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Magnetiska vätskor i pålagda fält, studerat med
ljusspridning och mikroskopi
Anna Braesch-Andersen
Många material i nanometerskala har unika egenskaper på grund av sin storlek. Utvecklingen
av tekniker att skapa nanopartiklar har ökat intresset för dem i avancerade tillämpningar som
solenergi, elektronik och medicin. I det här projektet har vi studerat magnetiska nanopartiklar
i magnetiskt nollfällt och pålagda magnetfält med hjälp av optiska mätningar och mikroskop,
med syfte att undersöka om det kan användas som en metod att övervaka partiklarnas
beteende i pålagda magnetfält. Partiklarna består av järnoxiderna maghemit (gamma-Fe2O3)
och magnetit (Fe3O4) dispergerade i en bärarvätska. Maghemit och magnetit används i
tillämpningar som datalagring, magnetiska vätskor (ferrofluids, magnetoret)
och kontrastmedel i MRI (Magnetic Resonance Imaging). Både magnetit och maghemit är
biokompatibla. De går alltså att sätta in i kroppen utan att orsaka immunreaktion. Detta gör
dem intressanta för medicinska tillämpningar och de har studerats för bland annat
ytbehandling av inplantat och riktad transport av läkemedel i kroppen. När vi applicerar ett
fält linjerar partiklarna upp sig i fältets riktning och bildar kedjeliknande strukturer. I
mätningarna har vi tittat på diffus och direkt transmittans i ett försök koppla ljusspridningen
från partiklarna till deras storlek, partikelkoncentrationen och strukturerna formade i det
magnetiska fältet.
Vad händer när vi lägger på ett magnetfält? Magnetiska partiklar kan beskrivas som små
magnetiska dipoler. I frånvaro av magnetfält är partiklarna slumpmässigt orienterade.
Appliceras ett fält kommer partiklarna att vrida sig med sitt magnetiska moment längs med
fältet. Är fältet tillräckligt starkt kommer partiklarna bilda större strukturer, t.ex. långa kedjor,
som beror på fältets utseende och styrka. Magnetiskt skapade strukturer har studerats i
avseende att skapa material med anisotropa optiska och magnetiska egenskaper, samt tillverka
kanaler för molekylär separering.
Två olika typer av optiska mätningar gjordes i projektet. I den första försöksserien sveper vi
över ett större våglängdsområde och mäter total-, direkt- och diffus transmittans. Detta
gjordes utan pålagt magnetfält och för att få en första karaktärisering av partiklarna. I den
andra mätningen lyser vi på partikellösningen med ljus av en viss våglängd och mäter
transmittansen i olika vinklar med och utan magnetfält. När ljuset färdas genom vätskan
kommer en del av ljuset att träffa partiklarna och antingen absorberas eller spridas. Hur
mycket och på vilket sätt ljuset sprids beror på partiklarnas storlek och form, hur tätt de ligger
(koncentrationen), samt deras refraktionsindex relativt omgivningen.
Vid pålagt magnetfält bildade partiklarna stora (relativt partiklarna), långsmala strukturer
riktade längs med fältet. Strukturerna studerades med mikroskop. I mätresultaten syns
ändringar i ljusspridningen i pålagda magnetfält som en minskning i transmittans vid vinklar
omkring 3 - 5°. Detta är kopplat till formandet av de långsmala strukturerna och visar på att
mätningarna är ett möjligt sätt att övervaka partiklarna i pålagda magnetfält. I syfte att ge en
teoretisk beskrivning av ändringen i transmittansen beräknades ljusspridningen från en enda
långsmal struktur genom att approximera det som en oändlig cylinder. Modellen och

experimenten hade överlag svag överenstämmelse. Vi spekulerar i huruvida andra modeller
som tar hänsyn till att det finns många långsmala strukturer skulle kunna vara bättre, så som
multipelspridning, diffraktion och ljusspridning från partiklar som ligger nära varandra.
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Abbreviations
Ttot

Total transmittance

Treg

Regular transmittance (also called specular or direct transmittance)

Tdif

Diffuse transmittance

Rtot

Total reflectance

Rreg

Regular (or specular/direct) reflectance

Rdif

Diffuse reflectance

I0

Incident light

Is

Scattered light

θ

Angle of the scattered light with 0˚ in the direction of incident light

ф

Azimuthal angle of the scattered light
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1 INTRODUCTION
We will in this report examine optical responses of several colloidal dispersions of magnetic
nanoparticles under an applied a magnetic field. By doing this, we explore to what extent this could be
used as a method of monitoring the colloidal dispersions. When applying a magnetic field, the particles
will start to order into needle-like structures, changing the optical properties of the dispersion film.
The particles used in this project are magnetite, Fe3O4, and maghemite, γ-Fe2O3, nanoparticles with
sizes ranging from 5-250 nm.
Iron oxides are commonly occurring in nature, in earth, water and air as well as in animals and plants
[1]. One of the oldest uses by human hands was found in cave paintings such as Lascaux [2]. Today,
the applications of iron oxides have widened from pigments to including ore for iron and steel,
catalysts and chemical compounds in industry, magnetic recording and more. [1] Magnetite and
maghemite are important magnetic materials. Magnetite is black, has a saturation magnetization
MS=92-100 Am2kg-1, crystallizes in an inverse spinel structure with both Fe2+ and Fe3+. Electron
transitions between these oxidization states give magnetite semi metallic properties. Maghemite is
red-brown, MS=60-80 Am2kg-1 and has a defect spinel structure with cation vacancies to compensate
for the larger amount of Fe3+ (Figure 1.1). Both are ferrimagnetic at room temperature in their bulk
form. [1] Maghemite and magnetite also exhibit magnetooptical effects such as Faraday rotation [3],
[4]. Magnetooptical effects may be of interest for a more thorough modelling of the optical responses
of the particles, however, it will not be included in the scope of this project.
Developments in technology to make small particles with monodispersed size and structure have
brought maghemite and magnetite nanoparticles much attention. Applications in magnetic fluids
(ferrofluids), data storage, magnetorheological polishing, actuators [5] and biomedicine have been
investigated. In the latter field biomedicine, the iron oxides have gathered extra attention since they
are biocompatible and can be modified to have functional molecules on the surface [6]–[8]. Examples
of biomedical applications are labelling of proteins and bacteria, contrast agent in magnetic resonance
imaging (MRI), guided drug delivery and surface treatment of implants. [9], [10]

a)

b)

Figure 1.1. a) Maghemite (γ-Fe2O3) and b) magnetite (Fe3O4) minerals (pictures from Wikipedia
https://en.wikipedia.org/wiki/Maghemite and https://en.wikipedia.org/wiki/Magnetite )

Structure control of magnetic fluids using magnetic field have been studied for different applications.
Among them are fabrication of photonic crystals, microchannels for DNA/separation and materials to
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investigate dichroism and birefringence [10]. Linearly ordered structures exhibit both anisotropic
magnetic properties [5] and anisotropic light scattering. They will also absorb light differently
depending on the polarization angle of the incoming light [11].
The experimental part of the project is divided into two main parts. Firstly, the diffuse and specular
component of transmitted and reflected light has been measured in the wavelength range 300≤λ≤1100
nm. The results are compared to theoretical transmission and reflection calculated by Mie theory and
Kubelka-Munk approximation. This will give us a first characterization of the particle dispersions.
Secondly, angle dependent light scattering has been measured using Angle Resolved Spectrometry
(ARS) at λ=600 nm. The ARS measurements were performed at zero field and in applied magnetic field.
The measurements were then compared to each other and to calculations of angle dependent
scattering of a homogeneous infinite cylinder.

