

stable 

Metasta-

ble 
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Colloids and nanoparticles 

Colloidal systems can be considered to consist of two or more phases with a 

large interfacial area-to-volume ratio, and are typically constituted of a dis-

persed phase in a continuous medium (exceptions are membranes, in which 

only one dimension is limited in size).22 Although Thomas Graham is consid-

ered the “father of colloid chemistry,” the modern definition of a colloid has 

been given by Freundlich, Ostwald, and Weimarn. They proposed that every 

substance in a dispersed phase should be termed colloidal.23 Colloids in a fluid 

medium will experience significant Brownian motion.  

Colloidal interactions and surface forces 

The stability of dispersions originates from a balance of the attractive and re-

pulsive forces between the colloidal particles. The Brownian motion of the dis-

persed particles results in constant collisions that inevitably lead to agglomera-

tion and subsequent sedimentation/flocculation in the absence of repulsive 

interactions. There are a number of important particle interactions to consider, 

and in many applications it is important to know their relative range and mag-

nitude. In this work, only nanoparticle dispersions in non-polar solvents will be 

considered, i.e. solvents with small εr, where electrostatic interactions are as-

sumed to be of limited importance. They are primarily important for nanoparti-

cles dispersed in polar solvents, but less so in solvents with low dielectric po-

larizability, where separation of charge is energetically very costly.  

In all matter, there are continuous and spontaneous fluctuations of electric 

dipole moments that give rise to transient electromagnetic fields. The collective 

time-averaged electrodynamic interactions give rise to the so-called van der 

Waals forces (vdW) or charge fluctuation force. The charge fluctuation may orig-

inate from either induced and/or permanent dipoles, and the resulting interac-

tions (i.e. Keesom, Debye, London) are often bundled into a single van der Waals 

interaction. Computation of these forces is carried out by conversion of dielec-

tric response spectra of the materials, according to the fluctuation-dissipation 

theorem.24 Consequently, the spectra contain information on all the electro-

magnetic interactions and couplings in the material. For two interacting atoms 

separated by a distance h, it is found that the interaction energy decays as h-6 

(in vacuum), and is consequently relatively short ranged.25 The magnitude of 

the vdW interaction is material-dependent, and commonly rationalized by a 

Hamaker constant (A, in units of J). 

 

For macroscopic particles, the situation is different, and can by first approxima-

tion be computed by pair-wise summation, i.e., a summation of the interactions, 

point by point, in the two interacting bodies. The resulting interaction energy is 

van der Waals forces 
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therefore strongly dependent on the geometry of the particle and will thus be 

different for pairs of spheres, cubes, and octahedra, for example. In the simplest 

case, for two interacting spheres of diameter D at a separation distance h and 

with a Hamaker constant A, the vdW interaction energy diminishes to Eq. 1-2.25 

 

  

(1) 

  

(2) 

 

 

There are also a few cases in which the proper analytical solutions for aniso-

tropic shapes have been derived, such as for cylinders, cubes and tori.24 In these 

cases, the interaction energies can only be rationalized for particular symmetric 

arrangements; in the case of cubes these are face-to-face (Eq. 3-5) and edge-to-

edge (Eq. 6-8). These cases are illustrated in Figure 3a. Note that, as of yet, 

there does not exist an analytical expression for cubes interacting corner-to-

corner. An approximation of the vdW interaction corresponding to two trun-

cated cubes interacting corner-to-corner is given in the section Corner-to-

corner approximation in Chapter 3. 

 

  

(3) 

  

(4) 

  

 

 

 

(5) 
 

 

 Sph
vdW Sph

A
U =- K h,D

12kT

   

  
  

    

2 2 2

Sph 2 22

D D h +2hD
K = + +2ln

h +2hD h+D h+D

face h+2l,h
vdW f h+l,h+l2

A
U =- K (x)|

π kT

h+2l,h
f h+l,h+l f f fK (x)| = K (h+2l)+K (h)-2K (h+l)

    
     

    

2 2 3/2 3

4

x - l l 2 xl 1 x
+ arctan + arctan

4lx x 6l l2

     
     

    

4 2 2 4 2 2

f 4 2 2

1 x +2x l +l x - l l
K (x)= ln + arctan

4 x +2x l 4lx x

  
   
   

2 2 1/2

2 2 2 2 1/2

1 1 l
+2l + (x +l ) arctan

6x 6l (x +l )
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(6) 

  

(7) 

  

 

 

 

 

(8) 

 

 

 

 

The interaction energy vs. interparticle separation distance for cubes and 

spheres of two different volumes is shown in Figure 3b. Clearly, the face-to-face 

interaction of two cubes is considerably stronger than an isotropic interaction 

for two spheres, and significantly stronger than the edge-to-edge interaction. 

Hamaker constants for iron oxide nanoparticles were recently derived,26 and 

found to vary quite significantly with respect to their composition and the me-

dium in which they are suspended. At first approximation, the interaction po-

tential of two colloids can be compared to the kinetic energy of a molecule in an 

ideal gas (3/2 kT), indicated by the solid line in the graphs shown in Figure 3(b, 

c). Consequently, two 20 nm nanocubes are predicted to be unstable towards 

aggregation if they are allowed to come closer than a distance of h ≈ 4 nm. This 

distance equals h ≈ 1.7 nm for two 8 nm cubes. The corresponding minimum 

separation distances for two spheres of equal volume (8000 and 512 nm3) are h 

≈ 1.6 nm and h ≈ 0.6 nm.  
 

 

edge h+2l,h
vdW e h+l,h+l2

A
U =- K (x)|

π kT

h+2l,h
e h+l,h+l e e eK (x)| = K (h+2l)+K (h)-2K (h+l)

     
     

    

2 2

e 2 2 2

1 x +h 1 x h h
K (x)= ln + - arctan

8 l +h +x 8 h x x

    
    

    

2 2 1/2

2 2 2 2 1/2

l(h +x ) 1 1 l
+ + arctan

12 h x (h +x )

    
    

    

2 2 1/2

2 2 2 2 1/2

h(l +x ) 1 1 h
+ + arctan

12 l x (x +l )



 13 

 

 

Figure 3: van der Waals interactions of anisotropic and isotropic parti-
cles. (a) Sketch of three different anisotropic (and symmetric) interaction 
modes for cubes (edge-to-edge, corner-to-corner and face-to-face) and the 
isotropic interaction potential for two spheres. (b) vdW interaction energies 
for cubes interacting face-to-face, edge-to-edge and for two spheres (iso-
tropic) as a function of interparticle separation distances, i.e. the distances 
marked by bold lines in (a). The two graphs represent the vdW interactions 
between nanocubes with edge lengths of 20 and 8 nm. The isotropic interac-
tion potential was derived for two spheres with the same volume as the cu-
bes. The solid line indicates 3/2 kT. (c) “Tetris” assembly of a submonolayer 
of 23 nm nanocubes (evaporated in zero-field), in which the preference for 
face-to-face interactions is obvious. The particles are only very weakly fer-
romagnetic at room temperature. 
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In non-aqueous media, the most common approach to protect colloidal parti-

cles from irreversible agglomeration is to graft their surfaces with a layer of 

bulky organic molecules. These are usually polymers, with functional groups 

that have a high affinity for the surface in question e.g. thiols (R1-SH) for Au and 

carboxylic acids (R1-COOH) and phosphates e.g. phosphate esters (R1-O-

PO(OH)2) for iron oxides. 27–29 In a good solvent, the surfactant/polymer coils 

expand away from the particle surface, driven by a gain in configurational en-

tropy. Conversely, when two coated surfaces approach each other, their seg-

ments start to overlap, resulting in conformational restrictions and an associat-

ed increase in free energy.30 The steric repulsion is therefore mainly entropic in 

origin.30 The theoretical treatment of these forces is complex and depends on a 

number of factors (e.g. structure and solubility of the polymer), and will not be 

discussed further here. For the purpose of simple interparticle calculations (see 

Mesocrystals of truncated nanocubes), I have assumed a cut-off distance corre-

sponding to a hard-sphere potential. 

 

 The traditional surfactant used for stabilizing iron oxides (i.e. ferrofluids) in 

non-polar solvents is oleic acid (cis-9-octadecenoic acid), one of the primary 

constituents of olive and rapeseed oil. The unsaturated cis-double bond in the 

middle of the carbon chain results in weaker nematic interactions between the 

tethered chains, compare to those of its saturated counterpart.* The resulting 

surface configuration is therefore more disordered and much less dense (¼ a 

monolayer on a mica surface) than the structure of a stearic acid-coated sur-

face, and subsequently solvated to a much greater extent.31 

A magnetic fluid is a dispersion of superparamagnetic particles that remain 

dispersed even in very strong magnetic fields. Magnetic fluids, or ferrofluids, 

were originally developed by NASA in the 1960s as an attempt to manipulate 

fluids in space, but later found use in many everyday technical applications, 

including shaft seals, lubricators, dampeners, and coolants.32 The potential 

energy of a dipole in an applied magnetic field, the Zeeman energy, is given by 

appZeemanU m H   . From this, and under the assumption that the magnetic 

moment of a single-domain particle can be treated as a single magnetic dipole 

(a macrospin), it can be shown that the energy between two such particles can 

be expressed as:33 

 

                                                                    
* This is also evident from their vastly different melting points.  
mp(cis-9-octadecenoic acid) = 13-14 °C , mp(octadecanoic acid) = 70 °C.  

Steric repulsion 

Magnetic interactions 
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(9) 

   

where 1,2 0m µ MV are the dipole moments of the two particles, respectively; 

r is the distance between their centers; and       ̂ where  ̂ is a unit vector 

connecting their centers. If the particles are aligned head-to-tail, this reduces 

to:  
  

(10) 

 

It is important to note that the dipole moment of a particle scales with its vol-

ume, meaning that the dipolar interaction for, say, two aligned nanocubes will 

scale as ∝ l6, where l is the cube edge length (cf. Figure 4). In a system of super-

paramagnetic particles, the nanoparticle moments are only momentarily 

aligned, as they are continuously fluctuating. If, however, the particle moments 

are blocked (e.g. due to the particle volume), the strong dipolar interactions 

generally lead to irreversible agglomeration. The magnetic properties of non-

interacting systems (i.e. if UDD < kT at the average interparticle separation dis-

tance) reflect the intrinsic properties of the nanoparticles (e.g. the effective 

anisotropy Keff). In condensed, strongly interacting systems, the dipolar interac-

tions give rise to collective effects that influence the magnetic properties of the 

material and result in e.g. elevated blocking temperatures, and magnetic sus-

ceptibilities.34,35 

 

 
Figure 4: Dipole-dipole (UDD) interaction energy vs. surface separation 

distance:      , for two aligned nanocubes (Eq. 10). The graph shows 

curves for nanocubes with macrospin moments corresponding to cube edge 

lengths of l = 8, 10, 12 and 13.5 nm (MS = 300 kA/m). The solid line indicates 

3/2 kT. 
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Nanostructured magnetic materials 

There are five primary classes of magnetic materials, each characterized by 

their magnetic structure and response to a magnetic field (see Figure 5). 

 

 

Figure 5: Different types of magnetism. (a) Schematic spin configuration 
for the five primary classes of magnetic materials. (b) Magnetic susceptibil-
ity (χ) vs. temperature for a ferromagnet, a paramagnet and an antiferro-
magnet. The magnetic susceptibility of the ferromagnet is several orders of 
magnitude larger than that of the paramagnet, below its Curie temperature 
(TC). 

Paramagnetic materials have local magnetic moments, but lack strong interac-

tions (< kT) between them. Examples include liquid O2, and some metals, such 

as Mg, Mo, ferro- and ferrimagnetic materials above their Curie temperature. 

Paramagnets have a small but linear magnetization response in an applied field, 

but do not retain any magnetic ordering in its absence. 

Unlike paramagnets, ferromagnetic materials are characterized by a long-range 

magnetic order in the absence of a magnetic field. The magnetization vanishes 

precisely above the Curie temperature (TC), specific to the material. The mag-

netization vs. field curve for a ferromagnetic material (see Figure 6) was first 

explained by Pierre Weiss in 1907, by assuming the presence of magnetic do-

mains. Domains are separated by domain walls and occur through the balanc-

ing of magnetostatic energy (a volume term) and domain-wall energy (a surface 

term). Below a critical size, the formation of domains ceases to be energetically 

favorable, and the material can be considered by first approximation to contain 

Paramagnetism 

Ferro- and ferrimagnetism  
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one uniformly magnetized domain. For a particle with uniaxial anisotropy, the 

critical radius for single-domain particles is roughly given by     √    
   ⁄ , 

where K is the effective anisotropy, V  is the particle volume, and MS is the satu-

ration magnetization.36 Typical critical single-domain sizes for some different 

magnetic materials are 15 nm (Fe), 30 nm (γ-Fe2O3), and 750 nm (SmCo5).37 

Magnetic anisotropy 

The preference of a material to have its magnetization along a certain direction 

is referred to as its magnetic anisotropy (K) and is measured in energy per vol-

ume. In nanostructured magnetic materials, there are many important factors 

contributing to magnetic anisotropy, as surface effects tend to be important, if 

not dominant. In bulk materials, the most important contribution is the magne-

tocrystalline anisotropy (   ) which, as suggested by its name, depends strictly 

on the local atomic order of the material (Table 3).  

Table 3: Magnetocrystalline anisotropy constants for some FM metals 
and FiM spinels.18,38 * = Single crystal thin film 

 3d metals Spinels 

Material Fe Ni Co Fe3O4 γ-Fe2O3* CoFe2O4 

Symm. Cubic Cubic Uniaxial Cubic Cubic Cubic 

K1 (J/m3) 4.8·104 -4.5·103 7.0·105 -1.23·104 -0.46·104 2.6·105 

K2 (J/m3) -1.0·104 -2.3·103 1.8·105 0.44·104   

 

The magnetic anisotropy can be represented by a free energy surface defined 

by one or several anisotropy constants (K1, K2, K3…). The lowest point(s) on this 

energy surface defines the magnetic easy axis of the material: e.g. [0001] for hcp 

Co, [001] for bcc iron, and [111] for fcc Ni. If there is only one easy magnetiza-

tion direction, the anisotropy is said to be uniaxial (e.g. as for hcp Co). For mate-

rials with cubic anisotropy, there are three or four equivalent directions (six or 

eight energy minima), depending on the relative signs of the Ki constants. Other 

important contributions are shape anisotropy (   ), surface anisotropy (  ), 

magnetostriction anisotropy, and exchange anisotropy (   ). Surface anisotro-

py in particular becomes increasingly important as the particle size is reduced, 

and may arise from Néel spin-orbit contributions or from strains at the sur-

face.18 For nanoparticles, the surface (KS) and volume (KV = Kmc + Ksh + …) con-

tributions are often grouped together in an effective anisotropy constant; 

            ⁄  (d =particle diameter), derived from the blocking tempera-

ture (see Superparamagnetism). In some cases, so-called superexchange inter-

actions result in an antiparallel alignment of the moments of magnetic ions. 

When this occurs but the net magnetization of the material is non-zero, the 

material is called a ferrimagnet (FiM). This is the case for many spinels, garnets, 

and perovskites; two prominent examples are the iron (inverse) spinels Fe3O4 

and γ-Fe2O3.  
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Figure 6: Magnetization vs. field curves for different materials. (a) Mag-
netization vs. field curve (hysteresis loop) for a ferromagnetic material (red 
line) and a superparamagnetic material (dotted black line). Saturation mag-
netization (MS), remanent magnetization (Mr), and coercivity (HC) are indi-
cated in the open curve. (b) An exchange biased ferromagnetic material 
above the Néel temperature (TN) (red line) and below the Néel temperature 
(dashed black line). (c) A cartoon of the microscopic origin of the exchange 
bias effect. The points A, B, C, and D indicate idealized spin configurations at 
the different points in the exchange biased hysteresis loop. Scheme adapted 
from Ref [39].39 (d) Magnetic structure of an antiferromagnetic metal mon-
oxide (FeO) viewed from the [01 ̅] direction below the Néel temperature 
(Red ions (O2-), blue ions (Fe2+)). The spin direction is indicated by the ar-
rows. The magnetization vectors are perpendicular to the ferromagnetic 
sheets, and neighboring sheets are magnetized in opposite directions, i.e. 
along (111) and ( ̅ ̅ ̅).40 

Superparamagnetism 

A superparamagnetic material refers to particles of a ferro- or ferromagnetic 

material that cannot retain their magnetization below a critical particle size. 

Below this critical size, also known as the superparamagnetic limit, the magnet-

ization ceases to be fixed in the direction dictated by the particle shape or by 

magnetocrystalline anisotropy. Much like Brownian motion, the magnetic mo-

ments of the particles are thermally agitated and fluctuate, to give a time-
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averaged magnetization value of zero. The application of an external magnetic 

field results in a magnetization several orders of magnitude larger than that of a 

conventional paramagnet, hence the term superparamagnet.  

 

Consider an ensemble of non-interacting uniaxial single-domain particles, with 

the following energy density:          . The particles will fluctuate be-

tween two energy minima (0 and π) separated by an energy barrier of height: 

      . The characteristic frequency of this fluctuation is f, inversely pro-

portional to the superparamagnetic (Neél) relaxation time. Assuming that the 

spin-flip mechanism follows an Arrhenius-type law yields the Neél-Brown 

equation:    (   )      
       . This equation is valid for non-interacting 

monodisperse particles with identical anisotropies (τ0  ≈ 10-10 s is the inverse 

attempt frequency). 36 When τN is comparable in magnitude to the experimental 

measuring time (τm), the moments appear static or blocked. This occurs at a 

temperature called the blocking temperature (TB), obtained from the Neél-

Brown equation:          (    ⁄ )⁄ . Note that the blocking temperature 

depends on the characteristic measurement time of the measurement tech-

nique:    = 10-10 – 10-12 s for inelastic neutron scattering,36 10-10 – 10-7 s for 

Mössbauer spectroscopy,36 and            s for a typical DC magnetome-

try measurement.17 The magnetization curve of a superparamagnetic ensemble 

of particles is described by the Langevin function:     [        ]      

where α = m = μ0MSVH/kT and χD is the diamagnetic susceptibility of the sample 

matrix.  

Superexchange interactions cause antiparallel arrangement of the magnetic 

ions in an antiferromagnet (AFM), just like in the case of ferrimagnets. The 

difference in this case is that the opposing moments in an antiferromagnet can-

cel each other out exactly, yielding a zero net magnetization. This is the case for 

many metal monoxides with a simple rock-salt structure. Due to superex-

change, spins over bridging oxygens always have antiparallel coupling. This 

results in a magnetic structure in which the magnetic moments of ions in the 

cationic {111} sheets are parallel to each other, but anti-parallel with respect to 

neighboring {111} sheets (see Figure 6d).40 Analogous to ferro- and ferrimag-

nets, antiferromagnets exhibit a material specific ordering temperature, the 

Néel temperature (TN), above which they become paramagnetic.41 

Exchange bias 

Exchange bias or exchange coupling is an effect that can occur when an FM or 

FiM material is in contact with an AFM material. The effect was first discovered 

by Meiklejohn and Bean in 1956 when they studied partially oxidized cobalt 

nanoparticles.42 A horizontal shift of the hysteris loop is induced when the sys-

tem is cooled below the Néel temperature of the AFM. This induced exchange 

Antiferromagnetism 
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anisotropy results in larger values of Mr and    [|   |  |   |]   (see Figure 

6b). The influence of exchange anisotropy can be significant and may result in 

drastically elevated blocking temperatures of nanoparticles, making them usa-

ble for magnetic storage media beyond the superparamagnetic limit.43,44  

 

The exchange anisotropy is often rationalized by a characteristic areal cou-

pling constant (   ) characteristic of the AFM/FM pair. For thin films com-

posed of layers of an AFM and an FiM/FM material, the exchange bias field 

(HEB) has been found to vary linearly with the thickness of the ferrimagnetic 

component (tFM), i.e.,         ⁄           .39 Here, A is the area of the 

AFM/FM interface and MS is the saturation magnetization. For 3D systems such 

as core|shell nanoparticles, the thickness component can be substituted for a 

geometric thickness (i.e. volume per interfacial area) which for a core|shell 

cube reduces to:     
  (  

    
 )    

 ⁄  where lP is the edge length of the whole 

cube and lC the edge length of its core.45 
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Characterization techniques for nanostructured 
materials 

HR-TEM images contain a wealth of information related to the relative posi-

tions of atoms in a material. In some cases, this information is used to deter-

mine previously unknown structures, but can also be used to characterize de-

fects and strain in crystalline materials. 