2 BACKGROUND
Light scattering from nanoparticles depend on the particle size. Particles larger than 100 nm in
diameter have a clear decrease in direct transmitted intensity due to scattering while 10 nm particles
hardly show any scattering at all even in highly concentrated colloids [11]. The commercial ferrofluid
EFH-1 used in this work is a good example of this. It has a particle size of about 5-10 nm and high
concentration of particles (≈ 8 vol%). The magnetite particles absorb light in the entire visible spectrum
which makes the dispersion very dark. Still, if you look through the dispersion and focus on an item at
the other side, details and edges will look sharp.
Nanosized particles have a strong tendency to agglomerate due to their high surface energy [11]. To
create stable colloidal dispersions, the nanoparticles are often modified with a surface layer. The
surface layer is designed to lower the attraction between the particles, or to even make them repel
each other [11], [12].

2.1 SUPERPARAMAGNETISM AND NEEDLE FORMATION
Below a critical radius, particles may only have one magnetic domain. If we narrow down the radius
even more we will enter the superparamagnetic regime. Here, the volume of the particle is so small
that the fluctuations in thermal energy are sufficient to produce rapid spontaneous changes in the
magnetization direction [1], [10], [13]. This causes the magnetic moments to be randomly oriented.
Consequently, such particles have no net magnetization (in zero field) averaged over longer
measurement times. Even particles larger than the superparamagnetic limit can exhibit
superparamagnetic characteristics if there are other means for the magnetic moment to
spontaneously flip, e.g. the spontaneous rotational diffusion of the dispersed particles [14].
The main interactions between particles are van der Waals forces and magnetic dipole interactions.
The van der Waals forces come into play when the particle surface are in close contact [12], [15]. In
relatively dilute dispersions (which we will consider our samples to be) the distances between the
particles is large and van der Waals attractions are very small. In a dispersion in zero-field, the particles
are randomly oriented due to superparamagnetic relaxation and Brownian motion. Each particle has
a magnetic moment which causes interaction between particles. When a magnetic field H is applied,
the particles will line up with their magnetic moment along the field (Figure 2.1). The particle moment
m for particle 1 can be written 𝒎𝟏 = 𝜇0 𝑉𝑃 𝑴 where M is the magnetization, VP the particle volume
2

and μ0 is the permeability of vacuum. The force, F12, exerted on a particle 2 from the neighbouring
particle 1 is
𝑭𝟏𝟐 =

3𝑚2 (1 − 3 cos 2 𝜃)
𝒓̂,
4𝜋𝜇0 𝑟 4

(1)

assuming the magnetic moment on both particles are the same and aligned along the external field H,
̂ , 𝒓 = 𝑟𝒓̂ is the vector connecting the two particles, m is the size of the
̂ = 𝑚𝑯
that is: 𝒎𝟏 = 𝒎𝟐 = 𝑚𝒎
̂ [14]. The magnetization M
magnetic moment of one particle and θ is the angle between 𝒓̂ and 𝑯
depends on the magnetic susceptibility and local magnetic field [12].
Repulsion

m

H

Attraction

H

H

Figure 2.1. Sketch of magnetic nanoparticle with magnetic moment m in an external field H. Dipole interactions causes the
particles to form chains along the field direction.

This causes the particles to interact in such a way that they start forming linear chains [16]–[18]. The
tip of the particles will attract each other and the sides repel as in Figure 2.1 [12], [14]. Unless the net
force between the particles is strong enough, the Brownian motion causes the lines to break. The force
between the particles is determined by the size of the magnetic field, particle size and concentration
(distance between particles). The strength of the force determines chain diameter, length and distance
between the particles. Time resolved studies has shown that the structure coarsen over time due to
thermal fluctuations and particle roughness, making the chains thicker [16], [17].

2.2 LIGHT SCATTERING THEORY
Light scattering simulations in this work was performed using Matlab programs based on the Mie
theory. Mie theory is a rigorous solution of Maxwell’s equations for scattering of an electromagnetic
plane wave by a homogeneous isotropic spheres in a non-absorbing medium [19]–[22]. It is named
after Gustav Mie (1868-1957) and his classic paper from 1908 where he first calculated the colour
change in spherical gold particles depending on the sphere radius using Maxwell’s equations [23], [24].
The Mie-theory is sometimes also called Lorenz-Mie theory or Lorenz-Mie-Debye theory after Ludvig
Lorenz and (1829-1891) and Peter Debye (1884-1966) for their contributions to the theory [23]. From
the Mie theory, one can calculate the scattering and absorption cross sections (Csca and Cabs), as well
as the amplitude and distribution of the scattered light described by the amplitude scattering matrix.
Csca and Cabs describes the energy scattered/absorbed by a particle as the amount of energy from the
incident light on an area Csca/Cabs. The amplitude scattering matrix gives the relation of the incident
light and scattered light as a function of scattering angle, θ, and azimuthal angle, φ. There are many
extensions and generalizations of the Mie solutions to include a wider range of particles, for example
infinite cylinders and magnetic spheres. Mie theory for magnetic particles is only relevant for
wavelengths in the infrared and microwave region [19]. For the simulations in this project, the particle
dispersions are thought to be dilute enough so that we can assume independent scattering. Since the
samples are thin, the most dilute samples may also be approximated as to have no multiple scattering.
3

The scattered intensity may then be calculated as the scattered intensity from a single particle times
the total number of particles present [20].
Two types of simulations were done. One is to evaluate the scattering from the chains described in
section 2.1. The chains are long compared to their diameter and are approximated as infinite cylinders
for simplicity. Angle resolved light scattering by a homogeneous infinite cylinder is calculated based on
rigorous solutions of Maxwell theory [20], [21]. Figure 2.2 shows a sketch of the cylinder with incident
and scattered light (I0 and Is). We will constrain the simulation to normally incident light and scattering
in the plane perpendicular to the cylinder axis (φ=90˚). If the Cartesian coordinate system is defined
so that the y-axis is along the cylinder axis, z-axis is in the propagation of incident light then the
scattered light will be in the xz-plane. Intensity of the scattered light then depends on the distance
from the scattering point, r, and the scattering angle, θ. θ is defined so that θ=0˚ in the direction of the
incident light.
y

𝜙

x
̂ − sin 𝜃 𝒛̂)
𝐼𝑠 (cos 𝜃 𝒙

𝐼0 𝒛̂

z

𝜃

Figure 2.2. Infinite cylinder with normally incident light, I0, and scattered light Is in the xz-plane.

From the simulations, we obtain the amplitude scattering matrix T,
𝑇(𝜃) = (

𝑇1 (𝜃) 𝑇4 (𝜃)
).
𝑇3 (𝜃) 𝑇2 (𝜃)

(2)

The amplitude scattering matrix describes the relation between the electric field of the incident light,
𝐸∥,𝑖
𝐸∥,𝑠
(
), and of the scattered light, (
), parallel and perpendicular to the plane defined by the light
𝐸⊥,𝑖
𝐸⊥,𝑠
propagation and cylinder axis. If incidence is perpendicular to the cylinder axis, we have that 𝑇3 = 𝑇4 =
0 . We calculate the scattered intensity for a single cylinder perpendicular polarization, 𝐼𝐶𝑦𝑙,⊥ ,
respectively parallel polarization, 𝐼𝐶𝑦𝑙,∥ , by
𝐼𝐶𝑦𝑙,⊥ =

2|𝑇2 (𝜃)|2
𝐼0 ,
𝜋𝑟𝑘

(3)

𝐼𝐶𝑦𝑙,∥ =

2|𝑇1 (𝜃)|2
𝐼0 ,
𝜋𝑟𝑘

(4)

4

where r is the distance from the cylinder axis at the point of incident light (origo in Figure 2.2) to the
detector and 𝑘 =

2𝜋
𝜆

with λ being the wavelength. Since we are using unpolarised light the total

intensity is calculated as 𝐼 =

𝐼⊥ +𝐼∥
,
2

and we obtain

𝐼𝑐𝑦𝑙 =

(|𝑇1 (𝜃)|2 + |𝑇2 (𝜃)|2 )
𝐼0 .
𝜋𝑟𝑘

(5)

The other simulation is for multiple scattering of spherical particles and is based on Mie-theory and
Kubelka-Munk approximation. Kubelka-Munk approximation is a two-flux model for diffuse light
scattering in a slab and was introduced by Paul Kubelka and Franz Munk 1931 [25]. It is often used to
evaluate scattering and absorption coefficients, S and K, by fitting theory to experimental data.
Scattering and absorption coefficients describe detailed optical performance of light scattering media
[26], [27]. In our case, we will combine Kubelka-Munk approximations with Mie-theory to theoretically
calculate values for total transmittance and reflectance (Ttot and Rtot). In Kubelka-Munk, the sample is
approximated to a slab with thickness d, on a “background” or substrate with diffuse reflectance Rg
and the light partitioned into forward and backward diffuse fluxes [22]. An extension to the theory
includes illumination by collimated light using the Saunderson correction [26].
In this simulation, we will approximate the particles in our dispersions to be spherical and
homogeneous. From Mie-simulations we obtain scattering cross sections Csca, and Cabs. The intrinsic
scattering and absorption coefficient per unit length, s and k, are calculated as [28]
𝑠=

𝑓𝐶𝑠𝑐𝑎
,
𝑉𝑃

(6)

𝑓𝐶𝑎𝑏𝑠
(7)
,
𝑉𝑃
with f being the volume fraction and VP the volume of a particle calculated as a sphere with radius a:
𝑘=

𝑉𝑃 =

4𝜋𝑎 3
.
3

The corresponding effective scattering and absorption coefficient used in the Kubelka-

Munk simulation, S and K, is [26]
𝑆 = 2𝑠(1 − 𝜁),

(8)

𝐾 = 2𝑘,

(9)

where 𝜁 denotes the forward to total scattering ratio. The factor 2 occurs from assuming isotropic
fluxes (completely diffuse light). The calculations of the extended Kubelka-Munk approximation
follows the description given in [27]. The Kubelka-Munk approximation of transmittance and
reflectance, TKM and RKM, is
𝑇𝐾𝑀 =

𝑏(1 − 𝑅𝑔 )
(𝑎 − 𝑅𝑔 ) sinh 𝑏𝑆𝑑 + 𝑏 cosh 𝑏𝑆𝑑

𝑅𝐾𝑀 =

1 − 𝑅𝑔 (𝑎 − 𝑏 coth 𝑏𝑆𝑑)
,
𝑎 − 𝑅𝑔 + 𝑏 coth 𝑏𝑆𝑑

,

(10)

(11)
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where
𝑎 =1+

𝐾
,
𝑆
1⁄
2

𝑏 = (𝑎2 − 1)

(12)
(13)

,

and Rg is the reflectance from the back surface. To this we add the Saunderson correction to take into
account the front surface and obtain total transmittance and reflectance
𝑇𝐾𝑀𝑆 =

𝑅𝐾𝑀𝑆 = 𝑅𝑐 +

(1 − 𝑅𝑐 )𝑇𝐾𝑀
,
1 − 𝑅𝑗 𝑅𝐾𝑀

(1 − 𝑅𝑐 )(1 − 𝑅𝑗 )𝑅𝐾𝑀
1 − 𝑅𝑗 𝑅𝐾𝑀

(14)

(15)

.

Rc is the collimated reflectance at the front surface from the outside and Rj is the reflectance of the
diffuse light on the front surface from inside the slab.

3 MATERIALS
3.1 ABOUT THE PARTICLES USED IN THIS PROJECT
A summation of the sample solutions is listed in Table 1. In the following chapter, we will briefly
introduce the sample solutions used in this work and their main features. All particles will be
approximated to be spherical even though real particles seldom are completely spherical as can be
seen in the TEM (Transmittance Electron Microscopy) images in Figure 3.1 and Figure 3.2. This is to be
able to approximate Mie scattering. Particle sizes are therefore described as diameter.
Table 1. Summary of brand, solvent, coating and particle concentration of the samples.