 

A HR-TEM image (or any image in fact) can be thought of as the superposition 

of an infinite number of standing waves (i.e. a Fourier sum), each with a charac-

teristic orientation, phase, and amplitude. Geometric phase analysis (GPA) is an 

analytical method in which strain or lattice deformation is determined in a 

crystal.46–48 The distortion of the lattice fringes is determined relative to an (in 

the ideal case) unstrained reference area and is obtained from the phase Pg(x) 

of the local Fourier component gi of the lattice fringe.  

 

In the 1D case, a particular reciprocal lattice vector (gi) is selected in order to 

analyze its positional gi(x) variation in direct space. This information is con-

tained in the oscillations around the average value of the peak gi. A filtered 

image is produced by imposing a circular mask around the reciprocal lattice 

vector. The intensity and positions of the filtered image are then well-described 

by a sum of functions on the following form: 

 

  ( )    ( )     ( ) 

 

Here,   ( ) is the amplitude and    is the phase.  The relative phase shift with 

respect to a reference area is then used to measure the deformation. 

 

  ( )        ( ) 

 

The displacement field is then obtained from the Fourier component (g). 

 

 ( )   (  )  [  ( ) ] 

 

The deformation and rigid body-rotation relative to the reference lattice are 

given by: 

       ⁄  

 

 ( )  
 

 
(
   

  
 

   

  
) 

Geometric phase analysis (GPA) of high-resolution transmission electron 

microscopy images 



 22 

Here, the position r is in the xy-plane and d is the displacement of the Fourier 

component relative to that of the reference area. In the GPA software, the full 

relations suitable for large deformations are used.49 An outline of the practical 

procedure is outlined in Figure 7. The resolution of the deformation and the 

rotation map will be directly proportional to the size of the circular mask. Thus, 

a high-resolution measurement has the trade-off of being more sensitive to 

noise in the image. 

 

 

Figure 7: Schematic of a lattice fringe deformation (1D GPA) analysis of 
a core|shell Fe1-xO|Fe3-δO4 nanocube. The bright-field image is converted 
to a power spectrum. A phase map is generated from the area around the 
masked peaks. The resulting deformation and rotation maps contain infor-
mation on the distortion of the crystalline lattice. 
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Scattering techniques 

Wide-angle X-ray scattering (WAXS) is a standard laboratory technique in 

which a monochromatic X-ray beam is scattered by a material. Periodic struc-

tures (i.e. crystalline materials) cause constructive interference when Bragg’s 

law is satisfied (         ), producing a diffracted ray that correlates the 

scattering angle (θ) with the wavelength of the X-ray beam (λ) and the charac-

teristic lattice spacings in the crystal (d). If the sample is a powder, the tech-

nique is referred to as powder X-ray diffraction (PXRD). The random orienta-

tion of the crystallites causes all diffracted beams to project in a single plane, 

resulting in so-called Debye-Scherrer rings, which can be radially integrated to 

produce a diffractogram in which each set of equally spaced lattice planes cor-

responds to a diffraction line. The profile of a diffraction line (see Figure 8) 

contains information on the average size and strain in the crystal, and was, 

prior to the advent of TEM, the primary method for estimating particle sizes in 

powders. 

Anisotropic line broadening effects 

 

 

Figure 8: Diffraction line profile analysis. Peak profile fit of the 220/440 
diffraction line in a Fe1-xO|Fe3-δO4 nanocube. 

 

 In spherical, defect-free crystals, the line broadening is isotropic. In the ab-

sence of instrumental line broadening, the crystallite size can be estimated 

from the Scherrer equation.50 In practice, line-broadening effects are often ani-

sotropic, with drastically different line widths for different reflections. The 

origin of anisotropic line broadening may be twofold: (1) it may be the result of 

shape broadening, i.e. anisotropic size broadening due to variation of the size of 

the crystal in different crystallographic orientations; or (2) it may be the result 

WAXS (PXRD) 
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of anisotropic strain broadening, e.g. unequal densities of defects along differ-

ent crystallographic directions in the specimen, such as dislocations on distinct 

slip systems.51 Anisotropic line broadening can be measured by profile fitting of 

the diffraction lines for different reflections, and this was carried out for a se-

ries of gradually oxidized core|shell nanocubes in Paper I. In our case, this was 

done by stripping the Cu-Kα2 component of the diffraction line and the back-

ground, after which the diffraction peaks were fitted with a Pseudo-Voigt func-

tion. In case of overlapping diffractions lines (as in the Fe1-xO|Fe3O4 system), 

these were fitted individually, as shown in Figure 8. To account for the cubic 

nanoparticle shape, a modified Scherrer equation was used,52 

 

Here, deff is the effective crystal size along the normal of the diffraction plane, 

khkl is a shape-specific Scherrer constant, ω is the diffraction line width in radi-

ans at full width at half maximum (FWHM), and θ is the scattering angle. For a 

cube, the Scherrer constants are k111 = 0.729, k200 = 0.862, k220 = 0.789, k311 = 

0.771, and for a sphere, kkhl = 0.809 for all hkl. 

Small-angle X-ray scattering (SAXS) is associated with larger characteristic 

length scales than WAXS and is used to study correlations in materials with 

density fluctuations from ≈ 1 nm to several 100 nm, and in some extreme cases 

even larger scales (USAXS). SAXS can be performed on solid or dispersed mate-

rials, depending on the application. The scattering intensity I(q) in SAXS is the 

product of two contributions: the form factor P(q), and the structure factor S(q). 

 

 ( )   ( ) ( ) 

 

Here,          ⁄  is the scattering vector. The form factor P(q) is the square 

of the scattering amplitude of a particle and contains information on its shape 

and size. Analytically, it can be derived from the Fourier transform of the spatial 

density distribution. The form factor for an isotropic object (i.e. a sphere with 

radius r) is  ( )   [             ] (  ) ⁄  (Lord Rayleigh, 1911).53 Solu-

tions for certain anisotropic objects’ particle shapes have also been derived, e.g. 

cubes, ellipsoids, and truncated octahedra.53 The structure factor P(q) is the 

interference resulting from, for example, interparticle correlations (analogous 

to diffraction lines in WAXS), and can be used for structural determination at 

the nm scale. When using SAXS for size and shape determination of dispersed 

particles, it is customary to use dilute dispersions in order to eliminate contri-

butions from the structure factor and to obtain a “pure” form factor. 
  

   

Small-Angle X-ray Scattering (SAXS) 

hkl
eff

k λ
d =

2ωcosθ
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Grazing incidence small-angle X-ray scattering (GISAXS) is performed by direct-

ing an X-ray beam to a flat substrate at a very small incident angle (αi < 1°).54 

This results in reflection (off the substrate) and/or scattering of the X-ray beam 

from the sample surface. As GISAXS is a highly surface-sensitive technique, it is 

used primarily in the study of structured thin films and gives information on 

both the in-plane and the out-of-plane structural correlations in the sample 

(see Figure 9a).55 Usually, the sample is deposited as a thin film on an atomical-

ly flat surface, such as a Ge or Si single-crystal wafer. The long X-ray beam path 

through the sample results in a highly intense scattering pattern, even for films 

of nanometer thickness. Moreover, the large beam footprint ensures that the 

measurement provides an unmatched statistical reliance. 

 

If the sample is structurally coherent in the z-direction, this results in a 2D-

powder type of structure in which every crystal shares one common growth 

orientation (normal to the substrate) but is randomly distributed in the xy-

plane (see Figure 9b). Consequently, a single GISAXS experiment (without lat-

eral rotation of the sample) enables a full 3D structure characterization, as all 

the hkl reflections will appear in a single scattering pattern. The scattered in-

tensity located at the critical angle (αc) — i.e. when αf   = αc (see Figure 9a) — is 

known as the Yoneda line; it contains exclusively lateral scattering contribu-

tions, and can thus be used to identify the in-plane periodicity in the sample. 

For scattering contributions containing a perpendicular (i.e. z-) component, 

complications arise, since there are four unique scattering paths resulting from 

possible reflections of the X-ray beam off the substrate, before and after scatter-

ing off the sample.55 After a qualitative determination of the reflection posi-

tions, the unit cell parameters can be determined by applying combination of 

Bragg’s and Snell’s laws, which for a cubic crystal can be written as:56 

 

 

 

 

 

 

Here qz is the z-component of scattering vector q, ki,z is the z component of the 

wave-vector of the incident X-ray beam: ki (here:        ). kc,z is the z-

projection of the wave-vector of the scattered beam (kf) at the critical angle 

(αc). The qz vs. incidence angle (αi) is plotted by measuring the reflection posi-

tions in series of scattering patterns, allowing the critical angle to be deduced 

and the structure confirmed. 

 

Grazing Incidence Small-Angle X-ray Scattering (GISAXS) 
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Figure 9: A GISAXS experiment. (a) Sketch of the scattering geometry of 
GISAXS. The scattering lateral and horizontal scattering contributions are 
indicated by the red and blue arrows respectively. The angle αi is the inci-
dence angle of the incoming beam with a wave-vector ki. The angles αf and θ 
are the vertical and lateral scattering angles of the scattered beam with a 
wavevector kf. αc denotes the critical angle of reflection. (b) Illustration of a 
2D powder. The crystals are randomly oriented in the xy-plane, but because 
of the near atomically flat geometry of the Si wafer, the growth direction in z 
(the direction normal to the substrate) is common in each crystal. 

Magnetometry 

A vibrating sample magnetometer (VSM) measures the magnetization (M) of a 

sample by oscillating it inside a pickup coil. The induced voltage is amplified 

and proportional (through Faraday’s law) to the magnetic moment.57 A strong, 

homogenous magnetic field can be applied to the sample by a superconducting 

magnet (the Quantum Design PPMS, for example, is capable of generating ap-

plied fields up to 9 T). The sample is attached to a long, non-magnetic rod. Na-

noparticles can be prepared as powders or measured as frozen liquid disper-

sions at temperatures down to 2 K. A superconducting quantum interference 

device (SQUID) magnetometer can measure very small changes in magnetic 

flux, based on a physical phenomenon called the Josephsson effect, a macro-

scopic quantum effect. When a flux change in a superconductor is interrupted 

by a thin insulator, it is quantized, and can therefore be measured with great 

accuracy. A SQUID magnetometer is very sensitive and can measure magnetic 

moments down to 10-7 emu.57 
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2 Synthesis and characterization of iron 
oxide nanocubes and nanospheres 

Overview of synthesis routes of magnetic 
nanoparticles 

Early research on magnetic nanoparticles and ferrofluids dates back to the 

1960’s.58 During the last two decades, development of new methods for synthe-

sis of magnetic nanoparticles has been rapid, with the primary focus on estab-

lishing protocols for controlling the absolute size, size distribution, and shape 

of the particles.11,12,59–64 Modern wet-chemical nanoparticle synthesis is typical-

ly performed in non-polar solvents and generally involves the decomposition of 

a metal-organic complex e.g. M(CO)5, Mn+(acac-)n or metal soaps (e.g. oleates, 

stearates) in the presence of a surfactant. This provides much greater control 

over the size distribution of the products, compared to, for example, ball milling 

and traditional co-precipitation routes.60 Additionally, the controlled reaction 

conditions allow the use of surface-active additives that selectively promote 

growth along certain crystallographic orientations.65–67 While this thesis deals 

exclusively with the iron oleate-based route, there are some advantages to us-

ing methods in which the precursor is a cheap and commercially available 

compound, available in high purity. The Mn+(acac-)n route was first published by 

S. Sun et al,68 and has reached a level of popularity similar to that of the metal 

oleate route. Other notable methods include the reduction of Fe[N(SiMe3)2]2 by 

H2(g),69 and the thermal decomposition of metal carbonyls, such as Fe(CO)5, in 

the presence of oleic acid or other surfactants.70
 

Thermal decomposition of metal oleates 

The metal oleate route was pioneered by the T. Hyeon group, and the method 

instantly became popular because of its simplicity, scalability, and the control if 

afforded over the reaction products.71 Today, it is arguably the most-used 

method for the synthesis of shape and size control of metal and metal oxide 

particles. A distinct advantage of this method is the fact that the compositional 

control that can be exercised by using different metal soaps based on Fe, Co, 

Mn, Ce, Ni, or mixtures thereof.66,71–74 
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Precursor complex synthesis 

The metal oleate complex is synthesized in a two-phase system through the 

reaction of an iron salt with sodium oleate, according to the following scheme. 

 

 

 

 

 

 

 

 

 

 

 

1. H2O phase discarded 

2. Washing the organic phase with H2O (3 times)  

3. Solvent removal on rotary evaporator 

4. Post-treatment, e.g. vacuum treatment, † extraction‡ 

 

The resulting product is a transparent, viscous, brown, oily compound, highly 

soluble in non-polar solvents (additional details regarding the synthesis of the 

precursor can be found in the Supporting information of Paper II). Interesting-

ly, neither the purity nor the stoichiometry of the precursor complex was sub-

ject to any discussion or characterized in the original paper.71 Bronstein et al 

concluded several years later that the product was not a phase-pure compound, 

but rather a series of mono- and polynuclear iron oleate complexes coordinated 

to H2O, ethanol, and oleate ligands in various configurations. It was shown that 

the structure of the precursor complex(es) was not only strongly dependent on 

the preparation conditions but also on the post-synthesis treatment, i.e., extrac-

tion and vacuum drying.75 The thermal stability of the precursor(s) varied with 

their structure, and was consequently shown to determine the characteristics 

of the resulting nanocrystals. 

 

The low solubility of sodium oleate in H2O/ethanol was likely to be the reason 

why the authors of the original paper opted for a relatively cumbersome two-

phase reaction. It should be noted that that synthesis of metal soaps is by no 

                                                                    
† After drying on the rotary evaporator the iron oleate complex is dissolved in e.g. 1-
octadecene in a round-bottom flask. The solution is then heated (  100 °C) and stirred 
vigorously under vacuum (< 1 mbar) for   1 h. 
 
‡ Although this method was not used the present work, it is possible to extract free oleic 
acid from the as-synthesized product using e.g. acetone.75 This results in an elevated 
decomposition temperature of the iron oleate precursor. 

FeCl3 | H2O/Ethanol  

 

NaOL | n-Hexane 

Reflux (4 h) 

 

FeCl3(aq) + 3 NaOL  Fe(OL)3 + 3 NaCl(aq) 
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means new science, and these have been used for hundreds of years as oint-

ments, plasters, and dusting powders. In fact, the synthesis of a large number of 

phase-pure neutral soaps had already been demonstrated in the 1930’s, using a 

simple double-decomposition route in H2O/ethanol. The method is applicable 

to a wide range of metals (e.g. Ag, Hg, Cd, Cu, Zn, and Ni) and fatty acids (i.e. 

palmitates, stearates, oleates, eurucates, and laurates). 76  

Thermal decomposition reaction 

The purity of chemicals often plays an important role in chemistry. Nanoparti-

cle synthesis is certainly no different, since a large number of essential reagents 

and solvents are not available in high purities. For example, in the synthesis of 

quantum dots (e.g., CdS, CdSe nanoparticles), TOPO (tri-n-octyl-

phosphineoxide) is used as both solvent and as a capping agent. The synthesis 

results have often been found to vary drastically between different TOPO 

batches, generating a number of anecdotal stories in the nanomaterials com-

munity.77–79 Impurities (e.g. phosphonic acids) found in commercial low-grade 

TOPO have been shown to improve nanoparticle yields and are nowadays rou-

tinely added during synthesis.79 In this work, the quality of the reagents was 

systematically upgraded whenever chemicals of higher purity became available 

(see Table 4). It will become evident that similar aspects (as in the case with 

TOPO) have to be considered for the iron oleate route under study. That is, 

when comparing syntheses performed with high- or low-purity reagents, there 

are considerable discrepancies in the characteristics (i.e. size and shape) of the 

reaction products.  

Table 4:  A short summary of the reagents used in the synthesis of iron 
oxide nanoparticles. All chemicals were used as received, without further 
purification. 

Chemical Formula Manufacturer Purity Comments: 

Sodium oleate NaC18H33O2 Riedel-de Haën >82% Yellow powder 

  Tokyo Chem. Ind. 97% White flaky 

crystals 

Oleic acid C18H34O2 Sigma-Aldrich 90% Identical FTIR-

spectra   Tokyo Chem. Ind. 99% 

Iron chloride FeCl3·6H2O Sigma-Aldrich 97%  

1-Octadecene C18H36 Sigma-Aldrich 90% Partially de-

composes 

when heated 

Acros 90% 

1-Hexadecene C16H32 Sigma-Aldrich 90%  

Eicosane C20H42 Sigma-Aldrich 99%  

Docosane C22H46 Sigma-Aldrich 99%  

A general comment on the purity of reagents 
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Size and shape control of iron oxide nanoparticles 

The primary goal of the synthesis work in this thesis was to generate a library 

of particles with different shapes and sizes in order to study their self-assembly 

behavior and to study their magnetic properties. A rigorous analysis of the iron 

oleate route and its underlying mechanics was not attempted (i.e. by complet-

ing a large set of systematic experiments and/or in-situ measurements). The 

synthesis parameters for a selected number of iron oxide samples are present-

ed in Table 5, with a corresponding TEM image of each sample shown in Figure 

10. The primary parameters for controlling the size and shape of the products 

are the reflux temperature, the excess surfactant concentration, and the addi-

tion of an ionic surfactant (i.e. sodium oleate).66,68,70,71,75,80–85 
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Table 5: Overview of the synthesis parameters and some basic characteristics of some synthesized iron oxide nanocubes 
and nanospheres. Abbreviations: (ID) Sample ID; (RT) Reflux temperature/setpoint; (HR) Heating rate; (HT) Holding time after 
reaching the setpoint; (S/PC Ratio) Excess surfactant/precursor molar ratio by [FeIII], NaOL Fraction, fraction sodium oleate (of 
added surfactant). Please note that size-distributions are expected to vary by ≈ 5 % for uncalibrated measurements (marked by †). 

ID RT  

(°C) 

HR  

(°C·min-1) 

HT 

(min) 

S/PC 

Ratio 

NaOL 

Fraction 

Shape Size 

(nm) 

Comments 

90% Oleic acid, 82% Sodium oleate 

TC086 320 2.6 30 0.28 0 Cubes 8.6 ± 0.5 Paper II 

HTC089 - - - - - Cubes 8.9 ± 0.7 Paper III, TC086→HTC089 

S095 320 2.6 30 0.28 0 Spheres 9.1 ± 0.6 Paper IV 

PD820 320 2.2 30 0.28 0 Cubes 8-20† Polydisperse 

99% Oleic acid, 97% Sodium oleate 

C090 315 3.0 30 0.286 0.25 Cubes 9.0±0.5†  

C096 315 3.0 30 0.286 0.5 Cubes 9.6±0.4  

C122 310 3.0 30 0.286 0.5 Cubes 12.2±0.9† Deviating from size trend 

C134 315 3.0 37 0.286 0.5 Cubes 13.4±1.1†  

C165 325 3.0 30 0.286 0.25 Cubes 16.5±1.5†  

C195 327 3.0 30 0.5 0.5 Cubes 19.5±1.6†  

SPD 319 3.0 30 1 0.5 Stars, 

cubes 

12-25† Polydisperse 

FPD 375 3.3 3 1 0 Faceted 10-50† Polydisperse 

NC0 350 3.3 30 1 0.5 Cubes 23.0±2.6 Paper I 

S050 325 3.0 30 0.5 0 Spheres 5.3±0.4† Argon bubbling 

S016 327 3.0 30 0.5 0 Spheres 16.0±1.2†  

S270 350 3.3 30 1 0 Spheres 27.0±2.0†  
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Figure 10: TEM images of FexOy (Fe3O4, γ-Fe2O3, Fe1-xO) nanoparticles of 
different sizes and shapes synthesized by thermal decomposition of 
iron(III) oleate (cf. Table 5). Insets show FFT-filtered SEM images of the 
highly ordered structure of the assemblies of the cubic nanocrystals C096, 
C122, and C134. Scale bars: 50 nm (100 nm in insets). 
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Figure 11: Nucleation and growth of nanocrystals. (a) LaMer’s diagram, 
outlining the basic formation mechanism of colloidal particles. (b) Sketch of 
the competition between surface energy and bulk energy that defines the 
radius of the critical cluster in classical nucleation theory. Figures adapted 
from reference [86].86 

It is difficult to discuss synthesis of monodisperse particles without the frame-

work given in the seminal work of LaMer (see Figure 11a).87 In the classical 

picture, the goal is to achieve a separation of the nucleation and growth step by 

initiating an extremely rapid nucleation step that subsequently depletes the 

monomer concentration so quickly that nucleation ceases and causes further 

consumption of monomer to occur exclusively by particle growth.  