Name
Brand
Ferrofluid EFH1 Ferrotec
Corporation

Solvent
Dispersant,
distillates
(petroleum)

Coating
Surfactant

Concentration
≈8 vol% (160780 mg/ml)

“Trade
secret”

”Trade secret”
Feraspin R
BNF-80 (MM)

Nanomag D

nanoPET Pharma
GmbH
micromod
Partikeltechnologie
GmbH
micromod
Partikeltechnologie
GmbH

H2O

5 mg/ml

H2O

Carboxydext
ran
Starch

H2O

Dextran

75 mg/ml

8 mg/ml

6

3.1.1 EFH1
EFH1 from Ferrotec Co. is a commercially available ferrofluid for educational purposes. Details about
the fluid could not be obtained from Ferrotec, referring to “trade secret”. From the safety sheet, we
know that the solvent is an organic mix of a dispersant and a “hydrotreated petroleum”, and that the
particles are magnetite. Magnetite nanoparticles are commonly manufactured by co-precipitation
which is a fast and simple method but with relatively low control of particle size. Noginova et al [29]
did measurement which indicates particle sizes of 2-7 nm in diameter. The solvent used for the sample
had very low viscosity even in very narrow spaces, indicating low surface tension and low wettability
to glass. This gave the particles high mobility compared to the other samples.
3.1.2 Feraspin R
Feraspin R is a commercial sample from nanoPET Pharma GmbH with maghemite particles coated in
carboxydextran and dispersed in water. From the product data sheet we have that the particle size is
10-90 nm and Lawaczeck et al measured the maghemite core to be about 4 nm and the mean
hydrodynamic size to 57-59 nm [30]. These values agree with asymmetric field-flow fraction (AF4)
fractograms shown in Figure 3.3. In AF4, the particle dispersion is pushed through a narrow channel.
Depending on diffusion (Brownian motion) and laminar flow, particles with small hydrodynamic
diameter will reach the end of the channel faster. The relative concentration is obtained by measuring
the refractive index of the dispersion which will differ from the refractive index of the solvent
depending on particle concentration. Fractogram of Feraspin R indicates a size distribution with large
amounts of particles around 10 nm and then a flatter distribution over 25 to 90 nm.

Figure 3.1. TEM image of FeraSpin R
particle, image supplied from personal
contact.

3.1.3 BNF-80 and Nanomag D
The two samples from Micromod are particles suspended in water. The particles are mostly magnetite
with traces of maghemite. BNF-80 has particles with a magnetic core of 80 nm in diameter and
Nanomag D have particles with 250 nm in diameter. The particle cores shown in Figure 3.2 are made
from clusters of smaller crystals. The hydrodynamic size measured by AF4 in Figure 3.3 shows a size
distribution concentrated around 150 nm for BNF-80. This is thought to be the full particle size with
starch coating.

7

a)

b)

Figure 3.2. a) TEM image of BNF-80
particle and b) dark field TEM imagae
of Nanomag D, images supplied from
personal contact.

Figure 3.3. AF4 measurements on FeraSpin R and BNF-80 done by SOLVE Research. The y-axis is the normalized refractive
index of the fractioned dispersion and x-axis is the hydrodynamic diameter. The BNF-80 sample was measured 2 years
after acquirement.

3.2 CHOICE OF MAGNET
How magnetic particles react to an external magnetic field depends much on its strength and
homogeneity [31]. To create and study ordered structures of the magnetic nanoparticles, the external
field needs to be sufficiently large to overcome the thermal fluctuations in the fluid. Further, we want
to avoid field gradients since this will exert a net force on the particles and create a concentration
gradient in the solution. As criteria, we sought to make a magnet that would generate a homogeneous
field of 0.1 T in a sufficiently large area. The minimum area needed in our case corresponds to the area
of the light spot in our measurements, about 8×8 mm.
In this study, we used a circular Halbach array, or Halbach cylinder. It is a circular arrangement of
permanent magnetic cubes which generate a homogeneous field in positive y-direction in Figure 3.4
and allows for strong fields depending on the strength of the magnetic blocks used [13], [32], [33]. It
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is also possible to combine two Halbach cylinders to create fields with varied strength if the magnets
are of good quality and the magnetization in the magnets are not affected by an outer field [13], [33].
This design proved to be too complicated to realize in this study; however, a variable field allows for
better control and should be considered for future studies.
The magnet was bought from Gyroscope.com and is a Circular Halbach Array Kit commercially available.
It has similarities with the Halbach-array described in the article by Raich and Bümler [32] but with the
magnets here are placed radially along the circle as in Figure 3.4. The magnets are cubic neodymium
magnets of grade N40 with side length 6.35 mm. They are place in an aluminium holder with an inner
diameter of 24.5 mm and outer diameter of 46.5 mm.

y
x

Figure 3.4. To the left a sketch of the Halbach circle and right a photo of it with arrows to show magnetization
direction painted on the magnets.

Usage of Helmholtz coils was also considered. Helmholtz coils can generate a homogenous field over
a large volume and since it is an electromagnet, the field strength could easily be varied by adjusting
the input current [34], [35]. However, to obtain 0.1 T, the required coil dimensions were not possible
and the idea of using permanent magnets came up as an alternative. Chain formation in magnetic
fluids using magnets has been investigated previously. Rablau and Vaishnava studied particles of
around 6 nm in diameter suspended in water. They used Helmholtz coils that could generate magnetic
fields up to 0.04 T and saw results of chain formation by scattering pattern of transmitted light at 632.8
nm. Martin et al used fields as small as 5 mT, but with much larger particles [17]. Larger particles will
have a larger magnetic dipole moment and will therefore easier form chains. Neodymium magnets
have been used by Zhang, Lalatonne and Ge but none of them utilized a Halbach setup. Zhang et al
used a neodymium magnet and applied 0.15 T to a dispersion of 120-190 nm particles which led to a
formation of 2D structures [36], Lalatonne et al used field values as high as 0.59 T for chain formation
of 10 nm particles [15] and Ge et al varied the field with 9-35 mT by changing the distance to the
magnet to create photonic crystals of different colours with 120 nm particles [37].
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4 EXPERIMENTAL METHODS
4.1 SAMPLE PREPARATION
To facilitate the optical measurements, the samples should be thin enough to let the light through and
broad enough to cover the light spot in the different instruments. A film was made by sandwiching the
nanoparticle dispersion between two 76x26 mm microscope slides and sealing with glue. To control
the thickness, either aluminium foil or a tape was used as spacer. The aluminium foil is 0.015 mm and
the tape 0.05 mm. An example of a sample can be seen in Figure 4.1.
In fact, the actual preparation was one of the bigger challenges in this project. One of the practical
challenges was to eliminate bubbles in an area large enough to perform measurements on. Bubbles as
well as dust particles are contaminations that will scatter the light and produces errors in the resulting
measurements. Secondly, evaporation and sedimentation of the dispersion must be avoided. Most
measurements are done days after the sample is made. And some measurements like the Angle
Resolved Spectrometry (ARS) can take up to three hours at a time to do. It is important that there are
no major changes to the samples during and/or between the measurements. It was considered to buy
thin cuvettes for better consistency and facilitate sample preparation, but since most of the samples
would have to fit in the magnet this idea was later discarded.

Glass microscope slide
Spacer

Nanoparticle dispersion

Glue

Figure 4.1. Left is a sample example with aluminium foil spacers and PVP glue. The nanoparticle solution here is FeraSpin R
with mostly maghemite which gives the yellow/brown colour. Right is a sketch of the same sample from the side to visualize
that the solution, spacers and glue is sandwiched between two glass slides.

4.1.1 Samples for measurements with magnet
To fit the samples in the magnet arrangement they had to be made smaller. The microscope slides
were cut into 17x17 mm pieces. Because of the smaller size, it was critical that the particle dispersion
covered as much area as possible. For the water based solutions a mix called “Valap” (vaseline and
lanoline) was used as a glue and sealing. To further prevent the glass from sliding and the solution from
evaporating, parafilm was used to cover the edges. An example of such sample is shown in Figure 4.2.
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Figure 4.2. Smaller sample with FeraSpin R. It has tape as spacer and fat for sealing and is wrapped in parafilm.

Sample preparation used in this project, step by step:
1) Cut glass slides (if necessary)
2) Clean the slides, preferably with lab tissues that do not dust and ethanol to remove any fat
on the surface. Both fat and dust particles are contaminations that can cause bubbles and
unwanted light scattering.
3) Cut and place the spacers on one of the slides.
4) After checking that the surface still is clean we apply a thin layer of glue or fat along the
edges and drop about 10 μl (depending on sample size) of the nanoparticle solution on the
glass. One or two sides are left open (without glue/fat) to let excess dispersion drip off.
5) Check that the other slide looks clean and free from dust before placing it on top of the
first.
6) Press the slides together firmly. If the sample looks good, we seal the open end(s). If it does
not, we discard it or try to fix it. Usually it is bubbles in the sample that causes problems.
In the water based samples bubbles are very hard to remove once they are formed.
7) If the sample is sealed with fat instead of PVP we apply parafilm on the sides. This is good
both to prevent evaporation, to keep the slides in place and prevent smudging from the
fat. Samples were stored at 8 ˚C except during measurements.

4.2 CALIBRATION/THICKNESS MEASUREMENTS IN OPTICAL MICROSCOPE
An Olympus BX60 light optical microscope with a camera attached was used to measure the film
thicknesses and sizes of the needle formations in the solution. Observation of the needle formation
process was also performed. Images of the glass slide and iPhone 5 pixels were used to calibrate the
image magnification, giving a value (mm/pixel) using the 4×, 10× and 20× objective. At 4× objective the
scale was 1.31 µm/pixel. To translate this value to 50× objective we assume linear relation and
calculate

4
×1.31
50

= 0.105 µm/pixel. This linear relation between different objectives agreed well

also for the or 10× and 20× objectives. Analysis of the images was performed in ImageJ
(https://imagej.nih.gov/).
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To determine the film thickness, an image of the side of the sample was taken using a 4× objective.
The thickness was taken by measuring the gap between the glass slides marked in Figure 4.3.
Observation of needle formation in applied magnetic field was performed using a 10× objective.
Images were taken at time intervals of 0 min (zero-field), 1 min, 5 min, 10 min, 30 min, 60 min and 120
min after applying the magnetic field. The dimensions of the needles were measured using a 50×
objective.

Film thickness
Glass substrate (1mm)

Figure 4.3. Example of an image used to determine the sample thickness.
The image is a sample taken from the side in microscope at 4x magnification.
This is the sample BNF80-1 and had thickness of 50 μm.

4.3 SCATTERING SIMULATION
Simulations were performed for multiple scattering using the Kubelka-Munk approximation and
analytical calculations for the angle dependent scattering have been done. For the simulations, several
simplifications have been made. All particles have been approximated to be spherical. We have
assumed independent scattering which is a relatively good approximation for d>>a, with d being the
distance between two nearby particles and a the particle radius. We have not considered any
agglomeration that might be. Neither have we included any corrections for particles with coatings.
Since the coatings are organic, they should have a refractive index close to the solvents and will not
contribute much to the scattering. The particle sizes used were the core diameter. Refractive index
was set equal to that of the dominating magnetic material in the particle core. Refractive index was
derived from Hashimoto et al for maghemite for 500<λ<1000 nm [38] and from Goossens et al for
magnetite, 300<λ<1200 nm [39]).
4.3.1 Kubelka-Munk simulation
The Mie-calculations for a homogeneous sphere were reworked from the code in Bohren and Huffman
[21] for Matlab and inputted as a function to obtain Csca and Cabs for Kubelka-Munk approximation as
described in 2.2. In the Kubelka-Munk approximation the sample is approximated as a slab and we
neglect all reflectance that might be on internal interfaces between glass and solution. It is a
reasonable approximation since the refractive indices of water and glass in similar (1.3 and 1.5). Rg is
the reflectance from the back surface of the sample, which in our case corresponds to the glass-to-air
interface. Reflectance on glass and air interface for collimated light with normal incidence is set to 0.04
and for diffuse light set to 0.6 [27]. Rg should be a value in between 0.04 and 0.6. Since most of our
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samples proved to be very specular, Rg was set to the same value as collimated light, 0.04. The
collimated reflectance on the front surface Rc=0.04 and the diffuse reflectance on the front surface
from inside the particle Rj=0.6. Except for refractive index, simulation also requires film thickness,
volume fraction and particle radius. Film thickness was measured as described in 4.2 and is tabulated
in Table 2.
4.3.2 MatScat
MatScat is a scattering simulation program created by Jan-Patrick Schäfer [40][41]. It has calculations
for a single sphere/cylinder [21], multiple spheres/cylinders [41], [42] and stratified sphere/cylinder
[21], [43] . In the current work, only the simulations of single particles were used. In these simulations,
we ignore possible multiple scattering. This is a reasonable approximation for thin samples with small
particles and low scattering. For particle dispersions like Nanomag D with large scattering particles, it
is less suitable. Both the solution for a homogenous sphere (Mie theory) and homogenous infinite
cylinder are rigorous solutions for Maxwell’s equations and gives the amplitude matrix as a function of
scattering angle. For simplicity, we consider the sample as a slab (as in the Kubelka-Munk simulation)
and ignore any multiple reflectance effects. Exiting the sample, the scattered light will transmit through
the back of the sample which is a glass-to-air interface. The angle for the light scattered leaving the
sample is calculated using Snell’s law.
𝜃𝑎𝑖𝑟 = sin−1 (

𝑛𝑔𝑙𝑎𝑠𝑠
sin(𝜃𝑔𝑙𝑎𝑠𝑠 )) .
𝑛𝑎𝑖𝑟

(16)

At 41.8˚ we have total reflection of the light leaving the sample. All light scattered to angles above
41.8˚ are reflected back into the sample. We neglect multiple reflections