 

The rate of nucleation is strongly dependent on the reaction temperature, and 

the supersaturation of the solution:        ⁄  where Cm and ksp are the con-

centration of the solute (monomer) and its solubility product respectively. 

Crystal growth occurs spontaneously in supersaturated solutions (S > 1), but 

may be inhibited in the absence of crystal nuclei. In classical nucleation theory 

(CNT), the energy barrier for nucleation of a crystal results from the competi-

tion of interfacial free energy (GI) and bulk free energy (lattice free energy, GB), 

as shown in Figure 11b.  In this model, the radius of the critical cluster (r*) is 

defined as the point:     (  )⁄   . For clusters with r > r*, growth occurs 

spontaneously (and they are thus considered stable nuclei), whereas those 

below it are metastable towards dissolution. There exist numerous analytical 

expressions derived from this theoretical framework (CNT), which all have in 

common the fact that they are generally poor at predicting actual nucleation 

kinetics. 86,88 

 

It has been shown by experiment that the growth of iron oxide nanocrystals 

does not proceed directly from the precursor-complexes, but from active mon-

omers that are generated from the breakdown. The thermal decomposition of 

iron oleate generates a number of by-products (CO(g) and CO2(g) being two of 

them), and the existence of intermediate reaction products was proven by not-
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ing that the evolution of CO2(g) is temporally separated relative to the for-

mation of nanocrystals.89 Although the chemical nature of these active mono-

mer(s) is unknown, it has been speculated that they are some type of polynu-

clear iron-oxycomplexes.89  

 

A typical synthesis is performed by dissolving the precursor complex in a sol-

vent with a high boiling point and adding an additional amount of free (excess) 

surfactant. The synthesis solution is then heated (2.6 - 3.3 °C·min-1) to the re-

flux temperature under an argon blanket and held at that temperature for a set 

time. Control over the final particle size can be achieved using several different 

methods, i.e., by changing (1) the excess surfactant-to-precursor ratio, (2) the 

reflux temperature, and (3) the holding time of the reaction. 

 

The relatively recent emergence of reliable experimental data from more de-

tailed studies on nanoparticle growth has inspired recent theoretical investiga-

tions.88–92 A common misunderstanding is that nanocrystal growth occurs un-

der diffusion-limited conditions, but recent simulations have shown such as-

sumptions lead to unrealistically short experimental timescales for nanoparti-

cle growth (on the order of seconds).91 Instead, nanocrystal growth is strongly 

reaction-limited, with surface reaction rates that are significantly smaller than 

the diffusion-limited flux of monomer to the particle surface. According to the 

simulations of van Embden et al., the surface reaction rate is strongly depend-

ent on the concentration of excess oleic acid.91 A multitude of experimental 

demonstrations71,81 have shown that excess oleic acid (i.e. a higher ligand-to-

precursor ratio) acts to suppress nucleation and induce growth, resulting in 

larger particle sizes (cf.  C165 and C195, Table 5), with the drawback of the 

broadening of the particle size distribution (PSD).  

 

The significant influence of reaction temperature on particle size has not been 

satisfactorily explained, although this has been experimentally verified by a 

number of groups,71,75,81,93 including ours (see trends for C090-195-NC0 and 

S160-S270). Although it can simply be argued that nanoparticle growth is more 

strongly activated at higher temperatures,81 a complete theoretical model is 

likely needed to account for the temperature- (and time-) dependence of at 

least four different mechanisms — monomer formation, nucleation, growth, 

and Ostwald ripening (OR); this lies outside the scope of this thesis. Further 

complications arise from the indication that the time-dependent monomer 

formation is of sigmoidal character,89 indicating underlying accelerato-

ry/decceleratory kinetic mechanisms in the thermal decomposition reaction.88 

Sigmodal (S-shaped) reaction kinetics are characteristic of e.g. autocatalytic 

reactions.89 To describe these acceleratory processes, the use of dispersive ki-

Size control 
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netic models§ (e.g. the Avrami equation) has been suggested for predicting na-

noparticle size distributions.88,94,95 In contrast to the thermal decomposition 

method (referred to as the “heating-up” method), the theoretical treatment of 

the hot-injection method appears to have been more successful, and its analysis 

is greatly simplified, as simulations can be performed under isothermal condi-

tions.91,92 

 

Alkenes and alkanes form nearly ideal mixtures, and the reflux temperature of 

the synthesis mixture could therefore be controlled simply by mixing aliphat-

ic/olefinic solvents with different boiling points. In this work, I accomplished a 

precise control of the solvent bp either by the use of pure solvents, or by pre-

paring mixtures of 1-hexadecene (bp 287 °C), 1-octadecene (bp 318 °C), eico-

sane (bp 343 °C), and/or docosane (bp 375 °C). (Extreme caution should be 

exercised when performing reactions at these extreme temperatures, especially 

close to 400 °C, as there is a high risk of melting plastic accessories and ignition of 

nearby flammable materials).  

 

Performing the thermal decomposition reactions at temperatures of 300-350 °C 

enabled a precise tuning of the particle size between 8-27 nm while maintain-

ing a size distribution of ≈ 10% (σstd) or less (cf. Table 5). The sweet spot for 

this synthesis method appears to be around 8-12 nm, where size distributions 

of ≈ 5% (σstd), are readily obtained. Increasing the reflux temperature beyond 

375 °C resulted in large faceted polydispersed particles (cf. sample FPD, Figure 

10) indicative of a significant OR at elevated temperatures. Larger particles can 

also be obtained by increasing the reaction holding time, as OR mechanisms 

will start to become significant over longer time scales. The trade-off is that OR 

processes inevitably lead to a coarsening of the PSD beyond limits that are ac-

ceptable for producing self-assembled materials. 

 

Moreover, there are several reports claiming that that both size and shape 

could be controlled by adjusting the heating rate of the solution during the re-

action.96,97 In the current work, no difference in either shape or size could be 

detected between nanocrystals produced using heating rates between 2.6 and 

3.3 °C·min-1. Use of slower (2.2 °C·min-1) heating rates resulted in the formation 

of polydisperse particles (cf. sample PD820, Figure 10). Finally, the synthesis of 

very small particles (sample S050) could be achieved by bubbling a stream of 

Ar(g) through the solution for the entire duration of the reaction, as suggested 

by Lynch et al.93 In fact, argon bubbling provides additional means of control-

ling the size distribution of nanoparticles, and is thought to influence reaction 

kinetics by latent heat transfer.93 

                                                                    
§ A dispersive kinetic model considers a distribution of activation energies (such as the 
nucleation energy barrier in Figure 11), rather than one fixed energy as a result of a 
time-dependent activation entropy. 
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Shape control 

Use of high-purity surfactants (i.e. sodium oleate, oleic acid) in the synthesis of 

the iron(III) oleate precursor resulted without exceptions, in the formation of 

spherical particles in the absence of excess sodium oleate. Conversely, excess 

sodium oleate resulted in the formation of cubic particles. When low-grade 

(>82%) sodium oleate was used for the synthesis of the precursor complex, 

only cubic particles were produced even in the absence of excess sodium oleate 

(with a few exceptions, cf.  sample S091). IR-spectra of sodium oleates of differ-

ent purity (not shown) are surprisingly similar, with the exception of a few 

broad bands around (700-500 cm-1) appearing in the 82% sodium oleate, sug-

gesting the presence of inorganic impurities. 
 

Thus, the use of high-purity reagents enables the iron oxide crystal shape to be 

varied from spheres to cubes by addition of a small amount of excess sodium 

oleate to the synthesis solution. However, as an ionic surfactant, it has a limited 

solubility in non-polar solvents; dissolution can be achieved under stirring for 

1-2 h at 60 °C. The structure-directing influence of ionic fatty acid soaps has 

been investigated to some extent.85 Although the mechanism is not precisely 

understood, a sharp increase in the conductivity of the synthesis mixture above 

220 °C suggests a dissociation of the ionic surfactant (coinciding with its melt-

ing temperature), which is not observed either for oleic acid or for dibu-

tylammonium oleate.85 

 

A cubic crystal morphology corresponds to a crystal bound by {100} facets, 

similarly an octahedral crystal is bound by its {111} facets, whereas there is no 

faceting in the case of (perfect) spherical particles. In both the structure Fe1-xO 

and Fe3O4 structures the crystal facets corresponding to the {100} and the 

{111} planes are structurally different. The {100} planes contain mixed charges, 

whereas the {111} planes are either positively or negatively charged. One can 

therefore speculate that the adsorption of the molten ionic surfactant modifies 

the surface reaction rates for one of these two crystal surfaces in a highly selec-

tive fashion. Indeed, in high concentrations of excess sodium oleate, the aniso-

tropic growth is promoted to such an extent that star-shaped particles are 

formed, i.e. cubes with overgrown {111} facets (cf. sample SPD, Figure 10). 

When the concentration of excess sodium oleate was comparably low, cuboidal 

particles with less pronounced crystal facets formed (cf. sample C165). 

 

After synthesis, the resulting dispersion contains only ≈ 1 wt. % of solid materi-

al. Synthesis solvent  and unwanted by-products e.g. free oleic acid and  organic 

thermal decomposition products remain in the dispersion,89 and the majority of 

these compounds need to be removed before the nanoparticles can be used in 

e.g. self-assembly experiments.  

Workup/purification of iron oxide nanoparticles 
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In the author’s opinion, the workup/purification step of any iron oleate based 

nanoparticle synthesis is indeed the most critical and difficult step. This step is 

also typically neglected in literature, in favor for e.g. a much more comprehen-

sive description of the synthesis protocol. In fact, an extremely narrow size 

distribution of any sample is worth very little if it cannot yield dispersions of 

the highest quality. The simplest and most reliable method to study nanoparti-

cle dispersions is dynamic light scattering (DLS). Under optimal conditions, the 

mean hydrodynamic diameter should approach the nanoparticle diameter (as 

determined by TEM) plus the contribution of the solvated oleic acid capping (≈ 

4 nm). I have often found that my best dispersions self-assemble readily even 

under sub-optimal conditions (e.g. high evaporation rates). Low-quality disper-

sions, however, tend to never form ordered structures, regardless of the evapo-

ration conditions. 

 

In a typical washing procedure, the non-polar mother dispersion is first ex-

tracted with ethanol (using a separation funnel/E-flask), and thus greatly re-

duced in volume. At this point the black nanoparticle dispersion is usually suffi-

ciently concentrated to be manipulated by a strong permanent magnet. It can 

then be further concentrated further by a number of successive washing steps. 

In each of these steps, the dispersion is diluted with a small amount of toluene 

and shaken for an extended time (≈ 1 h).  The dispersion is once again extracted 

with ethanol, and a phase separation follows between the non-polar magnetic 

fluid and the polar ethanol/toluene phase (toluene is slightly soluble in etha-

nol). Depending on the circumstances, this step may take everything from se-

conds to several hours. The clear, or slightly cloudy, supernatant can then simp-

ly be decanted. If the supernatant is found to be turbid and rich in nanoparti-

cles, this is typically a sign that too much toluene was used during the initial 

dilution step. The phase separation of the mixture can be accelerated either by 

the application of a strong magnetic field or by centrifugation. However, these 

methods tend to induce the formation of aggregates that may be difficult or 

impossible to break up. The exact number of washing cycles needed depends 

on the particle size; as larger particles are subject to stronger interparticle in-

teractions (see Figure 3b) and are more easily separated from the synthesis 

solution. To produce dilute dispersions suitable for self-assembly experiments, 

the nanoparticles are carefully according to the aforementioned protocol. After 

the final washing step, the dispersion is diluted with a small amount of toluene, 

and carefully dried at 40 °C under vacuum (<1 mbar) for several hours. This 

produces a viscous liquid with a solid weight fraction of ≈ 40-50 wt. % (see 

Figure 12a). The concentrated nanoparticle dispersion paste can then be con-

veniently stored and diluted at later stages.  

 

The rheology of the resulting nanoparticle paste strongly depends on the puri-

fication conditions and may differ largely among materials with similar solids 

content. In the author’s experience, it is not possible to isolate the particles in a 
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dispersible form with only surface-bound oleic acid, that is, to extract all resid-

ual synthesis solvent completely (in the form of long chain alkenes and al-

kanes). In such cases, evaporation of the carrier solvent consequently results in 

the formation of a powder-like solid (see Figure 12b). One could speculate that 

the unsolvated oleic acid chains would collapse on the surface of the particles, 

and the resulting (≈ 0.5 nm)31 layer would not be able to protect the particles 

from irreversible aggregation. However, although poorly dispersible in non-

polar solvents, nanoparticle “powders” (ground in a mortar) disperse readily 

upon ultrasonication in aqueous TMAOH (tetramethylammonium hydroxide) 

solutions, and are therefore highly useable for preparing aqueous nanoparticle 

dispersions. 

 

 

Figure 12: Nanoparticles after purification. (a) A viscous black nanoparti-
cle paste on a spatula containing 49.5 wt. % 12.2 nm nanocubes. (a) A solid-
like poorly dispersable nanoparticle powder containing 74.0 wt. % 8.6 nm 
nanocubes. 

 

Reduction/oxidation of  iron oxide nanoparticles 

Thermal decomposition of metal oleates results in the formation of both CO(g) 

and CO2(g).89,98 At elevated temperatures, CO(g) reduces FeIII to FeII, or even Fe0. 

Thus, depending on the temperature and reaction atmosphere, nanocrystals of 

different compositions are produced: Fe3O4, Fe1-xO, and Fe, or mixtures there-

of.80,98,99 Performing the reaction without a protective (inert) atmosphere re-

sults in immediate oxidation to γ-Fe2O3.97 Other factors have also been reported 

to influence the composition of the reaction products, such as the concentration 

of olefinic compounds in the synthesis solution. Notable examples of this have 

been reported when the synthesis has been performed in squalene, resulting in 

formation of core|shell Fe|FeO particles.80,100  

 

Bulk γ-Fe2O3 is metastable with respect to α-Fe2O3, but the thermodynamics of 

the iron oxides are strongly influenced by surface effects, and the increasing 

metastability of many phases results in a decrease in their surface enthalpy. In 
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the case of α-Fe2O3, this is correlated with a stronger adsorption of water (i.e. 

hydration) relative to other iron oxides. As the particle size is decreased (in 

anhydrous conditions) this results in a crossover of the Gibbs free energies of γ-

Fe2O3 and α-Fe2O3.101,102 The absence of water therefore explains the abun-

dance of γ-Fe2O3 in certain dry areas, such as the planet Mars.101 This is also 

likely the origin of the high stability of γ-Fe2O3 synthesized in organic media. An 

analogous trend is observed for alumina, i.e. stability of γ-Al2O3 with respect to 

α-Al2O3.  

 

Conversely, washing and storage of Fe3O4 and Fe1-xO in the presence of atmos-

pheric oxygen will eventually result in their complete transformation to an FeIII 

oxide, α-, γ-Fe2O3 (see Figure 13). If the particles are subjected to heat treat-

ment in vacuum, it is also possible to disproportionate the Fe1-xO into Fe and 

Fe3O4.103,104 For nanoparticles, this phase transition appears to be too slow to 

be significant at ambient conditions. The stability of Fe1-xO on the nanoscale is 

an unsolved problem, and recent theoretical investigations do not predict any 

stability region for particles below 100 nm in size.102 

 

 

 

 

Figure 13: Chemical transformations in the Fe-O system. Phase transfor-
mations from metastable phases are indicated by the arrows pointing 
downwards. 
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Morphological characterization of iron oxide 
nanocubes 

How cubic are nanocubes? Determination of the truncation 
parameter (τ). 

 

As we will see in the upcoming chapter, the shape of the nanoparticle building 

blocks has a profound influence on the mesoscale structure of self-assembled 

nanoparticle arrays. Also, the shape influences the magnetic properties of the 

iron oxide particles. It has been demonstrated that nanocubes exhibit higher 

blocking temperatures than nanospheres of equal volume.105 The sample 

TC086, (used in Paper II and III), when deposited in monolayers, typically 

packed in cubic arrangements (cf. Figure 10). However, as was noted in a pre-

vious publication by our group, the cubic particles appear slightly truncated.97 

To account for the deviation from a perfect cubic geometry, I introduced a di-

mensionless truncation parameter,      ⁄ , where t is the projected length of 

the truncated corner and l is the nanocube edge length (see Figure 14). 

 

 

Figure 14: Geometric definition of the truncation parameter τ. (a) The 
projected length of the truncated corner (t, truncation length) and the edge 
length (l) can be correlated to the dimensionless truncation parameter: 
    ⁄  . (b) Representation of cubes with different degrees of truncation, 
from left to right: 0.3, 0.45, and        √ (√   )⁄ . 

The truncation was determined by manual measurement of t and l from HR-

TEM images (see Figure 16). The boundary of the particle and the truncated 

triangle are positioned at the first visible lattice fringe. Only nanocubes that are 

oriented close to the [100]-zone axis are suitable for this measurement (see 

Figure 15). Since particles that are more cube-like are more likely to be correct-

ly oriented, this inevitably results in an oversampling of particles with small τ. 
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Figure 15: Examples of cubic nanocrystals with different orientations. 
(a, b) Image and FFT pattern of a nanocube seen from the [100]-zone axis 
and thus suitable for measurement of τ. (c, d) Nanocube viewed from the 
[301]-zone axis and therefore unsuitable for measurements. The weak re-
flections 200/ ̅00 are visible even though they are forbidden in the Fe3O4/γ-
Fe2O3 structure. 

 

 

 

 

 

Figure 16: Measurement of the truncation parameter (τ). (a) HR-TEM 
image demonstrating the measurement of τ, using the edge length (l) and 
the truncation length (t). The image has been FFT-filtered for clarity. (b) 
Histogram showing the distribution of τ for the TC086 nanocubes based on 
measurements of ≈ 60 particles → 240 τ values. The hatched area indicates 
the 95% confidence interval (τtc ± 2ς). 

 

Another interesting way to approximate the nanocube shape would be to con-

sider a superball geometry, i.e. | |  | |  | |  | |     . A superball can 

be thought of as an intermediate between a sphere and a cube, where the 

roundedness of the cube’s corners is described by the parameter n, with n = 2 

for sphere and n ⟶∞ for a cube. This was elaborated on in a recent publication 

on larger colloidal cubes,106 and theoretical dense packings of superballs have 

also been subject to a recent investigation.107 
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Morphological aging of iron oxide nanocubes 

Prolonged storage of dispersed particles results in changes in their size and 

shape. This prompted us to investigate the change in particle morphology by 

TEM and SAXS. Measurements from calibrated TEM images suggested that the 

size had increased slightly, from ltc = 8.6 ± 0.6 nm to lhtc = 8.9 ± 0.7 nm after a 

long term storage (≈ 9 months) in a dispersed state. Moreover, the truncation 

had increased from τtc = 0.45 ± 0.5 to τhtc = 0.53 ± 0.7 (see Figure 17a). Note that 

the value determined from TEM is likely to be an underestimation of the “real” 

value of τ, due to oversampling of nanocubes with low truncation. These are 

more likely to be favorably aligned for the measurement (cf. Figure 15). 

 

 

Figure 17: Morphological aging of iron oxide nanocubes (HTC089). (a) 
Histogram of τ built from ≈ 70 particles → 240 τ values measured from HR-
TEM images. The vertical lines indicate the 95% confidence interval (τtc ± 
2ς). (b) Small-angle X-ray measurements of nanocubes before (TC086) and 
after (TC089) aging in solution for ≈ 9 months. A measurement of a refer-
ence dispersion of nanocubes is also shown. The reference was prepared 
from a sample of TC086 nanocubes that was stored in a near solvent-free 
form. 