4.4 SIMULATING THE MAGNETIC FIELD
To investigate the field strength and homogeneity we did a simulation using Comsol Multiphysics 5.2a
(https://www.comsol.com/). Settings used in Comsol mostly follows the example “Static field
modelling of a Halbach Rotor” from the Comsol library (https://www.comsol.com/model/static-fieldmodeling-of-a-halbach-rotor-14369). A 2D drawing of the magnets’ configuration was scripted in
Draftsight, (https://www.3ds.com/products-services/draftsight-cad-software/) using the equations by
Raich and Bümler [32]. Figure 3.4 represents a sketch of the 2D layout.
Comsol simulations were done in 3D. The Physics was set to Magnetic Fields (mf) and Study was set to
Stationary. The 2D-drawing was imported onto the xy-plane. The 2D-drawing was extruded in zdirection to half the height of the magnet, and in results mirrored along the xy-plane to allow less
calculation (faster simulation). Resulting 3D-model is centred so that (x,y,z)=(0,0,0) is exactly in the
middle of the magnet (further efficiency can be obtained by mirroring the magnet along the yz-plane
as well, but it was not necessary for this application). Material parameters for the magnets were set
to conductivity σ=1.5 S/m, relative permeability μr=1.05 and relative permittivity εr=1. Built in materials
“Air” and “Aluminium” were used for the surrounding medium and holder. Amperes Law was applied
to the magnets specifying the remanent flux density Br which was set to 1.3 T. Mesh size was set to
“Finer” with maximal element size customized to 0.002 and built with Free Tetrahedral. Magnetic flux
density is visualized by colour and arrow-plot of the xy-plane and a 1D-plot showing the change in
magnetic flux density along the x-axis and y-axis inside the circle. Experimental measurements using a
Hall probe (HU-ST1-184605, Magnet Physik) to get an idea of the field strength were done as well for
a qualitative comparison. Results are presented in 5.3.
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4.5 TRANSMITTANCE AND REFLECTANCE MEASUREMENTS BY SPECTROPHOTOMETRY
Total and diffuse transmittance and total and diffuse reflectance were measured using Perkin Elmer
Lambda900 spectrophotometer with an integrating sphere. These measurements provide a basic
understanding of the samples optical profile and with appropriate models can be used to characterize
the samples by scattering intensities and absorption. Figure 4.4 shows a schematic sketch of the sphere.
It has a transmittance port in the front, a reflectance port in the back and a third port to let the specular
reflected light out. The inside of the integrating sphere is covered in a white diffuse material. A
reference plate with a white diffuse material is used for reference measurement with 100%
transmittance (no sample). The light transmitted through the transmittance port will reflect on the
reference and the inside walls of the sphere until it hits the detector. The detector is placed at the floor
of the sphere.
For the total transmittance, the sample is placed at the entrance to the integrating sphere
(transmittance port). The reference plate is placed at the reflectance port. By replacing the reference
plate with a cone with a black absorbing surface, we may measure the diffuse transmittance.
Reflectance is measured by placing the sample behind the reflectance port and put the absorbing cone
behind it. Diffuse reflectance is measured by opening the exit port for specular reflectance.
b) Diffuse Reflectance

a) Total Transmittance
Sample

Reference
plate

Absorbing
cone

Treg
Tdif

Rdif
Detector

Figure 4.4. Schematic sketch of the integrating sphere as seen a) from the side and b) from the top
with setup for measuring total transmittance and diffuse reflectance respectively.

Measurements were done for 300-1100 nm with a step size of 5 nm. Corrections are made for the
reflectance of the reference plate and absorbing cone. [44], [45]

4.6 ANGLE RESOLVED SPECTROMETRY
The ARS setup consists of a light source with a monochromator, an aluminium mirror to direct the light,
a sample holder centred on a semi-circular table and a detector that is displaceable along the table
edge. Figure 4.5 shows a sketch of the setup. The light source is a 250 W tungsten-halogen lamp and
monochromator SP-401 from Acton Research. The aluminium mirror is from Optical Surfaces Ltd. and
the detector is a silicon diode.[46], [47]
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z
Light source with monochromator
x

Sample

Detector

Mirror

0˚

180˚

90˚
Figure 4.5. ARS setup, the arrows indicate light direction and the dotted arrows indicate scattered light.
The detector Is fixed with an arm from the sample and can be moved from -10˚ to 180˚ in the xz-plane.

Transmittance measurements were performed at 600nm wavelength, first at zero-field and then at 0.1
T. Figure 4.6 shows a sample placed in the magnet with a plastic holder. The holder was designed and
3D-printed in to hold the sample in place in the middle of the magnet during the measurements. The
magnetic field is in positive y-direction and in the ARS-measurements the light will travel along the zdirection. The sample was placed in the magnet at least 15 minutes prior to ARS measurement to allow
the structures time to stabilize.
y
x

Figure 4.6. A sample of EFH1 placed inside the magnet with a plastic sample holder.

Many of the samples have very low amount of diffuse transmittance. This means that most transmitted
light will be regularly transmitted and the intensity is centred at 0˚. If the values for transmittance
should be comparable it is important that the Treg is properly measured. Regular transmittance was
measured for -2˚<θ<2˚ with a step size of 0.25˚. At higher angles the step size is gradually increased,
after 20˚<θ<90˚ the step size was 10˚.
All particles in this study did to some degree migrate toward the sample edges where the field is larger,
as they were placed in the magnet. But while dispersions with smaller particles like the EFH-1 hardly
had any colour shift, larger particles clearly gathered at the borders of the sample and left a less
saturated solution in the middle. The phenomenon was particularly extreme for the sample with
particles from Nanomag D (sample denotation ND250-1, see Table 2), as can be seen in Figure 4.7,
leaving it unsuitable for further measurements. This did not happen for the thinner sample on which
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the needle size measurements were done. It is likely that the thickness of the samples largely affect
the mobility of the particles, possibly due to the higher viscosity of water in thin spaces. Similar, but
not as extreme phenomena can be seen to happen in other samples as well and will be described in
5.5.2.
a)

b)

Figure 4.7. The sample of Nanomag D (ND250-1) used for ARS a) before and b) after applying the magnet.

5 RESULTS
In this section, the results are summarized with additional discussion sections were the author has felt
the need for it. The results are divided into the sections; 5.1 presentation of samples, 5.2
spectrophotometric measurements with Kubelka-Munk simulations, 5.3 characterization of the
magnetic field by the Halbach circle, 5.4 needle formation, 5.5 ARS measurements and angle resolved
scattering simulations.

5.1 OVERVIEW OF THE SAMPLES
All samples used in this project are presented in Table 2 and Figure 9.1. Table 2 introduces the
notations for each prepared sample that will be used hereafter, as well as measured film thickness,
materials for sample preparation and what experimental characterization that was performed.
Table 2. Prepared samples with notations, values of particle size, volume fraction and film thickness used in the simulations,
preparation and experimentation details. Particle dispersions are presented with higher detail in section 3.1.