 

SAXS measurements were performed on the original TC086 nanocubes, the 

aged HTC089 nanocubes, and a reference sample of nanocubes that was stored 

in a near solvent-free form (see Figure 17b). Fits the SAXS data of the TC086 

and TC089 nanocube samples to a spherical form factor yields values of Dsph = 

10.64(4) and 10.14(2) nm respectively. Thus, as the cubes age, their radius of 

gyration effectively shrinks by ≈ 5%. The form factor of a cube with a varying 

degree of truncation was derived by S. Disch (see Supplementary Information, 

Paper III and ref [108]).108 Assuming an edge length of lhtc = 8.9 nm (TEM) re-

sults in a truncation of τhtc = 0.88. Conversely, comparing the as-synthesized 

nanocubes assuming a truncation of τtc = 0.45 resulted in a value of ltc = 8.36, 

which is in good agreement with the TEM measurements. The volume of a trun-

cated cube with truncation τ is: 
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It is interesting to note that the volumes of the as-synthesized and the aged, 

highly truncated nanocubes are nearly identical, i.e., Vtc = 626±36 nm3 and Vhtc = 

625±51 nm3. The morphological characteristics of the spheres, the truncated 

cubes, and the highly truncated cubes are summarized in Chapter 3 (see Table 

8). The aging mechanism remains unknown, but it could be speculated that it is 

mediated by, for instance, soluble oleates. 
  

3 31
1

6
TC cV l 
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Post synthesis modification of iron oxide nanocubes 

 

Figure 18: Post-synthesis oxidation of core|shell Fe1-xO|Fe3-δO4 
nanocubes. (a) Deposited powders as used for the PXRD study. Note the 
color change with increasing oxidation time. (b) TEM images of nanocubes 
and the oxidative elimination of the Fe1-xO core resulting in the formation of 
single-phase Fe3-δO4 particles. (c) Sketch of the oxidative elimination of the 
Fe1-xO core. 

 

Biphasic nanoparticles containing interfaces between an AFM and FM/FiM 

phase are subject to exchange bias effects. Some scaling laws have been derived 

from experiments on 2D systems in which the thickness of each layer can be 

controlled with great accuracy (see Exchange bias), but the more complex 3D 

systems (e.g. nanoparticles) are not as well understood. 

 

In order to investigate the microstructural origin of exchange bias effects in 

iron oxide nanoparticles, 23 nm core|shell nanoparticles (NC0, see Figure 10) 

were subject to a mild oxidation procedure. In brief, a cyclooctane dispersion of 

nanocubes was heated to its reflux temperature (≈ 150 °C) under a stream of 

dry technical air. Aliquots were extracted at six time intervals to produce mate-

rials with a range of different compositions and microstructures.  These will 

from hereon be referred to as NCt (NC = nanocube, t = oxidation time in min). 

The oleic acid ligand shell degrades upon exposure to oxygen and heat, result-

ing in a loss of colloidal stability over time.109 This resulted in particularly poor 

colloidal stability for the samples NC180 and NC240, and consequently they 

were used only for comparison in the PXRD study. 
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As can be seen, upon oxidation, the nanocubes change in color from black to 

red-brown (see Figure 18a), suggesting a phase transformation from Fe3O4 to γ-

Fe2O3 or α-Fe2O3. BF-TEM images Figure 18b show that the as-synthesized 

nanocubes (NC0) exhibit a core|shell motif owing to the presence of a Fe1-xO 

core and a Fe3O4 shell. The core|shell motif fades after 30 min of mild oxidation 

(NC30), and is completely eliminated after 120 min (NC120). 

Phase identification in bi- and monophasic iron oxide 
nanocubes 

 

 

Figure 19: PXRD characterization of NC0-NC240. (a) XRD patterns and 
Rietveld fits. Theoretical reflection positions of Fe1-xO and Fe3O4 are indicat-
ed by the black and red bars below the XRD patters. (b) Spinel and rock salt 
(×2) lattice parameter vs. oxidation time. Literature values for bulk Fe3O4, γ-
Fe2O3 are indicated by the solid lines. The range of bulk values of Fe1-xO are 
given as a function of composition (according to Vegard’s law), with the 
composition given on the right axis. (c) Full width half max of the 220S, 400S 
and 440S diffraction lines obtained using peak profile fitting. 

The structural similarities between three of the iron oxides: Fe3O4, γ-Fe3O4 and 

Fe1-xO results in some difficulties in establishing the phase(s) of nanocrystalline 

iron oxides by PXRD. These three compounds have near identical O2- fcc sublat-

tices with similar sublattice parameter. For instance, the unit cell edge length of 

Fe3O4 (a0 = 8.396 Å) is only slightly larger than that of γ-Fe2O3 (a0 = 8.347 Å), cf. 

Table 2. Moreover, Fe3O4 and γ-Fe2O3 form solid solutions often referred to as 
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Fe3-δO4.110 Alternatively, spectroscopic techniques e.g. far IR-spectroscopy,9 X-

ray absorption spectroscopy (XAS),111 and Raman spectroscopy112–114 can be 

used for quantitative phase determination, but provide other challenges or 

require synchrotron radiation. Attempts to characterize the NC0-NC120 

nanocubes were made using Raman spectroscopy, but the thermally induced 

phase transformation of Fe3O4 and Fe1-xO to α-Fe2O3 due to laser heating could 

not be avoided. 

 

Here, the oxidized nanocubes (NC0-NC240) were characterized by Rietveld 

refinement of PXRD patterns. By calibration of the scattering angle using a Si 

standard, it was possible to determine the lattice parameters and phase compo-

sition of each nanocube sample with good accuracy.  The PXRD patterns and the 

Rietveld refinements are shown in Figure 19a. The as-synthesized nanocubes 

NC0 and the briefly oxidized nanocubes NC10 are, as expected, predominantly 

composed of Fe3-δO4, but contain a fraction of  Fe1-xO yFeO = 0.09±0.01 and yFeO = 

0.03±0.01 respectively. Therefore, by assuming a cube-shaped core, this trans-

lates into approximate Fe1-xO core sizes of lc(NC0)=10.0±0.5 nm and lc(NC10) = 

7.0±1 nm. For the samples  that were subjected to oxidation of 30 minutes or 

more (NC30-NC240), the Fe1-xO core is so small that it is effectively invisible in 

PXRD.  

 

The refined lattice parameters are plotted vs. oxidation time in Figure 19b. 

Starting with the as-synthesized nanocubes (NC0), it is evident that the lattice 

parameter of the Fe3O4 is expanded with respect to the bulk value. Conversely, 

the Fe1-xO lattice parameter is slightly contracted with respect to (the range) of 

bulk values. This indicates that the structure of the two phases have mutually 

adapted in order to facilitate epitaxial matching.115 It should be mentioned that 

there appears to be some confusion in the literature regarding the composi-

tional limit of Fe1-xO. The lattice parameter of bulk Fe1-xO varies according to 

Vegard’s law.** McCammon et al. suggest the formula a0 = 0.3856 + 0.478(1-x) 

based on a survey of literature values from seven different sources.21 The data 

does not contain any compositions below 1-x = 0.88, and compositions 1-x < 

0.88 are, moreover, classified as unstable, although this boundary is tempera-

ture-dependent. However, in the standard textbook The Iron Oxides by Cornell 

and Schwertmann,9 the suggested compositional limits for Fe1-xO are given as 

0.83 < 1-x < 1. The low limit values are unsupported by any reference.9 Previ-

ous observations of similar lattice parameter contractions in Fe1-xO have been 

justified by assuming a highly defective Fe1-xO core with a  composition close to 

that of magnetite (i.e. Fe0.75O).103,116 Alternatively, it is possible to argue that the 

compressed lattice parameter of the Fe1-xO core is the result of pressure exert-

ed by the surrounding Fe3O4 shell. According to compressibility measurements 

                                                                    
** Vegard’s law states that the lattice parameter of non-stoichometric compounds (e.g. 
Fe1-xO) and alloys (e.g., Six/Ge1-x, Aux/Pt1-x) varies linearly with their composition. 
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performed in a diamond anvil cell, the unit cell contraction corresponds to a 

pressure exerted by the Fe3O4 shell on the order of ≈ 1-5 GPa (i.e. since V/V0 ≈ 

0.99 – 0.97, for the compositional range of Fe1-xO: 0.88 < 1-x < 0.96).117 

 

The full width at half maximum (FWHM) of the diffraction lines 220S, 400S and 

440S are shown in Figure 19c as a function of oxidation time. Initially (i.e. for 

NC0), the line broadening of the three diffraction lines is similar, but diverges 

upon oxidation of the samples. That is, the 400S, and 440S lines narrow signifi-

cantly more than the 220S line. As discussed in Anisotropic line broadening ef-

fects (Chapter 1), unequal broadening of certain diffraction lines can originate 

in either particle shape or anisotropic strain. For highly anisotropic particles 

(e.g. rods), anisotropic line broadening effects typically results from discrepan-

cies in the average crystal domain size along certain crystallographic directions. 

If this were the case, then the broadening of the 220S and 440S would coincide. 

For cubes, the anisotropic size broadening (i.e. particle shape) was accounted 

for by using proper anisotropic Scherrer constants (see WAXS (PXRD), Chapter 

1). The Scherrer analysis results in effective crystal sizes of d400 ≈ 8 nm, d220 ≈ 

6.5 nm for NC0 and d400 ≈ 20 nm, d220 ≈ 8 nm for NC120. Thus, as the particles 

are oxidized, d400 → lTEM = 23 nm, whereas d220 ≈ 8 nm, and thus remains signifi-

cantly smaller than the primary crystal size. 

 

The chemical origin of the intensity of the 220 diffraction line is the ordering of 

tetrahedral FeIII in the O2- sublattice. Since Fe1-xO, has no long-range ordered 

FeIII, these reflections are absent. Note however, that defects (i.e. vacancies, 

FeIII) in Fe1-xO order locally into so-called Koch clusters, which are small Fe3O4-

like domains.118 The 400S diffraction line is primarily generated by the octahe-

dral sublattices, and is thus conserved in the transformation of Fe1-xO to Fe3O4. 

The divergence between the trends of the 220S and 400S line broadening there-

fore suggests that a significant discrepancy develops between the tetrahedral 

and octahedral sublattices in the Fe3-δO4 structure over the course of the oxida-

tion. 
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Characterization of defects and strain in iron oxide 
nanocubes 

 

In this section, I will use two TEM techniques, dark-field TEM (DF-TEM) and 

geometric phase analysis (GPA), to gain a better understanding of the micro-

structure and the different types of defects occurring in core|shell and single-

phase nanoparticles. This will provide a basis for understanding their magnetic 

properties, which will be discussed in Chapter 4. 

 

 

Figure 20: Dark-field TEM images illustrating the gradual evolution of 
the microstructure of the nanocubes, from a core|shell structure to 
single-phase nanocube. (a) Core|shell images formed using overlapping 
spinel/rock salt reflections. (b) Shell-only images, formed using a reflection 
unique to the spinel structure. (Scale bar: 10 nm; all images have the same 
magnification). 

Using DF-TEM, it is possible to image different phases selectively, forming an 

image using reflections originating from a specific structure. In the Fe1-xO|Fe3O4 

system, the 200RS and the 400S diffraction lines are overlapping (RS denoting 

rock-salt, S denoting spinel); it is thus not possible to obtain an image of only 

the core, but a composite image of the core and the shell can be obtained. 

Moreover, a number of reflections originates from the long-range ordering of 

tetrahedral FeIII (e.g., 220S, 511S). This allows selective imaging of the Fe3O4 

component. 

 

A similar approach has been taken previously either by Fourier filtering from 

HR-TEM images99,119 or by DF-TEM of single particles.66 Representative DF-

TEM images are shown in Figure 20, with complementing spinel/rock-salt im-

ages and spinel-only images. Starting with the composite images of the core and 

Dark-field transmission electron microscopy 
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the shell (Fe1-xO/Fe3-δO4, Figure 20a), the core shell motif slowly fades with 

oxidation time, but, surprisingly, it persists for up to 30 min (this is surprising 

because the fraction of Fe1-xO is so low that it cannot be detected by PXRD). 

Conversely, for the spinel-only images (Figure 20b), the intensity is initially (i.e. 

for NC0) weak, and located primarily near the cube’s outer surface. As the oxi-

dation proceeds, the spinel domains extend further into the core of the cube, 

but maintain a characteristic subdomain structure with alternating bright and 

dark areas, even after the oxidation to single-phase particles (i.e. for NC120).  

 

 

Figure 21: Deformation and rotation maps of a core|shell nanocube. (a, 
b) Deformation and rotation maps of the (040)S/(020)RS lattice fringe along 
with (c) the integrated lattice deformation along the white rectangle. (d, e) 
Deformation and rotation maps of the (220)S lattice fringe along with (f) the 
integrated lattice deformation along the white rectangle. 

 

The microstructure of a core|shell particle (NC0) was compared to that of a 

single-phase particle (NC120) by GPA of HR-TEM images. Since GPA is a recip-

rocal space technique, it is thus complementary to DF-TEM, meaning that lattice 

fringes corresponding to, for example, the 220S and 400S/200RS sublattices can 

be analyzed separately. The results from the GPA of a core|shell cube (NC0) are 

shown in Figure 21 with complementary analysis of the 220 and 400 lattice 

fringes. The particle core was used as the reference region (cf. Figure 7). The 

deformation of the core is small (see dashed area in Figure 21c) but changes 

suddenly at a distance of ≈ 5 nm from the nanocube center. The large lattice 

deformation originates from the presence of misfit dislocations at the Fe1-

xO|Fe3-δO4 interface, which can be visualized by overlaying a fringe image with 

the lattice deformation map (see Supplementary Information, Paper I). The 
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negative lattice deformation of the shell (between the misfit interface and the 

cube’s perimeter) corresponds to the shorter lattice parameter of Fe3-δO4 rela-

tive to Fe1-xO. 

 

The rotation of the (040)S/(020)RS is also small, except at the Fe1-xO|Fe3-δO4 

interface. This is logical, considering that the O2- sublattice remains oriented 

throughout the oxidation of Fe1-xO to Fe3-δO4, that is, the oxidation is topotaxi-

al.†† The (220)S deformation map is not uniform, and contains a large number of 

discontinuities, indicating the presence of dislocations throughout the volume 

of the cube, coinciding with discontinuities in the lattice rotation map. The 

magnitude of the lattice deformation varies by ± 5%, but appears to be uncorre-

lated with the clear core|shell structure in the (040)S/(020)RS deformation map. 

 

 

Figure 22: Deformation and rotation maps of a single-phase nanocube. 
(a, b) Deformation and rotation maps of the (040)S/(020)RS lattice fringe 
along with (c) the integrated lattice deformation along the white rectangle. 
(d, e) Deformation and rotation maps of the (220)S lattice fringe along with 
(f) the integrated lattice deformation along the white rectangle. 

 

After oxidation to single-phase particles, the differences in the lattice parame-

ter between the core and the shell have vanished (see Figure 22a), and only a 

small number of trapped defects remain. The magnitude of the lattice defor-

mation of ± 1-2% is significantly smaller than that of the core|shell nanocube. 

The large deformation of the (220)S sublattice remains, although the domain 

structure appears to have coarsened slightly. The observation of the conver-

gence of the octahedral sublattice, i.e., the 400S sublattice, to a monocrystal 

domain is in agreement with the Scherrer analysis, i.e., d400 (NC120) → lTEM.  
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Anti-phase boundaries 

The speckled texture in the 220/511 DF-TEM images (Figure 20b) as well as 

the features in the (220)S deformation/rotation maps of both the core|shell and 

the single-phase nanocubes originate from the presence of anti-phase bounda-

ries (APBs). An anti-phase boundary is a type of defect characterized by a 

boundary with a phase shift of ± π in the lattice fringe image, and consequently 

it will appear as a boundary in the corresponding phase image. This can be seen 

in Figure 23b, where there is an APB of width ≈ 1 nm and two dislocations in it. 

The APB appears as a “soft” interface in the phase image, and integration over it 

(the two rectangles) shows that the phase shift is close to ±π. Note that the 

boundary indicated by the two arrows is not a real interface, but corresponds 

to a phase jump from -π to +π. The dislocations (highlighted by two white cir-

cles) appear as discontinuities in the deformation map. 

 

APBs have previously been extensively studied in epitaxial thin films of Fe3O4 

grown from metal monoxides (e.g. MgO).119–123 APS have not previously been 

demonstrated to occur, however, in ferrite nanoparticles. Because of the higher 

symmetry, half-lattice parameter, and identical oxygen sublattice of the metal 

monoxide relative to the spinel, there are eight ways in which a spinel can nu-

cleate on it. Coalescence of two such nuclei results in the formation of an APB. 

These domains can be related by a rotation of 90° with respect to each other, or 

by a ¼ [110] shift or a ½ [100] shift, or by combining two shifts or a shift and a 

rotation.120 An APB boundary separated by a ¼ [110] shift is shown in Figure 

23f. It is important to note that the occurrence of APBs does not imply that the 

material should be considered a polycrystal, since the spinel domains are co-

herent over the defect boundaries.122 Therefore, the atomic lattice still scatters 

(electron, X-rays) into discrete spots like a single crystal. 

 

APBs give rise to a number of new magnetic correlations in the crystal, since 

the cationic order over the interface is perturbed. This will be discussed in 

more detail in Chapter 4. 
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Figure 23: Anti-phase boundaries in an oxidized Fe3-δO4 nanocube. (a, b) 
Lattice fringe images at two different magnifications, obtained by filtering of 
the g220 reflection. Two dislocations in the APB are highlighted by white cir-
cles. (c) Phase map of the region in (a). An anti-phase boundary is indicated 
by the dashed line. (d) Deformation map of the region in (a). Note that the 
dislocations give rise to discontinuities in the phase map. (e) Integrated rel-
ative phase shift from the two areas (A1, A2) in the phase map. (f) Illustration 
of an anti-phase boundary being generated on an idealized FeO surface, by 
nucleation of two Fe3O4 domains separated by a shift of ¼[110]. 
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3 Self-assembly and characterization of 
iron oxide nanoparticle arrays 

The parts – shape and size dictate symmetry and 
order 

Assembly of anisotropic nanoparticles is a topic of fundamental importance and 

the target of a wealth of contemporary research. In the case of equally sized 

isotropic spheres, the two densest arrangements are fcc (face centered cubic) 

and hcp (hexagonal close packing), which have identical packing efficiencies of 

  √      ⁄  (shown by Gauss in 1831).124 For hard spheres, these arrange-

ments are close to equivalent in terms of thermodynamic stability, with a small 

difference favoring the fcc arrangement.125 Also a focus of study have been bi-

nary and ternary nanoparticle systems, in which two or three types of nanopar-

ticles of different sizes and shapes can be assembled into complex structures, 

analogous to common inorganic structure types, e.g., NaCl, AlB2, and NaZn13, 

and even quasi-crystalline arrangements.126–130  

 

 

Figure 24: The five platonic solids and five of the 13 Archimedean sol-
ids. Top panel, left to right: tetrahedron, octahedron, cube (τ = 0), dodeca-
hedron, and isocahedron. Bottom panel, left to right: great rhombicubocta-
hedron, rhombicuboctahedron, truncated cube (τ ≈ 0.59), cuboctahedron (τ 
= 1), and truncated icosahedron.  

Non-spherical, that is, anisotropic particles display significantly richer and 

more complex phase diagrams than spheres (of equal radii). There have been a 

number of recent theoretical efforts to elucidate the densest packings for a 

number of shapes, primarily the Platonic and Archimedean solids (see Figure 



 54 

24). §§131–133 Particular efforts have been devoted to the tiling of tetrahedral 

particles.134–138 The tetrahedron’s lack of centrosymmetry makes its assemblies 

particularly complex, and the densest packings are typically incompatible with 

periodic ordering.134 Advances in the synthesis of nanoparticles with aniso-

tropic shapes during the last decade have made experimental studies on these 

systems possible. Some notable examples include the assembly of 

octahedra,82,139–143 hexagonal and triangular platelets,144,145 and even 

multipods.146  

 

Figure 25: Size-segregation in a close-packed monolayer of polydis-
perse iron oxide nanocubes (PD820).  