Particle
dispersion

Denotation

Reference
(deionized
water)
Ferrofluid
EFH-1

H2O

BNF-80

Particle
Volume Thickness
diameter, fraction, (µm)
2a (nm)
f
84

Glue/Spacer

SpectroARS
photometer

PVP/Tape
x

EFH1-1

6

0.08

24

PVP/Al
x

EFH1-2
EFH1-3
BNF80-1
BNF80-2

6
6
80
80

0.08
0.08
0.0015
0.0015

22
47
50
34

PVP/Al
PVP/Al
PVP/Al
Valap/Tape

x
x

x
x
x
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FeraSpin R
Nanomag
D

FS-1
FS-2
ND250-1

4
4
250

0.001
0.001
0.011

55
56
34

PVP/Al
Valap/Tape
Valap/Al

x
x
x

x

The high concentration of magnetite particles in the ferrofluid makes it very dark. To allow some
amount of transmittance, the spacer was changed from tape (≈50 µm) to aluminium foil (15 µm). EFH1
has an organic solvent which proved to be a lot easier to use when making the samples since it did not
stick to the surface and flowed smoothly even in thin spaces, likely due to low surface tension (and
high amount of dispersant, ≈20 vol%) compared to the water based dispersions.
Notably, we can also see that the film thicknesses are subject to independent variations, even when
the same spacer was used. These variations are likely due to glue between the spacer and the glass.
Some extra thin samples were made to better observe the needle formations in the solution. An
example of a thin sample with BNF-80 solution can be seen in Figure 9.1 j) in appendix.

5.2 TRANSMITTANCE AND REFLECTANCE MEASUREMENTS BY SPECTROPHOTOMETRY
Reference measurements on the sample with deionized water are shown in Figure 5.1. The diffuse
component caused by scattered light is very small, about 0.6 %, in both transmittance and reflectance.
We might consider this as an offset for the spectrophotometer measurements; some scattering due
to the glass, i.e. resulting from roughness or contamination, and remaining dust in the water. The
intensity drops at 350 nm due to absorption in the glass [47].

H2O

H2O

Figure 5.1 Referencce measurements with sample H20. The diffuse component is very small since we do not have any particles.
Some diffuse scattering can be caused by the glass surface due to roughness or contamination.

Figure 5.2 shows the transmittance measurements of six samples with different particle dispersions.
Starting with BNF80-1, there is slight light scattering with a maximum around a wavelength of 430 nm.
Magnetite is absorbing in the whole wavelength area contributing to the overall lower intensity
compared to the reference. Reflectance spectrum of BNF80-1 in Figure 5.3 also shows an overall lower
intensity with a maximum for diffuse reflectance around 430 nm.
Continuing on to the FeraSpin R samples FS-1 and FS-2, the transmittance is almost equally high as the
water sample until we approach the band gap value of maghemite, around 610 nm (2.03 eV [1]). FS-1
has a low diffuse transmittance and reflectance, indicating almost no scattering by the particles. It is
explained by the particle sizes. Most of the particles in FeraSpin R have a diameter around 10 nm.
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Scattering by such small particles is very limited. Larger particles, around 90 nm, are present in the
solution as well but in much lower concentration. FS-2 has an increased diffuse transmittance. It is not
clear why there is a difference between FS-1 and FS-2. To some extent, it might also be caused by
contamination on the glass surface. The diffuse component does not seem to have any wavelength
dependence as in BNF-80-1 and ND250-1, supporting the idea that there is something with the sample
or measuring causing the scattering, and not the particles.
EFH1 samples are highly absorbing due to the high particle concentration. Even though there are many
particles the diffuse component is negligible because of the small particle size. The reflectance of EFH11 is very close to 0.04, which is the reflectance of glass at normal incidence, indicating that most light
that is not reflected at the first interface is transmitted or absorbed.
ND250-1 has a maximum transmittance of about 0.5 at λ=850 nm. All samples with Fe3O4 particles had
a maximum transmittance peak around 800 nm that seems to blue shift with decreasing particle size.
ND250-1 shows a clear amount of diffuse transmittance with a peak around λ=700 nm wavelength.
The larger particle size and relatively high concentration are the main reasons.
The calculated values in Figure 5.2 and Figure 5.3 are based on Kubelka-Munk approximation and Miescattering. In general, the simulations for dispersions with magnetite show a higher absorption than
the experimental values. Especially little agreement between simulated and measured values are
found in EFH1 which is a sample with high absorption and low scattering. BNF-80 and Nanomag D both
have mostly Fe3O4 but with some amount of γ-Fe2O3. Refractive index for Fe3O4 was used in the
simulations. γ-Fe2O3 have less absorption than Fe3O4 which might explain why the particles absorb less
than what was predicted in the simulations. It is likely that EFH1 particles also partly consists of γ-Fe2O3.
Simulated transmittance for Feraspin R (γ-Fe2O3) samples agree with experimental values. The
simulated values are restricted to 500-1000 nm, since refractive indices were not found for the other
wavelength. Reflectance calculations are slightly lower than the measured values for both maghemite
and magnetite particle dispersions (≈0.02 difference).
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BNF80-1

FS-2

ND250ND250-1

FS-1

EFH1-1

EFH1-3

Figure 5.2. Transmittance measurements and corresponding Kubelka-Munk approximations. We can see that the diffuse
transmittance, i.e. transmittance from scattered light is almost 0 for most samples except ND250-1. Calculated transmittance
values by Kubelka-Munk approximation is presented with varying agreement to experimental data.
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FS-1
BNF80-1

EFH1-1

Figure 5.3. Reflectance spectra and simulated values for Kubelka-Munk approximation. For BNF80-1 which has the largest
particles of these three samples shows a clear increase in scattering about 430 nm as it did in transmittance too.
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5.3 CHARACTERIZATION OF MAGNETIC FIELD
Simulations of the magnetic field was performed in Comsol (see section 4.4). Figure 5.4 shows a colour
plot overlaid with vector field plot of the centre plane in 3D space (with respect to z). As we move from
the centre along either way of the y-axis, the field increases as we approach the magnets. On the other
hand, if we move from the centre along the x-axis the field is more homogeneous. These variations are
clearer in the line-plots in Figure 5.5. The magnetic flux density along the y-axis and x-axis are plotted
as a function of position on the axis. Limits to x- and y- position are set inside the aluminium holder.
The samples are 17×17 mm and are placed in the centre of the magnet. As we can see from Figure 5.5
the field gradually increases along the y-axis. The particles are drawn toward the higher field so that a
concentration gradient is seen in the samples.

y

x
Figure 5.4 Simulated results of magnetic flux density of a cut plane through the middle of the Halbach ring, pictured with
arrows and colour. Colour legend to the left in T.

Hall measurements are in good agreement with the simulation and shows the same changes in the
field as described above. Experimentally measured values are tabulated in Table 3. Field was measured
in x-direction as well as y-direction. The field in x-direction is very small compared to the y-component
over the whole area inside the holder.
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Figure 5.5. Magnetic flux density along the x-axis and y-axis respectively. The plots are for net
magnetic flux but values overlap with the Magnetic flux density y-component indicating that the
field is mainly in the positive y-direction.
Table 3. Experimental values of the magnetic field.