To summarize, much of the focus in recent studies has been on trying to under-

stand how the intrinsic properties of the nanoparticles translate into a 

mesostructure. In some cases, less-than-optimally dense arrangements of na-

noparticles can result from the anisotropic interparticle interactions (see 

Figure 3) among non-spherical particles.139 The strong link between the size 

and shape of the building blocks and the local structural order can be appreci-

ated in Figure 25, which shows a size-segregated submonolayer of nanocubes. 

Although the sample population is too polydisperse to assemble into a regular 

array (i.e. one possessing translational symmetry), a relatively high local order-

ing emerges from formation of a network of cubes with an edge-length gradient 

from the center to the perimeter of the array. Size segregation is thought to 

result from energy minimization, and a consequent maximization of the (aniso-

tropic) vdW interactions in the array.144,147 

                                                                    
§§ A Platonic solid is a regular convex polygon in which each side is a regular n-gon. An 
Archimedean solid has faces composed of more than one type of regular n-gon, meeting 
in identical vertices, e.g., the truncated cube, the snub cube and the cuboctahedron. 
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Mesocrystals 

Mesocrystals constitute a special class of crystals, with properties that are dif-

ferent from conventional crystalline materials. A general definition was given 

by H. Cölfen and M. Antonietti: A mesocrystal is a collodial crystal, with mutually 

aligned crystal axes.148 An alternative definition could perhaps be: A mesocrys-

tal is a material that diffracts (electrons/neutrons/X-rays) like a single crystal 

at atomic length scales, but is composed of particles that are much smaller than 

the diffracting volume. The mesocrystal concept was developed to account for a 

number of synthetic and naturally occurring materials that challenged the con-

ventional norms of traditional single-crystalline material in terms of structure, 

morphology and growth.86 Note that this definition excludes things like artifi-

cial opals, which are built from non-crystalline building blocks (amorphous 

silica). It is also important to note that there is no requirement for a mesocrys-

tal to diffract X-rays in the small-angle regime (i.e. in SAXS).86,149,150 Mesocrys-

tals composed of polydisperse nanocrystals, with little or no spatial correlation 

at the nm scale, are found in numerous biominerals e.g., sea urchin spines149 

and plankton shells.151 

 

Evaporation induced self-assembly of iron oxide 
nanoparticles 

There exist a number of strategies to produce self-assembled structures from 

dispersions of monodisperse nanoparticles. Some of these methods are analo-

gous to common classical crystallization strategies, such as the induction of 

self-assembly either by an increase in the concentration of the dispersion by 

evaporation of the carrier solvent,3,152,153 or by a lowering of colloidal stability 

through addition of a poor solvent to a stable dispersion.154,155 Assembly can 

also be initiated by combining oppositely charged particles156 or particles with 

reactive linkers, such as DNA-functionalized nanoparticles.157 Assembly of larg-

er particles composed of heavy elements (e.g. noble metals) can be performed 

by controlled sedimentation.143,158 Last, assembly of particles can also be in-

duced by external factors such as external fields (magnetic, electric)82,97,159–163 

or temperature.164 

 

In this work, I will be concerned exclusively with evaporation-induced self-

assembly, which in itself encompasses a large number of different methods, e.g., 

droplet evaporation, dip-coating, and blade-casting. In such methods, the start-

ing point is a dilute dispersion of nanoparticles which is then distributed over a 

solid or liquid interface and followed by a controlled evaporation of the carrier 

solvent. 
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Figure 26: Outline of a “drop-casting” experiment. (a) Sketch of the grad-
ual evaporation of the dispersion droplet, leading to nucleation of and sub-
sequent growth of ordered arrays of iron oxide nanoparticles (mesocrystals). 
(b) Light microscope image of a Si-wafer containing several larger meso-
crystals (scale bar: 50 µm). (c) Sketch of an experimental cell in which the 
crystal growth can be monitored in a light microscope. 

A typical drop-casting procedure is outlined in Figure 26a. A 2 mg FexOy/mL 

toluene dispersion droplet is deposited (20 µL/cm2) on a pre-cleaned silicon 

wafer, in a 5 cm petri dish. The total evaporation time can be controlled by 

introducing a solvent reservoir (80-200 µL). Typical evaporation times can be 

tuned from ≈ 5-10 min (open system) to one day (200 µL toluene reservoir). 

Due to the droplets’ small size, controlled evaporation onto substrates directly 

suitable for TEM characterization (e.g. carbon-coated Cu grids, Si3N4 grids) is 

unfortunately far more difficult to achieve. For in-situ studies, the assembly can 

be monitored by a light microscope equipped with a long working-distance 

objective through a glass window, as shown in Figure 26c. 

 

Time-resolved GISAXS studies and preliminary crystal growth experiments (not 

shown) suggest that nucleation is initiated rapidly at the final stages of the 

evaporation of the dispersion droplet, and that growth of the ordered arrays 

typically occurs at relatively short time scales (i.e. mins). After evaporation of 

the carrier solvent, the non-volatile organic residues in the dispersion remain 

at the substrate surface, forming a thick organic coating, which is seen sur-

rounding the mesocrystals in Figure 26b. This coating makes it challenging to 

study the mesocrystals with SEM and AFM. Figure 27a show a SEM image of an 

area containing a number of mesocrystals composed of 9.6 nm nanocubes, 

along with the top surfaces of two of the mesocrystals. Given that the size dis-

tribution of the nanoparticles is sufficiently narrow, the particles organize into 

almost defect-free crystallographic registers, as evidenced by the sharp spots in 

the fast Fourier transform (FFT) of the image. This is also reflected in the meso-

crystal crystal growth habit, i.e. the crystal morphology. The mesocrystals in 

Figure 27a are cuboidal (i.e. projected as squares), owing to their tetragonal 

mesostructure (see Mesocrystals of nanocubes).  
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Figure 27: Mesocrystals composed of 9.6 nm nanocubes. (a) Low magni-
fication SEM image, showing the morphology and size of mesocrystals as-
sembled from 9.6 nm nanocubes in zero-field. The large mesocrystal 
(         µm) contains approximately 107 nanocubes. (b) Grain bounda-
ry located between two intergrown crystals, marked by the white rectangle 
in (a). The position of the grain boundary is marked by the white line. The 
mesostructure is coherent over the grain boundary, evident from the FFT 
pattern (inset). (c) Rhombic crystal habit of mesocrystal composed of 9.6 nm 
cubes assembled in a magnetic field (µ0Happ = 30 mT) perpendicular to the 
substrate. The rhombic crystals have angles close to 60° and 120°. 

 

Other morphologies, like near-perfect rhombs (see Figure 27c), formed as a 

minor phase, during the assembly of the 9.6 nm cubes in a magnetic field of 

strength µ0Happ = 30 mT perpendicular to the substrate. Generally, there is no 

translational correlation between neighboring crystals, meaning that their 

mesocrystal axes are randomly distributed on the plane of the substrate (i.e. as 

a 2D-powder). A rare exception to this is seen in Figure 27a, where the cuboidal 

mesocrystals are (locally) clustered in groups with the same in-plane orienta-

tion, as is evident from the structural coherence over the grain boundaries (see 

Figure 27b). Moreover, step edges are clearly visible in both the topography 

and phase images when imaged by an atomic-force microscope (AFM), which 

further highlights the similarities between classical crystallization (e.g. that of 

atoms and ions) and mesocrystallization (Figure 28a). The line scan in Figure 

28a (the white line in the image) shows that these mesocrystals have a width of 

≈ 5-10 µm and a height of ≈ 0.5-1 µm. These heights are indeed quite typical for 

the mesocrystals presented in this work.  
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Figure 28: AFM imaging of iron oxide mesocrystals. (a) Tapping mode to-
pology image of mesocrystals composed of 9.6 nm iron oxide nanocubes 
self-assembled in zero-field. Scan size: 120µm. (b) Phase image of the meso-
crystal highlighted in (a) by a white square. The lines across the crystal sur-
face are step edges in the crystal. (c) Height profile of the AFM scan, running 
over the white line in (a).  

 

Naturally, the average crystal height is strongly dependent on the initial con-

centration and volume of the nanoparticle dispersion. However, the uniform 

height distribution and the flat top surface structure of the mesocrystals also 

suggest that the maximum height may be determined by the height of the dis-

persion film during the growth stage. Numerous attempts to measure the 

thickness evolution of the dispersion film during the final (critical) drying steps 

were undertaken by FTIR microscopy, Raman spectroscopy, and film mass 

measurements. Although the experiments failed to provide quantitative data 

for the time-dependent evaporation rate in the critical time window, a number 

of important conclusions could still be drawn. Firstly, the film thickness at the 



 59 

onset of nucleation is on the order of a few µm, evidenced by the appearance of 

Newton rings under the light microscope and interference fringes in the FTIR 

spectra. Secondly, in a solvent-saturated atmosphere, there is a massive retar-

dation of the evaporation rate as the film as the film thickness reaches a few 

µm. In essence, in the presence of a large solvent reservoir, it is possible to 

maintain a µm-thick dispersion film on a fully wetted substrate for many hours. 

The evaporation rate retardation is likely to be the result more than one effect, 

but is most likely influenced by an adsorption of particles and free surfactant at 

the liquid/air interface,152 in addition to a gradual change in solvent composi-

tion over the course of the evaporation165 (the nanoparticle dispersion contains 

a small amount of residual synthesis solvent, bp ≈ 300 °C). Under these condi-

tions, the crystal growth step can be slowed down considerably (mins→hrs). 

The conclusions and data from these experiments will be published at a later 

stage. 
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Close-packed assemblies of nanospheres 

This section will briefly describe the structure of self-assembled arrays of 

spherical particles, which is an intensively studied topic in colloid 

chemistry.166,167 The investigation provides a reference point regarding the 

assemblies of anisotropic particles, and also provides a relatively simple model 

system, suitable for investigation of the collective properties in ordered arrays.  

 

 

 

Figure 29: Self-assembled spherical nanoparticles with a rhombohedral 
(near-fcc) mesostructure. (a) Low and (b) high magnification SEM images 
(scale bars: 100 nm) and (c) GISAXS pattern of rhombohedrally stacked 9.1 
nm iron oxide nanospheres. The triangular markers denote diffracted beams 
with (up) and without (down) reflection off the substrate. (d) Sketch of the 
rhombohedral structure with the top layer (unit cell in red) and side-view 
with cell axes: c (blue) and a/b (green). 

The nanospheres (S091, see Table 5) in this study were self-assembled in a 

magnetic field (µ0Happ = 30 mT) and the corresponding GISAXS pattern is shown 

in Figure 29c. The large number of intense reflections indicates an exceptional-

ly high translational order in the array. Reflections appearing at the Yoneda line 

(the red line below the pattern) have characteristic spacings of 1, √  and 2, 

corresponding to a hexagonally packed monolayer of spheres (p6m symmetry), 

in agreement with the structure seen in the SEM images. The reflections in the 

pattern can subsequently be indexed in a rhombohedral unit cell (R ̅m), corre-

sponding to an fcc arrangement with a slight contraction normal to the sub-

strate plane, i.e. along {111}FCC. It is possible to estimate the volume fraction of 

the array (with respect to the iron oxide) to Ф ≈ 0.4 from the unit cell dimen-

sions (GISAXS) and the sphere diameter (SAXS), see Table 8 at the end of this 

chapter. 
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Three nanoparticle thin films were prepared in order to study the collective 

properties and finite size effects in the ordered arrays. The films were deposit-

ed on 5×5 mm Si wafers, suitable for mounting in the SQUID. The thin films 

were characterized by GISAXS, SEM, AFM and magnetometry. SEM images, 

along with FFT patterns and GISAXS patterns of the three samples, are shown in 

Figure 30. The deposited sample mass, corresponds to nominal film thicknesses 

of 25 and 60 nm for the two thinner arrays, which will from hereon be referred 

to as the thin and medium array. Evaporation of the most concentrated disper-

sion resulted in the formation of thick bulk-like islands (see inset in Figure 30c) 

partially covering the substrate (referred to as the thick array). 

 

 

 

 

Figure 30: SEM images and GISAXS patterns of self-assembled arrays of 

spherical nanoparticles of different thicknesses. (a, d) Thin sample (nomi-

nal thickness: 25 nm). (b, e) Medium sample (nominal thickness: 60 nm). (c, f) 

Thick sample (islands of µm thickness). Scale bars: 100 nm (white) and 10 µm 

(black). 
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The GISAXS patterns of the thin array show only broad peaks in qz, character-

sitic of a 2D structure. The thicker arrays display clear Bragg reflections similar 

to the pattern in Figure 29, although these structure is more disordered, evi-

dent from the relatively large smearing of the Bragg spots.153 Analysis of the 

structures confirmed the previously observed rhombohedral mesocrystal ar-

rangement in the arrays. The structural parameters derived from the GISAXS 

data are shown in Table 6. 

 

Table 6: Structural parameters of the three nanosphere arrays, derived 
from GISAXS. Lattice parameters correspond to a rhombohedral (R ̅m) unit 
cell. 

Sample a (nm) c (nm) In-plane correlation 

length (nm) 

Thin array 12.8±1.0 27.3±1.0 42±10 

Medium array 12.6±0.6 27.3±1.4 67±30 

Thick array 12.1±0.4 30.0±2.0 100±20 

 

An increase of in-plane order (i.e. correlation length) is observed as the thick-

ness of the arrays increases, along with a slightly smaller in-plane nearest-

neighbor distance. Analysis by AFM shows that the surface roughness of the 

arrays increases with film thickness, which is thought to be a consequence of 

partial de-wetting of the nanoparticle dispersion at the final drying stages.168 

The thick array consist of large, well-ordered grains with a thickness of several 

µm (see inset in Figure 30c), making it a good representation of a bulk-like 

system. The in-arc smearing of the Bragg spots is likely a consequence of a par-

tial tilting of the 3D structure, owing to the formation of cracks between the 

grains.153 The magnetic properties of the self-assembled nanosphere arrays will 

be discussed in Chapter 4. 
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Mesocrystals of nanocubes – implications of particle 
morphology 

The structural complexity of the assemblies of anisotropic particles was briefly 

outlined in The parts – shape and size dictate symmetry and order. In this sec-

tion, I will focus attention on cuboidal particles and demonstrate how sensitive 

the mesostructure of self-assembled materials is to relatively small changes in 

particle morphology, and the resulting anisotropic interactions. 

Assemblies of truncated cubes 

Assemblies of the moderately truncated nanocubes (TC086, see Table 5) were 

deposited onto substrates using three different methods: by spin-coating (re-

sulting in rapid evaporation of the carrier solvent), by slow evaporation (i.e. in a 

solvent-saturated compartment), and by slow evaporation in a perpendicular 

magnetic field (µ0Happ = 30 mT). SEM images and the corresponding GISAXS 

patterns of the resulting structures are shown in Figure 31. Rapid evaporation 

of the carrier solvent resulted in a relatively disordered, although homogenous, 

layer of nanocubes. The structural order was considerably improved by slowing 

down the evaporation rate of the droplet. Application of a perpendicular mag-

netic field further improved the ordering, and resulted in the formation of mes-

ocrystals with a high degree of structural coherence, evident from the sharp 

Bragg spots in Figure 31c. The role of the applied magnetic fields during the 

self-assembly process will be further discussed in Self-assembly in applied mag-

netic fields. The lateral reflections appearing at the Yoneda line (hk0) corre-

spond to a monolayer of cubes, with p4m symmetry. At first glance, this in-

plane symmetry is compatible with several different hypothetical 3D lattices: 

simple cubic (sc), simple tetragonal (st), body-centered cubic (bcc), body-

centered tetragonal (bct), and face-centered cubic (fcc). The lattice parameters 

were determined as a = b = 13.10 (5) nm and c = 17.80 (5) nm, i.e. c/a ≈ 1.36. 

The fcc-bct-bcc unit cells can be thought of as points along a path of continuous 

deformation along the c-axis (Bain deformation),169,170 as shown in Figure 31d.  

For a bcc cell   ⁄   ; for a bct cell       √ ; and for an fcc  cell      √ ; 

the unit cell is thus tetragonal. 
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Figure 31: Mesocrystals composed of 8.6 nm nanocubes in a body-
centered tetragonal structure. (a) Rapid evaporation (i.e. spin-coating), 
(b) slow evaporation, and (c) slow evaporation under a perpendicular ap-
plied magnetic field (µ0Happ = 30 mT). The triangular markers correspond to 
reflections, with (up) and without (down) reflection of the beam. Scale bars: 
100 nm. (d) Illustration of the relation between bct/bcc (purple) and fcc 
(green) unit cells by Bain deformation. (e) Illustration of the bct structure, 
with the different interactions (face-to-face, edge-to-edge, corner-to-corner) 
highlighted by color-coding. Particles at distance h > ltc = 8.6 nm (e.g. the 
striped particle) are not considered in the calculation. One particle has been 
excluded from the unit cell for clarity. 

Estimating the cohesive Madelung vdW energy in 
mesocrystals 

 

The formation of a bct structure composed of cubic particles is at first glance 

somewhat counterintuitive, considering that space-filling packing of hard cubes 

is simple cubic (sc). In an attempt to clarify this, I calculated the vdW interac-

tion energies of a nanocube in the experimental bct cell and compared the re-

sults to those of a nanocube in a hypothetical sc cell. The calculation is analo-

gous to the estimation of the lattice energies introduced by E. Madelung for 

ionic compounds (Madelung energy).171 In essence, the lattice energy is the sum 

of all repulsive and attractive interactions in the crystal: columbic (in an ionic 
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crystal)172 and, for example, dipolar, electrostatic, and steric interactions (in a 

mesocrystal). The cohesive Madelung energy can be considered equivalent to 

the energy required to introduce a single point defect in a bulk mesocrystal. 

 

In the case of long-range interactions (e.g. electrostatic, magnetic), the summa-

tion can be cumbersome, as large numbers of nearest neighbors need to be 

included in order to estimate the (infinite) lattice energy sum accurately. As-

suming that the mesocrystal is uniformly magnetized in the field direction, the 

sum corresponding to the dipole energy of the bct lattice diminishes for every 

coordination shell (i.e. term in the sum) that is considered. In case of a sc meso-

crystal, the net dipolar interaction is zero, as a consequence of the lattice sym-

metry (see the calculations in Supplementary Information, Paper II). This sug-

gests that the dipolar energy is not the dominating multi-body interaction in 

the nanocube arrays, assuming a magnetically saturated mesocrystal. A particle 

pair or two small aggregates will, however, experience a significant long-range 

attraction.  

 

In the case of vdW interactions, fewer coordination shells need to be taken into 

account as result of their considerably shorter range. That is, UvdW ≈ 0 kT for 

particles at distance d > lp, regardless of the interaction type and associated 

interaction potential (e.g. face-to-face, edge-to-edge) (cf. Figure 3). Based on the 

(1) unit cell dimensions and (2) the morphology and orientation of the nano-

crystals in the mesocrystal, it is possible to determine the separation distances 

and the type of interaction for the nearest neighbors in the bct and sc lattices. 

For the bct lattice, this is illustrated in the color-coded mesocrystal model in 

Figure 31e. The corresponding interactions (number, type, distance) for the 

first three coordination shells (i.e. including particles at distance d > lp,) are 

summarized in Table 7. Note that all points in both lattices are identical, and 

consequently there is only one unique position per lattice. 

 

Table 7: First-(fnn), second-(snn), and third-nearest neighbors (tnn) in the 

experimental bct and a hypothetical sc lattice. The number of neighbors, 

interaction types (face-to-face [F-F], edge-to-edge [E-E] and corner-to-corner 

[C-C]), and interparticle separation distances are indicated for both lattice 

types. 

  fnn   snn   Tnn  

Lattice # Type d (nm) # Type d (nm) # Type d (nm) 

bct 8 C-C   
   ( ) 4 F-F   

   

      

4 E-E   
   

 √   
    

sc 6 F-F   
  ( )

     

12 E-E   
  

 √   
   

8 C-C   
  

 √   
  

   √ ⁄  
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Corner-to-corner approximation 

 

 

Figure 32: Estimation of the vdW interaction energy for a simple cubic 
and a body-centered tetragonal lattice. (a) Illustration of the approxima-
tion of the corner-to-corner interaction of a truncated cube with variable 
truncation (red) by a sphere (black), as described in the text. (b) Ratio be-
tween the cohesive vdW Madelung energies for an 8.6 nm nanocube in a bct 
and sc lattice. The hatched area indicates the distribution of truncation val-
ues for TC086:                . 

The anisotropic interactions for cubes interacting face-to-face and edge-to-edge 

was elaborated on in the section van der Waals forces. These interactions are, at 

first approximation, also valid for truncated cubes as, in this case, the area of 

the {100}-facets only decreases by ≈ 10% as     →      . For the corner-to-

corner interaction, in the bct structure is more complex. Here, each of the eight 

nearest neighbors interacts corner-to-corner via a pair of truncated triangular 

{111} faces (see Figure 31e). An analytical expression for the pair interaction 

between the corners of two ideal cubes has not yet been derived.24 It would also 

be a suboptimal representation of the real interaction, as the expression must 

vary significantly with the size of the truncated faces. Furthermore, the corner-

to-corner separation distance in the experimentally determined structure is 

significantly shorter (h0 ≈ 0.6 nm for cubes with τ = 0.45) than all other in-

terparticle distances. As the pair-interaction potential depends on both the 

interaction volume of and distance between the nanocrystals’ facets, a signifi-

cantly shorter interparticle separation distance could therefore potentially 

outweigh a much weaker (anisotropic) vdW interaction. 

  

We approximated the corner-to-corner interactions with the interaction be-

tween two spheres that scale in size with the size of the truncated facet (see 

Figure 32a) The diameter of a sphere touching at least three sides of the octa-

gon has a diameter of      (  √ ) . It can be shown for an Archimedean 

truncated cube that   √ (  √ )⁄       and, consequently,       . A few 

graphical examples of the approximation of a truncated cube as a sphere are 

given in Figure 32b. The approximation is expected to be relatively accurate for 
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cubes with             but fails for cubes with small τ, as the sphere shrinks 

to a point. As for cubes with large τ, such as for the cuboctahedron (τ = 1), the 

actual interaction would perhaps be better represented by two parallel plate-

lets. 

Transition from sc to bct 

The ratio between the the cohesive vdW Madelung energy for a particle in a bct 

and a sc mesocrystal is shown in Figure 32c. The calculation rests on the ap-

proximation that all of the vdW interactions in the mesocrystal are additive. 

Moreover, the size of the unit cell had to be expanded along the c-axis to ac-

commodate particles with small τ in order to avoid overlapping particles (see 

Supplementary Information, Paper II). As can be seen, there is a crossover of 

the vdW energies as the truncation varies, and an sc structure is expected for 

small truncations (τ < 0.4), but a transition to a bct structure is expected as the 

truncation increases further. The discontinuity of the curve is a consequence of 

setting the minimum value of the corner-to-corner separation distance to the 

experimental value i.e. h0 = 0.6 nm for τ > 0.45. 

 

This transformation is driven by the strong vdW interactions along the body 

diagonal of the mesocrystal unit cell, a consequence of the exceptionally short 

separation distance between the truncated corners (h0  ≈ 0.6 nm for τtc = 0.45). 

One could argue that the short separation distance between the truncated cor-

ners in the mesocrystal is the result of two possible mechanisms — a lower 

face-specific adsorption of oleic acid at the {111} nanocube facets, and/or a 

shrinkage of the mesocrystal structure perpendicular to the substrate as the 

residual carrier solvent is evaporated.170  
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Assemblies of highly truncated cubes 

 

Long-time storage of the nanocubes resulted in a change in their shape and size 

(HTC089, lhtc = 8.9 ± nm, τhtc = 0.88); see Morphological aging of iron oxide 

nanocubes. Self-assembly of the highly truncated nanocubes resulted in for-

mation of near-fcc-type structures, in contrast to the bct arrangement described 

in the previous section. SEM images and GISAXS patterns of these arrangements 

are shown in Figure 33. 

 

 

Figure 33: GISAXS patterns and SEM images of two arrays of highly 
truncated nanocubes (HTC089) assembled in a perpendicular applied 
magnetic field (µ0Happ = 30 mT) exhibiting different preferred growth 
orientations of a near-fcc arrangement.  The array shown in (a, b) con-
tains mesocrystals in a tetragonal configuration (i.e. growth along [100] per-
pendicular to the substrate), whereas the array shown in (c, d) contains 
primarily mesocrystals in a rhombohedral configuration (i.e. growth along 
[111] perpendicular to the substrate). The triangular markers correspond to 
reflections, with (up) and without (down) reflection of the beam. Scale bars: 
100 nm. 

 

In this case, the two arrangements correspond to a fcc structure, but with two 

distinct growth orientations, i.e. [100] and [111] perpendicular to the substrate. 

These two distinct orientations were found in varying ratios in all assemblies of 

the highly truncated nanocubes. The lattice constants of the tetragonal setting 
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are significantly expanded relative to the bct structure of the moderately trun-

cated cubes, i.e.  a = b = 14.7 nm and c = 21.0 nm, an increase of 12% and 17% 

respectively (a comparison is given in Table 8). 

 

Figure 34: First evidence of a commensurate superstructure in a nano-
particle assembly. (a) High- and low-magnification SEM images, showing 
mesocrystals containg linear defects with threefold periodicity. (b) Sketch 
showing the occurrence of random stacking faults, 
C{(AB)1−x(BA)x}C{(AB)1−x(BA)x}C, where x represents the probability of AB 
reversal. If x = 0, then the surface structure is a regular fcc configuration, 
whereas if x = 1, the top surface of the mesocrystal represents a {123}-type 
cleavage plane (i.e. a tilt of 22.2° relative to the substrate normal). 

 

The competition among multiple growth orientations results in the formation 

of a triply periodic superstructure, as evidenced by strong satellite (superstruc-

ture) reflections in the GISAXS patterns (see Figure 4, Paper III). Laterally, the 

tripled unit cell correlates to linear defects observed in the mesocrystal surface 

structures (see Figure 34a). These defect lines and the corresponding satellite 

reflections can be accounted for by imposing a sequence of stacking faults in 

the [11 ̅] direction, with the structural coherency of the c-layers generating the 

triple period and an otherwise random AB/BA stacking order (see Figure 34b). 

The depth sensitivity of the GISAXS technique clearly demonstrates that the 

stacking faults propagate throughout the volume of the entire mesocrystal, and 

cannot be ascribed to perturbations of the surface structure. 
  

Commensurate superstructure 
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Particle orientation effects 

Although particle orientation effects are averaged out in GISAXS, it is possible 

to deduce that the highly truncated cubes assemble in a mesocrystalline ar-

rangement, i.e., at least with partially oriented crystal axes. Using the character-

istics of the particles obtained by SAXS and TEM, together with the unit cell 

dimensions from GISAXS, it is possible to determine the approximate volume 

fraction of the iron oxide phase in the mesocrystals (Φ). As a result of the sur-

factant coating, Φ is significantly lower than the theoretical packing densities of 

close packed spheres (  √ ⁄  ≈ 0.74). Comparing the mesocrystals composed of 

spheres and highly truncated cubes (τhtc = 0.88), we find that Φ differs signifi-

cantly between these two structures (see Table 8), at Φ: 0.39 vs. 0.28, which is 

quite remarkable given that the two nanoparticle samples display almost iden-

tical radii of gyration (see SAXS size in Table 8). Moreover, Φ = 0.28 for the 

mesocrystals of the highly truncated cubes is also significantly lower compared 

to the bct cell of the moderately truncated cubes (Φ = 0.40). 

Table 8: Mesostructural parameters of the iron oxide materials in Paper 
II and III.  

Structure Cube 

bct 

Cube 

fcc 1 (bct) 

Cube 

fcc 2  

(rhombo.) 

Sphere 

fcc  

(rhombo.) 

TEM size*** 

(nm) 

8.6 ± 0.5 8.9 ± 0.7 8.9 ± 0.7 9.2 ± 0.4 

SAXS size††† 

(nm) 

10.62 (dSph) 

8.36* 

10.1 (dSph) 

 

10.1 (dSph) 

 

9.9 (dSph) 

Truncation (τ) 0.45 (0.45) 0.88 (0.53) 0.88 (0.53) Spherical 

Lattice Parame-

ters (nm) 

a = b = 13.1 

c = 17.8 

a = b = 14.7 

c = 21.0 

a = b = 14.7 

c = 37.0 

a = b = 12.4 

c = 29.5 

Unit cell volume 

(nm3) 

3340 4540 6920 3930 

N (crystals per 

unit cell) 

2 2 3 3 

Φ (Volume frac-

tion of FexOy) 

0.40 0.28 0.28 0.39 

 

The observation of the relatively low packing fractions, together with the ob-

servation that the highly truncated cubes always grow along one of two dis-

crete orientations, strongly suggests an oriented arrangement of the individual 

nanoparticles. Low-density mesocrystal structures composed of octahedral 

                                                                    
*** Size determined by manual measurement of particles from TEM micrographs 
††† Size determined by fitting the SAXS data to a spherical form factor. (*) denotes the 
nanocube edge-length resulting from fitting the SAXS-pattern to the form factor of a 
truncated cube with τ = 0.45. 
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nanoparticles have previously been reported, and are thought to be energetical-

ly compensated by a high degree of orientational order.139 The determination of 

the crystal orientations is unfortunately not possible without characterization 

by either WAXS or TEM (i.e. SAED). 

 

The large unit cell, however, in principle allows the particles to adopt any orien-

tation without physically overlapping. Three such possible arrangements are 

depicted in Figure 35a-c. It is interesting to note that the combination of the 

symmetry of the unit cell and the inherent symmetry of the building blocks can 

generate a number of different substructures, each with different levels of 

complexity. The most symmetric structure (Figure 35a) results from the super-

imposition of the symmetry elements of the fcc cell and the truncated nanocube 

(Point group: Oh) so that the [100]NC cube axes are parallel to the [100]FCC mes-

ocrystal unit cell axis, as seen in Figure 35b. Here, each particle is oriented 

edge-to-edge relative to each of its nearest neighbors, with a separation dis-

tance of ≈ 2.1 nm, similar to the interparticle separation distance in the nano-

sphere mesocrystals (≈ 2.5 nm).  

 

As a note aside, it should be noted that all other possible arrangements are 

more complex. The two alternatively oriented structures in Figure 35b, c are 

interesting from a fundamental point of view. This is because the symmetry 

mismatch between unit cell and the nanoparticles lowers the apparent sym-

metry of the overall arrangement. For instance, rotating the cubes in the afore-

mentioned structure by 45° along x and y results in the structure drawn in 

Figure 35c. The plane group symmetry of the top layer has now been reduced 

to a twofold rotation axis, and half of the {111}FCC cleavage planes are composed 

of cubes oriented along [100]NC, a pseudo-hexagonal arrangement. 
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Figure 35: Examples of possible oriented structures in an fcc mesocrys-
tal of highly truncated cubes seen from orientations close to the 
[100]FCC and the [111]FCC zone axes. (a) Cubes are rotated 45° with respect 
to the unit cell edge (equivalent to the structure in Figure 31). (b) High-
symmetry structure of cubes with their axes parallel to the unit cell edge. (c) 
Cubes rotated 45° around two axes, leading to a more complex anisotropic 
arrangement.  

The direction and degree of orientation of the individual nanocrystals in an 

array  can be probed by SAED,97,173 given that the sample is thin enough to be 

electron transparent. However, the choice of substrate needs to be carefully 

considered. Only a few substrates allow for controlled evaporation experi-

ments, in addition to characterization using TEM and GISAXS. In particular, 

Si3N4 surfaces with electron transparent windows are useful for this purpose.152 

An example of an oriented structure shown in Figure 36a, b, in which a mono-

layer of moderately truncated nanocubes (τtc = 0.45) displays a clear mesocrys-

talline texture, without Debye-Scherrer rings and with the extinction of all re-

flections except those visible from the [001]-zone axis. Note that, the in-arc 

smearing of the diffracted beams is accentuated by the coexistence of two mes-

ocrystal domains (marked in green and red) with an in-plane angular mismatch 

(≈ 12°). 
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Figure 36: Nanocrystal alignment probed by wide-angle selected area 
electron diffraction (SAED). (a) Electron diffraction pattern of (b) a mono-
layer of TC086 nanocubes (τ = 0.45). (c) SAED pattern of (d), a multilayer 
composed of S091 nanospheres, assembled in an external magnetic field of 
µ0Happ = 30 mT perpendicular to the substrate. (e) Simulated diffraction pat-
tern corresponding to γ-Fe2O3 nanospheres seen from the [110] zone axis, 
but distributed in three different populations, each rotated in discrete in-
crements of 60° with respect to each other. This generates a diffraction pat-
tern with an apparent sixfold symmetry. The weak reflection sets corre-
sponding to the {222} and {331} crystal planes have been omitted for clarity. 
(f) Illustration of a hypothetical arrangement of particles, resulting in the 
characteristic diffraction pattern seen in (d) and (e). The [110] crystal axis of 
each nanosphere in the array is pointing in the direction of the applied mag-
netic field (indicated by the black arrows). The colored diffraction spots in 
(e) are generated by the sphere of the corresponding color in (f). The yellow 
cubes indicate the orientations of the γ-Fe2O3/Fe3O4 unit cells. (g) Azimuthal 
projection of the diffraction pattern in (c). The white dots indicate the posi-
tions of the reflections in (e). 

More surprisingly, a crystallographic alignment effect can also be observed in 

multilayers of 9.1 nm nanospheres (S091) self-assembled in a magnetic field of 

µ0Happ = 35 mT (see Figure 36c). At first glance, the sixfold symmetry of the 

diffraction pattern suggests that the [111]-crystal axes of the γ-Fe2O3 nano-

spheres are oriented parallel to the beam (and also parallel to µ0Happ). This 

explanation cannot, however, explain the appearance of a number of strong 

reflections (e.g. 311, 400), nor their relative positions in the diffraction pattern. 

In particular, the g-vectors g220 and g311 can never be parallel in reciprocal 

space for a single crystal orientation. It is therefore clear that the resulting 

structure is not the result of a single preferential crystal orientation, but rather 

of the superimposition of a number of discrete orientations. The simplest struc-
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ture to explain the texture of the diffraction pattern (Figure 36c) is actually 

obtained by imposing the coexistence of at least three different populations of 

nanospheres, oriented so that the <110>-axes of the γ-Fe2O3 crystal lattice are 

parallel to the electron beam (and µ0Happ). The nanocrystals are then rotated in 

plane, at successive increments of 60°, which in the case of two or more rota-

tions generates a diffraction pattern with apparent sixfold symmetry, as shown 

in Figure 36e, f. The intensity and position of each beam in the experimental 

diffraction pattern can be accounted for, as evidenced by the match between 

observed and calculated reflection positions in the azimuthal projection of the 

diffraction patterns (Figure 36g). Although this effect is strongly pronounced in 

a number of nanosphere arrays, it is not clear if in-plane rotated nanospheres 

are structurally correlated (i.e. a superstructure) or if they are simply randomly 

distributed throughout the mesocrystal volume.  

 

A plausible mechanism for the observed texture is the alignment of the nano-

spheres’ easy axes along the direction of the applied magnetic field. Considering 

only the magnetocrystalline anisotropy constants K1, K2 (cf. Table 3), and disre-

garding any influence of strain, surface, defects and particle shape, the resulting 

easy, medium and hard magnetization directions in a Fe3O4 crystal are <111>, 

<110>, and <100> respectively.17,38‡‡‡ The S091 nanospheres are, however, 

much closer to γ-Fe2O3 than Fe3O4 in terms of composition (a0 = 8.36). Accurate 

values for the higher-order anisotropy constants of γ-Fe2O3 have never been 

determined,17,38 since macroscopic high-quality single crystals are needed for 

accurate torque magnetometry measurements.  

 

There are several examples in the literature of reports of similar phenomena 

involving rotation of the nanocrystals’ easy axes in the field direction during 

their assembly.174–177 Unfortunately, none of these reports has provided any 

qualitative determination of the actual crystal orientation. The magnetic easy 

axes have either been assumed to be determined by the shape anisotropy (as in 

the case of prolate γ-Fe2O3 nanoparticles),175 or assumed to coincide with those 

of bulk Fe3O4. These new results suggest that the easy axes of the γ-Fe2O3 could 

indeed be <110>. This would imply either that the relative magnitude and sign 

of the Ki values differ greatly between γ-Fe2O3 and Fe3O4, or that the relative 

magnetic hardness of the axes is strongly influenced by more subtle effects e.g. 

strain,178 crystal defects (e.g. APBs) or particle surface effects.  

 

A recent study on oleic acid-coated 5.5 nm PbS nanoparticles by Simon et al. 

demonstrated that a considerable crystallographic alignment can be observed 

even for non-magnetic particles in the absence of an applied electrical field.173 

Similar to the arrangement of magnetic nanospheres shown in Figure 36c-g, the 

                                                                    
‡‡‡ For Fe3O4 we see that      and        |  |  ⁄ . From this, it follows that 
<111> is the easy, <110> the medium, and <100> the hard axis.17 
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coexistence of arrangements containing different (discrete) orientations was 

also proven.173 The authors argued that this was the consequence of a layered 

fcc structure, with distinctly oriented particles in even and odd layers. As direc-

tional vdW interactions are expected to be weak or even negligible in this sys-

tem (i.e. for h = dNP, cf. Figure 3), this effect is likely the result of long-range 

directional interactions (i.e. electrostatic for non-magnetic particles). A pro-

nounced orientation effect was observed in a similar PbS system by the group 

of T. Hanrath. The nanocrystal alignment was confirmed by the use of GIWAXS, 

a complementary technique to GISAXS.170 
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Self-assembly in applied magnetic fields 

 

When thinking about Fe3-δO4 particles and applied magnetic fields, perhaps the 

first thing that springs to mind are the mind-baffling properties of ferrofluids 

(see Magnetic interactions).32,179 The magnitude of the dipolar interactions be-

tween the particles in a strong magnetic field is so large that it even dominates 

the surface tension of the liquid, thus putting ferrofluids on top of the list of 

chemical demonstration experiments. The monodisperse nanoparticles in the 

present work are not different in this regard. Indeed, these dispersions can be 

manipulated in strong magnetic fields given that their concentration is suffi-

ciently high, e.g. at the final stage of a drop casting experiment. Conventional 

ferrofluids, however, are composed of polydisperse particles and will therefore 

never form long range ordered structures. Although the study of ferrofluids is 

an old research topic, the giant leap in synthesis methodology is much more 

recent. Thus, the self-assembly of highly monodisperse anisotropic nanoparti-

cles in magnetic fields remains a largely unexplored research field. 

 

Earlier work on similar truncated iron oxide cubes (l = 9 nm) has suggested 

that the spontaneous ordering of the nanoparticles could be switched on or off, 

by application of a magnetic field (µ0Happ = 30 mT) during either (a) the initial 

stage or (b) the entire evaporation process.97 It was also demonstrated earlier 

in this chapter (see Assemblies of truncated cubes) that method (b) resulted in 

significant improvement in the long-range order of the mesocrystals composed 

of 8.6 nm nanocubes (see Figure 31). Drop-casting experiments were per-

formed using nanocubes of four different sizes (8.6, 9.6, 12.2 and 13.4 nm). 

These were monitored by time-resolved GISAXS (not shown) in a series of ex-

periments, i.e. under various evaporation rates and magnetic field strengths. 

 

Figure 37a, b shows the outcome of two experiments conducted using 9.6 nm 

cubes in either the presence or absence of a moderately strong (µ0Happ = 65 mT) 

magnetic field, but in otherwise-identical experimental conditions. The evapo-

ration rates of the dispersion droplets were similar, with a delay in time of 

about 90 min from the deposition until the onset of nucleation. As can be seen 

from the images, highly ordered mesocrystals form even in zero-field condi-

tions, as evidenced by the exceptionally well-defined cuboidal mesocrystals. In 

contrast to the previous experiments on the 8.6 nm nanocubes, application of 

the magnetic field did not result in formation of larger crystals or a higher 

translational order, but had a drastic impact on the morphology and the struc-

ture of the mesocrystals.  
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Figure 37: Local structure of mesocrystals assembled in a moderately 
strong applied magnetic field. Low magnification images showing the 
morphologies of mesocrystals assembled in (a) zero-field and (b) a vertical-
ly applied magnetic field (µ0Happ = 65 mT) (Scale bars: 5 µm). (c) A magnified 
image of a mesocrystal formed in a magnetic field has been color-coded ac-
cording to the arrangement of the top layer (cf. Table 9). Scale bar: 500 nm. 
(d) FFT of a portion of the colored areas. (e) Coexistence of two growth ori-
entations in a (f) “star”-shaped mesocrystal. (Scale bars: 100 nm and 500 
nm). Two grain boundaries separate three domains with different growth 
orientations. (g) Top and side view images showing the surface structures of 
the matching facets, i.e. (101) and (100), of a bct structure with a = b = 13.5 
nm and c = 23.8 nm. The orientation of the bct unit cell is shown in the side 
view. 

 

The peculiar morphologies of the in-field assembled mesocrystals are a result of 

the fusing of distinct mesocrystalline domains with different structures (see 

Figure 37c), whereas the zero-field mesocrystals are all monodomain (p4m 

symmetry). Indeed, the structure of the zero-field assembled mesocrystals was 

analyzed by GISANS (not shown) and was found to crystallize as a bct 2D-

powder with unit cell parameters a = b = 13.5 nm and c = 23.8 nm, and the 

mesocrystal c-axes perpendicular to the substrate normal. Knowledge of the 

zero-field mesocrystal habit of the 9.6 nm cubes enables the analysis of the 

structurally more complex in-field assembled mesocrystals. Due to the high 

structural coherency of these mesocrystals, it is possible to determine the in-

plane nearest-neighbor distance either directly from the FFT of a SEM image, or 

by measuring the interparticle distance in an FFT-filtered HR-SEM image (e.g. 

Figure 37e). The structural parameters found in the multidomain mesocrystal 

(Figure 37c) are presented in Table 9.  
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Table 9: Deduction of the mesocrystal facets of the in-field assembled mul-
tidomain mesocrystals. Plane group symmetries, first (fnn) and second in-
plane nearest-neighbor distances (snn), as measured by SEM. Deduced top-
surface facets and the inferred first (fnn) and second in-plane nearest-neighbor 
distances (snn), assuming a bct cell with unit cell parameters a = b = 13.5 and 
23.5 nm (GISANS). † = Distances were found to vary slightly depending on the 
area and the position in the crystal, but were generally within ≈ 2% of the stated 
value. ‡ = These values correspond to the bond distances found in the bct cell of 
the zero-field assembled mesocrystals.  * = Corrugated surface. 

Color 

(Crystal area 

and FFT pat-

tern, cf. Fig 37) 

Wallpaper 

group 

fnn 

SEM† 

Snn 

SEM† 

Facet 

(hkl) 

fnn 

GISANS‡ 

snn 

GISANS‡ 

Orange p2 13 19 (100)* 13.5 19.1 

Red p2 - - N/A * - - 

Green p4m 13 19 (100) 13.5 19.1 

Blue cmm 13 15 (101) 13.5 15.1 

 

From the characteristic in-plane interparticle separation distances, it becomes 

evident that the observed surface structures can be considered as different 

mesocrystal facets of the same bct base structure. The two most basic and fre-

quently observed surfaces are thus the (100) and (101) mesocrystal facets. 

These are also are the two densest cuts of a bct unit cell (if a = b and c > a). The-

se two distinct growth orientations co-exist in the majority of the in-field as-

sembled mesocrystals, and a HR-SEM image of the epitaxial grain boundaries is 

shown in Figure 37e-g. The absence of strain and defects at these interfaces is 

inferred from the matching interparticle distance (13.5 nm) parallel to the 

grain boundary. Remarkably, these particular dimensions of the bct unit cell, 

√      ⁄    implying     √ , results in a coherent grain boundary (cf. 

the side-view images). 

 

From the images (Figure 37) is quite clear that the vertically applied magnetic 

field (µ0Happ = 65 mT) induces changes in the preferential growth orientation of 

the bct structure, likely due to a minimization of the Zeeman energy of the 

nanocubes. It would furthermore be reasonable to assume that the orientation 

of the nanocubes remains fixed relative to the bct unit cell, as a change in orien-

tation is likely to result in a concomitant change of the unit cell volume (cf. As-

semblies of highly truncated cubes, Chapter II). Under this assumption, the 

<110> nanocube crystal axes are oriented close to the field direction, analogous 

to the case of the 9 nm γ-Fe2O3 nanospheres (cf. Figure 36). Thus, the in-field 

growth behavior can at least in part be explained as a compromise in which the 

easy axes and the field direction are closely matched, and the growth direction 

is perpendicular to the dense and thus highly stable mesocrystal (101)-facets. 
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Figure 38: Mesocrystals of 9.6 nm cubes crystallized in a moderately strong magnetic field (µ0Happ = 65 mT). SEM images: (a, 
b, c) Tilted views (30°) of mesocrystals with peculiar morphologies. The inset in (b) shows a magnification of the part of the crystal 
highlighted by the white rectangle. (d) Fracture surface, revealing the internal structure of a mesocrystal. The FFT inset corre-
sponds to the area inside the white square. Note that the mesocrystal top surface is almost completely flat. 
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The surface structure of two of the crystal domains (i.e. orange, red) in Figure 

37c is corrugated (i.e. displays regular undulations), and the characteristic pitch 

of these undulations generates a number of superstructure reflections seen in 

the FFT pattern of the SEM image. In one of the cases, it was possible to estab-

lish the orientation of this crystal fragment, as the interparticle distances and 

crystal orientation of the orange domain matched the two simpler structures.  

Figure 38a-c shows tilted views of a number of irregular in-field assembled 

mesocrystals. The surface topography and structural coherence of a corrugated 

mesocrystal surface can be clearly discerned when the mesocrystals viewed at 

an angle of 30° (see Figure 38b and inset). Figure 38d also features a cross-

section of a mesocrystal viewed parallel to the substrate plane. The sectioning 

was achieved by cleaving the substrate, using a pair of conventional pliers. The 

interior of the > 500 nm thick nanoparticle assembly displays a stunningly high 

degree of mesostructural order. 

 

Further analysis of the mesocrystal surface undulations was performed by 

comparing the SEM image to computer-generated surface models. The method 

is outlined in Figure 39. The FFT filtered image of the mesocrystal surface (or-

ange area, c) displaying regular undulations is shown in Figure 39a, and the 

corresponding FFT in Figure 39d, e. The FFT pattern, displays a number of su-

perstructure reflections (marked SS) around the central spot, and along rods 

rotated on an angle of ≈ 99° relative to the g11 (2D) vector. These reflections are 

well-resolved, and spaced at a distance of d-1 ≈ 0.018(1) nm-1 → d = 56(3) nm 

(the distance between e.g. the two reflections marked by triangles). Also, disre-

garding the superstructure reflections, the remaining reflections can be in-

dexed to the (100) mesocrystal facet with p4m symmetry, highlighted by the 

white square in Figure 39e. 

 

Based on this information, it is possible to reconstruct a plausible structural 

model of the surface undulations. Channels were cut through a bct crystal at an 

angle of 9° from the [110]bct zone axis. The measured pitch of the resulting sur-

face undulations exactly coincides with the distance  √    57.3 nm, suggest-

ing a channel width of 3d110. Hence a smooth, wavy interface with a matching 

pitch can be constructed by removing particles in the first and second layers, as 

shown in Figure 39b. For comparison with the experimental structure, the 

model is consequently projected from the [001]bct-zone axis (Figure 39c) and 

converted to a black-and-white image. To limit the image resolution, and to 

reproduce the SEM imaging conditions, the image was processed by applying 

lens blur and a noise filters in Adobe Photoshop®. The resulting FFT of the 

synthetic image is shown in Figure 39f, and essentially reproduces every fea-

ture of the FFT pattern of the experimental SEM image. The formation mecha-

Analysis of a complex mesocrystal surface by SEM and surface modelling 
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nism behind this surface reconstruction can, however, only be speculated on at 

present. These surface undulations are in fact found on a large number of mes-

ocrystal fragments, typically exhibiting elongated morphologies with high as-

pect ratios. Moreover, the undulation surfaces appear on dense facets (001), 

which are found to be highly stable in the zero-field assembled mesocrystals. It 

therefore seems plausible that the surface reconstruction is driven by repulsive 

dipolar (or multipolar) interactions between the ridges, with consequent min-

imization of the magnetostatic surface energy. This analysis clearly demon-

strates the combined strength of microscopy, scattering, and surface modeling, 

and, furthermore, that complex surface structures can be determined by these 

techniques even from images of comparatively low resolution. 
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Figure 39: Analysis of a periodic superstructure in a crystal fragment of an in-field assembled mesocrystal composed of 9.6 
nm nanocubes. (a) Fourier-filtered portion of a monodomain protruding crystal fragment of the mesocrystal in Figure 37 (cf. orange 
area). Inset: FFT of Fourier-filtered image. (b) Side view of the corrugated surface structure generating the superstructure.  The 
“staircase”-undulations are cut at an angle of 9° with respect to the [110]-zone axis of the bct mesocrystal. (c) Top view of the surface 
in (b), i.e. seen from the [100]-zone axis of the bct mesocrystal, tilted to correspond to the surface structure seen in (a). (d, e) FFT 
pattern of an image of the mesocrystal surface in (a). (f) FTT of an image of the proposed structure model. The indexing was done 
according to a 2D unit cell with p4m symmetry. Some of the superstructure reflections are indicated by SS in the FFT patterns. The 
angle between the superstructure reflection series (marked by a rectangle) and the p4m base lattices is highlighted in the images. 
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An external magnetic field provides a most interesting way to tune the range, 

magnitude, and direction of the interparticle interactions gradually. Assembly 

of magnetic Fe3O4/γ-Fe2O3 nanocubes at the given conditions in moderate fields 

(µ0Happ = 65 mT) is subject to effects that are relatively subtle, i.e. a strongly 

perturbed crystal growth habit and complex surface reconstructions. 

 

Less-subtle effects manifest themselves in considerably stronger applied mag-

netic fields (µ0Happ = 200 mT). At these field strengths, the nanocube assemblies 

(8.6 nm, TC086) arrange into a hexagonal array of µm-sized pillars, with an 

inter-pillar spacing roughly equal to the average pillar diameter (see Figure 

40). The pillars vary in length over the substrate surface, and can be found 

ranging from small protrusions to long tubular structures with large aspect 

ratios. Some pillars have also broken up into tori with interiors that are devoid 

of particles. High-resolution SEM images reveal that the translational order of 

the nanocrystals in the pillars is relatively well-defined, and some pillars share 

the translational orientation of their neighbors. Similar field-induced patterns 

of (spherical Co and γ-Fe2O3) particles at this length scale have been investigat-

ed in some depth by the group of M. P. Pileni,180,181 and by Li et al. (octahedral 

Fe3O4 particles).82 The field-response and dynamics of magnetic fluids, e.g. the 

labyrinthine and the normal-field instabilities, were treated theoretically by 

R.E. Rosensweig.58,182 §§§ These instabilities are well-studied at macroscopic 

length scales (i.e. when the ferrofluid thickness is on the order of mm). The 

characteristic spacings in the hexagonal patterns, denoted as the instability 

wavenumber, scale according to an inverse exponential to the thickness of the 

ferrofluid layer.183 Consequently, the large wavenumbers of the instability-

generated patterns in Figure 40 result from the limited critical film thickness in 

a typical drop-casting experiment (≈ µm). 

In summary, the application of a magnetic field can improve the translational 

ordering in the assembly of cubic nanocrystals and promote the formation of 

well-ordered mesocrystals. Moreover, it is clear that as the particle size in-

creases above a certain critical size, the van der Waals interactions alone are 

sufficient to drive the formation of well-ordered monodomain mesocrystals. In 

these cases, the application of an external magnetic field results in the for-

                                                                    
§§§ The normal-field instability (or Rosensweig instability) is an interfacial instability 
that occurs when a ferrofluid is subjected to a uniform vertical magnetic field. Above 
certain critical field strengths, the fluid layer disintegrates into a hexagonal array of 
peaks, as a result of the competition between magnetic and surface forces. The perturba-
tions (i.e. the peaks, pillars) concentrate the magnetic flux lines and consequently drive 
the instability further.33,179 

Ferrohydrodynamic instabilities 

Summary 
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mation of multidomain mesocrystals as a consequence of reorientations of the 

base bct structure. One can speculate that this is a consequence of complex di- 

and multipolar interactions in the nanoparticle solid that strongly perturb the 

mesocrystal growth. As the magnetic field strength is increased further (above 

a critical field), the onset of ferrohydrodynamic instabilities starts to dominate 

the large-scale arrangement of the arrays. A better understanding of and sub-

sequent control over these phenomena could enable the design of complex 

magnetic structures at many different length scales. 

 

 

Figure 40: Self-assembly of 8.6 nm cubes (TC086) in a strong magnetic 
field (µ0Happ = 200 mT). Low-resolution images (a, b, e, f) were taken in 
backscattering mode. The high-resolution images (c, d, g, h) were taken in 
secondary-electron mode.  
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4 Magnetic properties of iron oxide 
nanoparticles and their self-assembled 
arrays 

This section is devoted to the magnetic characterization of some of the materi-

als described in this thesis, and is divided into two parts. The first part deals 

with the characterization of magnetic nanocubes with different microstruc-

tures, structurally described in Chapter 2. The second part describes some re-

sults concerning the collective magnetic properties of self-assembled arrays of 

nanospheres with different thicknesses, structurally described in Chapter 3, 

and of self-assembled arrays composed of nanocubes with different crystal 

sizes. 

Magnetic characterization of core|shell and single-
phase nanocubes 

 

 

Magnetic measurements were performed on the 23 nm nanocubes with varying 

degrees of oxidation (NC0-NC120). These nanocubes were structurally de-

scribed in Chapter 2 and constitute an excellent testbed to probe magnetic ex-

change bias effects in iron oxide nanoparticles. This is because the shape and 

size of the particles are preserved over the course of the topotaxial oxidation. 

Two types of measurements were performed on dilute dispersions of the NC0-

NC120 nanocubes: (1) magnetization vs. magnetic field at 10K field-cooled in a 

field of Happ = 4 MA/m, and (2) temperature-dependent magnetic susceptibility, 

i.e. FC/ZFC loops using a field of Happ = 4 kA/m. Moreover, the magnetization vs. 

field of a powder (89 wt.% FexOy) sample of NC0 was measured in order to 

determine the saturation magnetization (MS) of the starting material. The satu-

ration magnetization of the ferrimagnetic component of the sample, MS(NC0) = 

284 kA/m ≈ 55 emu/g (305 K), is substantially smaller than that of bulk Fe3O4 

(92 emu/g)18, which is typically observed for nanosized iron oxides.81,184–187 

 

Exchange bias effects in bi- and single-phase nanocubes 
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Figure 41: Magnetic properties of topotaxial core|shell nanocubes (NC0-
NC120). (a) Magnetization vs. field curves (field-cooled in µ0Happ = 4MA/m = 
5T). (b) Exchange bias and coercivity vs. oxidation time. (c) Temperature-
dependent magnetic susceptibility in the temperature range 10-275K. 

 

From the magnetization vs. field curves that are shown in Figure 41a, it is evi-

dent that their shape and relative position on the H-axis vary considerably with 

the oxidation time of the particles. Coercivities and exchange bias fields were 

extracted from the curves (as shown in Figure 6b) and are displayed in Figure 

41b. Relatively large exchange bias fields are observed for the first two samples 

in this series (HEB(NC0) = 1550 ± 10 Oe, HEB(NC10) = 440 ± 10 Oe), then rapidly 

decline (i.e., HEB(NC30) = 15O ± 10 Oe), but do not vanish in the single-phase 

particles: HEB(NC30) = 80 ± 5 Oe. In the case of NC0 and NC10 (and possibly in 

NC30), an exchange bias field is expected to arise as a consequence of the mag-

netic coupling at the Fe1-xO|Fe3-δO4 (AFM|FiM) interface. This can be interpreted 

in the framework of the characteristic areal coupling constant (   ) described 

in Exchange bias (Chapter 1). Assuming the core sizes determined from PXRD 

(see Phase identification in bi- and monophasic iron oxide nanocubes, Chapter 2), 
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lc(NC0) = 10.0 ± 0.5 nm, lc(NC10) = 7.0 ± 1 nm, and assuming lc(NC30) = 4.0 ± 

1.0 nm (equivalent to 0.5 wt.% Fe1-xO), the result is values of     (10K): 9.4 ± 

1.3 J/m2, 5.4 ± 1.6 J/m2 and 5.6 ± 2.9 ·10-4 J/m2 for NC0, NC10, and NC30 re-

spectively. The reduction of the interfacial coupling constant between the NC0 

and NC10 nanocubes (9.4 ± 1.3 → 5.4 ± 1.6 ·10-4 J/m2) can be ascribed to the 

reduction of the Fe1-xO phase beyond a critical core size. A similar effect has 

been observed in the Co|CoO system.44 This model is obviously not applicable 

to single-phase particles. Consequently, the non-vanishing exchange bias field 

of NC60 and NC120 has a different origin, rather than a classical AFM/FiM in-

terface. Exchange bias effects have previously been reported in a number of 

single-phase systems, but are traditionally ascribed to defects at the particles’ 

outer surface.105,185,186,188–191 For instance, an exchange bias field of HEB = 90 Oe 

(Happ = 0.8 kA/m) was reported for 12 nm single-phase particles synthesized 

using the same route.105 This value is very close to HEB (NC120) = 80 ± 5 Oe. 

Therefore, the argument of a surface-induced exchange bias effect can be inval-

idated by considering the sevenfold difference in surface area between the 12 

nm particles and the 23 nm nanocubes in this study. Instead, the exchange-

coupled components are suggested to be located in the interior of the particles. 

This is also in agreement with our previous observations of a reduced satura-

tion magnetization in the nanoparticle cores.184 Anti-phase boundaries (APBs) 

result in perturbations of the electronic and magnetic interaction across the 

defected interface.121,123,192 This can result in parallel or antiparallel couplings 

of the magnetic spins over the APB.120 The oxidative elimination of the Fe1-xO 

clearly generates a material with a non-vanishing exchange bias field, but also 

with anti-phase boundaries that cannot be completely annealed out at low-

oxidation temperatures (≈ 150 °C, see Anti-phase boundaries, Chapter 2). Anti-

phase boundaries have been shown to generate an exchange bias field (HEB = 52 

Oe) in a single crystalline epitaxial thin Fe3O4 film,119 and have been postulated 

as the origin of an exchange bias effect in phase-pure Fe3O4 particles produced 

by a seeded-growth method.190 For the first time, it was possible to establish 

firmly the formation of APBs and link them to a non-vanishing exchange bias in 

single-phase iron oxide nanoparticles. 

 

 

Temperature-dependent magnetic susceptibility measurements (FC/ZFC) 

were performed in the temperature interval 10-275 K and are shown in Figure 

41c. Using the Neél-Brown equation            (    ⁄ )  ⁄  (see Superpara-

magnetism) and approximate values of the blocking temperatures  (i.e. the tem-

perature at which the ZFC and FC curves split), it is possible to derive values of 

the effective anisotropy. The estimated blocking temperatures (TB) for NC0-

Temperature-dependent susceptibility of bi- and monophasic nanocubes 
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NC120 and the corresponding effective anisotropies’ constants (Keff ) are shown 

in Table 10. 

 

Table 10: Estimated blocking temperatures (TB) and effective aniso-
tropies (Keff) for the nanocubes NC0-NC120, assuming Vcube = 233 nm3  

 NC0 NC10 NC30 NC60 NC120 

TB (K) > 275 270 265 255 240 

Keff (J/m3) >0.72× 104 0.71× 104 0.69× 104 0.67× 104 0.63× 104 

 

Here TB >> TN (≈200 K for Fe1-xO) for NC0-NC60, ruling out the contribution of 

exchange anisotropy, as it vanishes at the Néel temperature. For NC0-NC60, the 

derived effective anisotropy Keff is slightly higher than the magnetocrystalline 

anisotropy of Fe3O4, and in the case of NC120, it is intermediate of that Fe3O4 

and γ-Fe2O3 for (see Table 3). Although data is available, it is difficult to esti-

mate TB of a hypothetical single phase nanocube by interpolation using availa-

ble literature values for single-phase nanocubes. First, most measurements in 

the literature are conducted on powders or aggregated particles. In such cases, 

the dipolar interactions result in overestimates of TB. Second, the shape anisot-

ropy reduces the effective anisotropy of the nanocubes by ≈ 15% compared to 

nanospheres.105 For small particles (< 15 nm), the effective anisotropy is 

strongly influenced by a number of terms, including surface anisotropy. How-

ever, recent studies suggest that as the particle size increases, the effective 

anisotropy should converge towards the value of magnetocrystalline anisotro-

py of the bulk phase.81,193 Taking the shape-induced reduction (≈ 15%) of the 

effective anisotropy into account, it appears likely that there is a significant 

magnetoelastic contribution to the effective anisotropy constant for all the 

nanocube samples, as surface anisotropy is not expected to be significant for 

particles above 20 nm. Magnetoelastic contributions (i.e. strain anisotropy) 

could, in this case, result from both misfit interfaces (i.e. for NC0-NC30) and 

from APBs (for all samples, NC0-NC120). 

 

Collective magnetic properties of arrays of iron oxide 
nanoparticles 

 

In addition to the size-dependent material properties of many nanosized mate-

rials, interactions with neighboring particles give rise to so-called collective 

properties and can be, for example, optical (plasmon couplings)194 and magnet-

ic (dipolar couplings).195–197 The magnetic structure of nanoparticle arrays 

emerges as a result of the competition among a number of factors — the mag-
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netic anisotropy energy, the Zeeman energy (if Happ > 0), and the dipolar energy 

of the arrays. Moreover, the relaxation dynamics of the system are strongly 

influenced by the surrounding dipolar field, and relaxation rates in interacting 

systems are subsequently slower. 36,196,197
 

Comparative measurements were performed on the three nanosphere arrays 

that were described in Chapter II, and on a dilute dispersion (0.1 wt.% γ-Fe2O3). 

In order to measure the small magnetic moment of the thinnest array, the sen-

sitivity of a SQUID is required. Magnetization vs. field curves at 10K are shown 

in Figure 2 (Paper IV), and were adjusted for a small exchange bias field (6.4 

kA/m) present in the single-phase γ-Fe2O3 particles (originating from the pres-

ence of APBs in the nanospheres; see Exchange bias effects in bi- and single-

phase nanocubes). From the magnetization curves, it is observed that the rema-

nent magnetization (Mr) is smallest for the dispersion, followed, in order, by the 

thick array and the thinnest array. Dipolar interactions are at first approxima-

tion-negligible in the dispersion, and consequently the dilute dispersion should 

exhibit the flattest magnetization curve. Although the effects are quite small, 

the larger remanent magnetization of the nanoparticle arrays compared to the 

dispersion indicates the presence of ferromagnetic couplings in the arrays. 

More surprisingly, the remanent magnetization appears to decrease with the 

increasing thickness of the arrays.  

 

 

Figure 42: Magnetic characterization of nanoparticle arrays with differ-
ent nominal thicknesses. (a) Temperature-dependent magnetic suscepti-
bility for the nanosphere arrays and 0.1 wt.% nanosphere dispersion in an 
applied field of Happ= 0.4 kA/m. (b) Temperature-dependent magnetic sus-
ceptibility of the thin and thick arrays, composed of 12.2 nm cubes in an ap-
plied magnetic field, Happ = 0.8 kA/m. 

 

This was further investigated by temperature-dependent magnetic susceptibil-

ity measurements in a weak magnetic field, Happ= 0.4 kA/m (Figure 42a), which 

Thickness dependence of the magnetic susceptibility 
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supports the aforementioned pattern.  As expected, the dispersion displays the 

smallest susceptibility followed by the arrays in order of decreasing thickness. 

Note that the blocking temperature of the dispersion is slightly lower than that 

of the arrays (≈ 10 K), in line with previous observations by us (see Supplemen-

tary Information, Paper II) and others.35,198,199 The inverse of the field-cooled 

susceptibility was fitted to a mean-field model; 

 

    (    ( )[     ]
 
)  ( )[     ]

 
⁄  

 

where  ( )  (       ⁄ )  
 ( ) with α and    ( ) are the fit parameters. The 

temperature-dependence of the magnetization was accounted for by a Bloch-

type law i.e.   ( )     ( )[     ]. Values of the parameters β = 1.78 ± 0.02 

and B = 5.3 ± 0.6 · 10-6 K-1.78 were determined for the iron oxide nanospheres. 

The fitted mean-field constant α gives a measure of the dipolar interaction field 

(Hd) resulting from the surrounding nanocrystals i.e., Hd = αM. In essence, the 

magnitude and sign of the mean-field constant depend on the mean relative 

orientation of the neighboring nanoparticle spins in the arrays — α > 0 for fer-

romagnetic couplings and α < 0 for antiferromagnetic couplings. The experi-

mentally determined mean-field constants are given in Table 11. As can be 

seen, the average interaction is weakly antiferromagnetic in the dispersion 

(likely a result of small particle agglomerates).  In fact, the mean-field constant 

is positive for all the arrays, but decreases in magnitude as the thickness of the 

films increases. 

 

Table 11: Fitted and simulated values of the mean-field constant α for 
the dispersion and the three nanosphere arrays (Happ = 0.4 kA/m). 

Sample Fitted α No. of layers in MC 

simulation 

Simulated α 

Dispersion -0.0053 - -0.0007 

Thin array 0.045 3 0.0538(18) 

Medium array 0.036 6 0.0481(15) 

Thick array 0.020 30 0.0343(20) 

  Bulk -0.0313(18) 

 

Monte-Carlo (MC) simulations of the nanoparticle arrays were performed to 

provide a physical interpretation of the thickness-dependent magnetic suscep-

tibility effect (see Paper IV, and PhD thesis of B. Faure[201]).200 The simulations 

were carried out on an fcc array of particles with randomly oriented easy axes 

(as          during the assembly) by minimizing the Zeeman, dipolar, and 

anisotropy energies of the arrays. Proper input variables, i.e. magnetic anisot-

ropy and saturation magnetization of the nanospheres, in addition to accurate 

interparticle separation distances (in the ordered arrays), enabled the simula-

tions to predict a decrease in the tendency to form ferromagnetic couplings 
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with an increasing array thickness, as evidenced by the thickness dependence 

of the simulated values of α (shown in Table 11) in accordance with the exper-

imental trend. Interestingly, in the bulk limit, the simulations predict a negative 

mean-field constant. This 2D-to-3D transition was interpreted as a change in 

the orientation of magnetic vortex states in the ordered arrays, which tend to 

become more isotropic as the bulk limit is approached. Calculations on an infi-

nite fcc array of dipoles from which the magnetic anisotropy energy is omitted 

result in a ferromagnetic ground state.201 It should be noted that, in our case, 

the magnetic anisotropy of the particles prevents the formation of a long-range 

ordered ferromagnetic structure, as the magnetic moment of the particles tends 

to freeze along the direction of their easy axes. It would therefore be interesting 

to study systems in which a higher degree of crystal orientation is expected, as 

this should have a significant impact on the magnetic order of the arrays. 

Self-assembled mesocrystals composed of nanocubes were prepared by depos-

iting 6.25 µL dispersion droplets containing 0.4 and 2 µg FexOy/ L on 0.16 cm2 

Si wafers, thus equaling a sample mass of 2.5 and 12.5 µg respectively. The 

sample mass corresponds to solid slabs of iron oxide with thicknesses of ≈ 60 

nm (thin array) and 150 nm (thick array) respectively. The iron oxide nano-

crystals arranged themselves into ordered arrays and were characterized by 

GISAXS (not shown). Figure 42b demonstrates that the thickness-dependence 

of the magnetization thin and thick nanocube array follows the same pattern as 

in the case of nanospheres. 

 

 

Figure 43: Temperature-dependent magnetic susceptibility measure-
ments (ZFC/FC) of the thick-ordered nanocube arrays (9.6, 12.2 and 
13.4 nm). The graph show curves obtained in two different applied fields: 
Happ = 0.8 kA/m (filled symbols), and 8 kA/m (open symbols).  

Temperature-dependent magnetization measurements (FC/ZFC) are shown in 

Figure 43, for two different applied magnetic fields (Happ = 0.8 kA/m and 8 

kA/m). As expected, there is a clear variation of TB with the particle size (TB ≈ 

Particle-size effects in self-assembled arrays of iron oxide nanocubes 
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135, 155 and 195 K, for the arrays of 9.6, 12.2 and 13.4 nm). The magnetic sus-

ceptibility drops significantly as the magnetic field is increased from 0.8 to 8 

kA/m, which is logical given that     ⁄     . Secondly, the magnetic sus-

ceptibility varies significantly with the nanocube edge length. Indeed, this re-

flects an increasing tendency to form ferromagnetic couplings as a consequence 

of the increasingly larger magnitude and longer range of the dipolar interac-

tions in the nanocube arrays (for cubes: Udd ∝  6). This system provides interest-

ing opportunities to study the interplay between magnetic anisotropy energy 

and dipolar interactions in nanoparticle arrays, and will be the subject of future 

MC simulations. 
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5 Conclusions 

This thesis has explored the fabrication and characterization of self-assembled 

arrays of nanoparticles. Starting from the synthesis of the nanosized building 

blocks, I investigated the assembly and the structure of the corresponding ar-

rays, and evaluated some of their magnetic properties.  

 

In Chapter 2 the synthesis of iron oxide nanoparticles was explored, with a 

special emphasis on shape, size, and compositional control. It was demonstrat-

ed that the nanoparticle size and shape can be tuned to produce cubes and 

spheres with a narrow size distribution in the size range of 5-30 nm. HR-TEM 

was used to determine the particle shape, which was rationalized by a dimen-

sionless truncation parameter (τ). Furthermore, it was demonstrated by SAXS 

and TEM that the particles went through a change in shape after prolonged 

storage in a dispersed state, and exhibited larger truncation valuesThe topotax-

ial phase transformation of Fe1-xO|Fe3-δO4 core|shell nanocubes and the subse-

quent evolution of their microstructure were studied using a number of com-

plementary characterization techniques (i.e. PXRD, DF-TEM and GPA of HR-

TEM images). Defects in the form of misfit dislocation and anti-phase bounda-

ries were initially present in the nanocubes, but the former was eliminated 

during the oxidative elimination of the core. 

 

In Chapter 3, I explored the self-assembly of nanocubes and nanospheres and 

investigated the strong link between the structure of the self-assembled meso-

crystals and the shape of the building blocks. The mesocrystal packing habits 

could be elucidated by the combined use of SEM and GISAXS. The nanospheres 

were found to arrange themselves in a slightly distorted face-centered cubic 

(fcc) structure, whereas moderately truncated nanocubes crystallized into a 

lower symmetry body-centered tetragonal (bct) arrangement. The preference 

of the bct arrangement relative to the more intuitive simple cubic (sc) arrange-

ment was investigated by approximation of the cohesive Madelung vdW energy 

in the mesocrystals. A model based on the experimental findings i.e. the meso-

crystal unit cell parameters (GISAXS) and the particle size and shape (TEM) was 

derived. A transition from a sc to a bct arrangement was found as the truncation 

parameter (τ) of the nanocubes was increased. Moreover, the assembly cubes 

with a higher degree of truncation was studied with GISAXS. The arrangement 

of the highly truncated cubes was found to correspond to a fcc arrangement, 

but with a vastly larger unit cell than for nanospheres with a similar radius of 
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gyration. The occurrence of competing growth orientations in the mesocrystal 

gave rise to a commensurate superstructure, which could be identified by the 

observation of satellite reflections in the GISAXS patterns, along with undula-

tions in the mesocrystal top surface. The superstructure corresponds to an 

arrangement of stacking faults with a threefold periodicity relative to the fcc 

structure. Furthermore, I explored the effect of the application of a magnetic 

field on the self-assembly of monodpisperse nanocubes of different sizes. For 

small nanocubes (8.6 nm), I found that the application of a weak magnetic field 

improved the translational order in the arrays, whereas the application of a 

strong magnetic field gave rise to ferrohydrodynamic instabilities. Slightly larg-

er nanocubes (9.6 and 12.2 nm) form monodomain mesocrystals with a high 

degree of translational order even in zero-field. The application of a moderately 

strong magnetic field resulted in perturbed growth behavior and the formation 

of multidomain mesocrystals, where each domain corresponds to certain reori-

entations of the bct base structure. 

 

Chapter 4 described the magnetic characterization of the nanoparticles and 

their self-assembled arrays. The magnetic properties of a series of nanocubes 

with a varying degree of oxidation and various microstructures were investi-

gated with DC magnetometry. The exchange bias field resulting from the cou-

pling between the antiferromagnetic Fe1-xO core and the ferrimagnetic Fe3-δO4 

shell was found to be strongly dependent on the core dimensions. Moreover, it 

was demonstrated that the exchange bias field did not vanish upon elimination 

of the antiferromagnetic core. The persistence of anti-phase boundaries was 

found to be the origin of this anomalous exchange bias field, which, moreover, 

correlates to a reduced saturation magnetization of the nanoparticle core. The 

collective magnetic properties of ordered self-assembled arrays of nanospheres 

and nanocubes were investigated as a function of array thickness. Tempera-

ture-dependent magnetic susceptibility measurements showed that the mag-

netization of the films decreased with increasing film thickness. This was ra-

tionalized in a mean-field model and the analysis showed that the tendency to 

form ferromagnetic couplings decreased in the thicker films. Monte-Carlo simu-

lations of the ordered nanosphere arrays could reproduce these trends, and 

suggested that the 2D-to-3D crossover is driven by a change in the magnetic 

vortex states. Moreoever, the magnetic susceptibility of ordered films of 

nanocubes was found to not only be dependent on the nanocube edge length, 

but additionally on the film thickness.  
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6 Future work 

Naturally, there were many aspects of this thesis work that either stayed on 

the drawing table or did not make it all the way to the end.  A short sum-

mary of some of the ongoing work, as well as some ideas for future studies, 

are given below. 

 

 Time-resolved studies of mesocrystallization 

The time-resolved formation of mesocrystals has been studied with 

GISAXS in two separate synchrotron beam-times. As well, a method to 

monitor crystal mesocrystal growth by light microscopy using image 

analysis was developed as a side project in this thesis. This approach 

also allows simultaneous monitoring using a quartz crystal microbal-

ance (QCM). This combination could generate a wealth of information 

on crystal growth kinetics and the underlying physiochemical princi-

ples of mesocrystallization. Initial results demonstrate close similari-

ties between nanoparticle self-assembly and macromolecular crystalli-

zation. 

 Nanocrystal orientation effects and directional forces 

Some of the mesocrystals assembled in magnetic fields display com-

plex mesostructures (see Self-assembly in applied magnetic fields). The-

se have been investigated with GISAXS, but the analysis has proven dif-

ficult, perhaps due to the presence of a number of different growth ori-

entations and the occurrence of various superstructures. Hopefully, the 

analysis performed in the aforementioned chapter can provide a start-

ing point for further analysis. GIWAXS studies could provide a great 

deal of information regarding the crystallographic texture of these ma-

terials, and would help develop a more complete understanding of im-

portant magnetic interactions in the arrays. 

 Magnetic anisotropy and dynamics of mesocrystal films 

 The magnetic measurements in this thesis are performed parallel to 

the substrate plane. Because of the inherent anisotropy of the magnetic 

nanocubes (i.e. a non-uniform distribution of easy axes), it would be 

particularly interesting to study the magnetization (and magnetization 

dynamics) in different orientations relative to the substrate plane. The-

se measurements can be complemented with MC simulations. There 

are also ongoing investigations of the magnetic structure and the mag-

netization dynamics of the mesocrystals by POLSANS. 
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Popular summary 

Self-assembly is an interdisciplinary concept that in the field of materials sci-

ence refers to the spontaneous organization of small building blocks into large, 

ordered structures. The building blocks of self-assembled structures are typi-

cally small, well-defined particles, but can be made out of almost anything, in-

cluding metals, plastics, or bio-materials like viruses and proteins. Many of 

these materials exhibit very useful properties that can be carefully tuned by 

controlling the size and the shape of the particles. One example is nanoparticles 

made of a semiconducting material that can be made to fluoresce very brightly 

in different colors by changing their size. Other particles, like micron-sized 

silica particles, are quite mundane on their own, but can be transformed into a 

valuable and useful material (i.e. an opal) if they are brought together in an 

orderly fashion. In addition to well-defined building blocks, there must be some 

type of driving force for the assembly to take place. This can be, for instance, 

some type of attractive force, like the one between two electrical charges or the 

one between two magnetic rods aligned head-to-tail. In this thesis, I explore 

self-assembled materials composed of very small magnetic particles. The first 

part of this work is devoted to the design and fabrication of particles with suit-

able sizes and shapes. By changing the conditions under which the particles are 

being made, it is possible to make either round or cubic particles, and to tune 

their size to between five and 30 nanometers (a nanometer being a billionth of 

a meter). A so-called strain analysis method was used to map out defects in the 

particles’ inner atomic structure, which helped us to understand their magnetic 

properties better. The second part of the thesis is devoted to the investigation 

of the amazing structures that emerge when hundreds of millions of nanoparti-

cles are brought together under favorable conditions and form a mesocrystal. A 

special technique that employs a synchrotron light source enabled us to deter-

mine exactly how each particle is positioned in the structure. By carefully vary-

ing the particles’ shapes from spheres to cubes, it was possible to draw a num-

ber of conclusions regarding how the shape of the building blocks influences 

the structure of the mesocrystal. In the final part of the thesis, I investigated the 

magnetic properties of nanoparticles and the self-assembled meoscrystals, in 

order to make better use of them in future technological applications. I meas-

ured the magnetization of the nanoparticle films, and could show that the mag-

netic properties were strongly influenced by both the thickness of the films and 

the size of the nanoparticle building blocks. 
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Populärvetenskaplig sammanfattning 

Självorganisering är ett tvärvetenskapligt koncept som inom materialvetenskap 

syftar på en spontan organisering av små byggstenar så att de bildar stora 

ordnade strukturer. Byggstenarna i självorganiserade strukturer är oftast små 

partiklar med en mycket väldefinierad storlek och form, och kan i stort sett 

bestå av vilka material som helst: metaller, plaster eller bio-material såsom 

virus eller protein. Många nanopartiklar uppvisar mycket intressanta 

egenskaper som i stor utsträcking kan skräddarsys genom att ändra 

partiklarnas storlek och form. Ett exempel är nanopartiklar som består av 

halvledande material och hur dessa kan fås att fluoroscera starkt i olika färger 

genom att ändra partiklarnas storlek. Andra partiklar, som till exempel 

mikrometerstora kiseldioxidpartiklar förefaller tämligen ordinära i isolerat 

tillstånd, men kan transformeras till ett mycket användbart och värdefullt 

material (en opal) om de byggs ihop på ett kontrollerat sätt. Förutom 

väldefinierade byggstenar krävs även en bakomliggande kraft för att driva 

självorganiseringsprocessen. En sådan kan t.ex. vara den attraktiva kraft som  

finns mellan två elektriskt laddade partiklar eller mellan två magneter. I denna 

avhandling undersöks självorganiserade material bestående av väldigt små 

magnetiska partiklar. Första delen behandlar tillverkning och design av sådana 

partiklar med lämplig storlek och form. Genom tillverkningsprocessen kan man 

styra både partiklarnas form så att de blir antigen runda eller fyrkantiga, och 

även deras storlek så att de blir mellan 5 och 30 nanometer (en nanometer är 

en miljarddels meter!). En metod som kallas sträcknings-analys användes för 

skapa en karta av partiklarnas inre struktur och defekter, vilket ledde till en 

djupare förståelse av deras magnetiska egenskaper. Den andra delen av 

avhandlingen beskriver undersökningar av de fantastiska strukturer som bildas 

då de magnetiska partiklarna förs samman under gynnsamma förutsättningar 

och bildar en s.k. mesokristall. En mycket speciell metod som unyttjar en 

såkallad synkrotronljustråle användes för att med stor noggrannhet bestämma 

partiklarnas läge i strukturen. Genom att ändra partiklarnas form från sfäriska 

till kubiska, kunde vi sedan dra en rad viktiga slutsatser om de samband som 

råder mellan byggstenarnas form och mesokristallernas struktur. I 

avhandlingens sista del har de självorgansierade materialens magnetiska 

egenskaper studerats för att öka förståelsen för hur de kan komma att 

användas i framtida tillämpningar. Vi mätte magnetiseringen i tunna 

nanopartikelfilmer och kunde visa att deras magnetiska egenskaper i stor 

utsträckning beror på filmernas tjocklek, men även på byggstenarnas storlek. 
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