Coordinate
(x,y), [mm]
(0, 0)
(0, ±8)
(0, ±12)
(±12, 0)

Magnetic flux
density [T]
0𝑥̂, 0.08𝑦̂, 0𝑧̂
0𝑥̂, 0.13𝑦̂
0𝑥̂, 0.25𝑦̂
0.01𝑥̂, 0.08𝑦̂

5.4 NEEDLE FORMATION AND SIZE DETERMINATION
Images of needles forming in an applied magnetic field of 0.1 T are presented in Figure 5.6, Figure 5.7
and Figure 5.8 for the solutions EFH1, BNF-80 and Nanomag D respectively. For all three sample, we
observe the formation of many small needles that eventually gathered into fewer but larger structures.
After about 20-30 minutes the sizes did not show apparent changes. The mobility of the aggregated
needles varied between the particles suspended in water (BNF80 and ND250) and organic solvent
(EFH1). Particle aggregates in EFH1 had apparent movement toward higher magnetic field whilst
BNF80 and ND250 seemed locked in place. This may be due to the increasing viscosity of water in small
and confined spaces compared to the organic solvent that retained a low viscosity. Larger aggregates
will experience larger magnetic forces in the field gradient. In EFH1, where the particle aggregates
could migrate at relatively high speed, this left fewer and smaller needles in the middle of the sample.
To lesser extent but similar phenomenon is seen for BNF80 in Figure 5.7. The large and highly
concentrated particles in ND250 in Figure 5.8 shows large column-like formations by particle
aggregation. At closer examination, there seems to be particles in between the columns, these could
be both smaller aggregates and isolated particles. Lalatonne et al showed isolated particles between
the magnetically structured formations in TEM images for evaporated samples [15].
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a) 0 min

b) 1 min

c) 5 min

d) 10 min

e) 30 min

f) 40 min

Figure 5.6. Pictures of a EFH1 sample a) 0 min (before putting into magnet), b) 1, c) 5, d) 10, e) 30 and f) 40 minutes after
applying a magnetic field.

a) 0 min

b) 1 min

c) 5 min

d) 10 min

e) 30 min

f) 60 min

Figure 5.7. Pictures of a thin BNF80 sample a) 0 min (before putting into magnet), b) 1, c) 5, d) 10, e) 30 and f) 60 minutes
after applying a magnetic field.
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a) 0 min

b) 1 min

c) 5 min

d) 10 min

e) 30 min

f) 60 min

Figure 5.8. ND250 particles at a) 0 min (before putting into magnet), b) 1, c) 5, d) 10, e) 30 and f) 60 minutes after applying
a magnetic field. The particles here are both large and highly concentrated making them visible even before forming
needles.

Movement of the particles toward the edges of the sample is not as apparent in ND250 as the other
two, however, the size and distances between the needles varied within the sample depending on how
close to the centre they were. This is expected since those parameters depend on the field strength as
explained in section 2.1. It was especially apparent in the case of ND250 since the structures are very
large. As an example, a picture with less magnification was taken and is presented in Figure 5.9. The
long needles to the left are closer to the centre part of the sample and the shorter needle at the right
are toward the border.

y
Figure 5.9. Picture with 4x magnification of needles formed in ND250.

High-magnification images were used for measuring the diameter of the nanoparticle needles.
Examples of the pictures can be seen in Figure 5.10. Only the structures clearly visible in the images
were measured. Table 4 shows the average value and standard deviation of the needle thicknesses.
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Many of the structures were smaller than 1 μm and could barely be defined. In fact, the diameters are
compararable to the optical diffraction limit in the microscope. Additionally, there are likely smaller
needles, barely visible in the microscope which will not be counted.

a)

b)

Figure 5.10. Examples of high-magnification images for needle size determination, a) ferrofluid EFH1 and b) BNF80.
Table 4. Average diameter of the chain-like formations and standard deviation.

Diameter, µm
0.8
0.7
3.5

EFH1
BNF80
ND250

Standard deviation, µm
0.2
0.2
1.5

5.5 ARS MEASUREMENTS AND MAGNETIC STRUCTURE INDUCED OPTICAL RESPONSE
In the ARS measurements, we will obtain an angle resolved transmittance profile. The section will be
divided into measurements at zero field, in applied field and calculated scattering from single particles.
Since the samples generally scatter very little light (Figure 5.2), we want to measure at a wavelength
where we have most scattering in the sample. As we saw in 5.2, both scattering and absorption
increases for shorter wavelengths. In the measurements, light at 600 nm was used, which is an
appropriate compromise.
5.5.1 Measurements at zero field
Measurements at zero field for EFH1-2, BNF80-2 and ND250 are shown in Figure 5.11. A clear increase
of scattered light at higher angles is observed for larger particles. Table 5 shows the calculated values
for Ttot, Treg, and Tdif. Values calculated using the equation:
𝑇=

2𝜋
∫ 𝐼𝑠 sin 𝜃𝑠 𝑑𝜃,
𝛼𝑠 𝐼𝑏𝑎𝑟𝑒

(17)

where Ibare is the bare light intensity at θ=0, Is is the intensity at angle θs, θs is the angle of the scattered
light, αs is the solid angle 𝛼𝑠 =

𝐴𝑑
𝑟2

with Ad being the area of the detector and r the distance from the

sample to the detector. Integration was done at 0˚<θ<2˚ for specular transmittance and 2˚<θ<90˚ for
diffuse. FS-1 and ND250 were measured in the spectrophotometer as well. In general, ARS
measurements shows lower values than the spectrophotometer. FS-1 had relatively good
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correspondence between the two measuring techniques. ND-250 showed lower transmittance in ARS
compared to the spectrophotometer (Ttot= 0.049 versus Ttot= 0.17). Spectrophotometry measurements
were conducted after the ARS. During ARS measurements, the sample is standing in room temperature
for 2-3 hours and there is a possibility that the particles in ND250-1 sediment during the ARS, making
the sample more transparent and thus increasing the transmittance.
Angle (degree)
0

5

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

1.E+00
1.E-01

Relative intensity I/Ibare

1.E-02
ND250-1

1.E-03

EFH1-2
1.E-04

BNF80-2

1.E-05
1.E-06
1.E-07
1.E-08

Figure 5.11 ARS at 600 nm for ND250-1, EFH1-2 and BNF80-2. A clear increase in scattered light is observed for larger
particle size. A close-up of the plot between 0-5˚ is shown in the upper right corner.
Table 5 The calculated transmittance values from ARS-measurements in zero field. FS-1 and ND250-1 were also measured in
the spectrophotometer and values for comparison have been added in ().

EFH1-2

FS-1 (spec.ph.)

BNF80-2

ND250-1 (spec.ph.)

Ttot

0.28

0.73 (0.83)

0.22

0.049 (0.17)

Treg

0.28

0.72 (0.83)

0.21

0.021 (0.12)

Tdif

0.00

0.01 (0.01)

0.01

0.028 (0.05)

In Figure 5.13 there is an additional dip in the zero-field measurement, which was not apparent in
EFH1-2. A similar dip was observed for ND250-1. It is less apparent, but still present and can be seen
in the “close up” in Figure 5.11. A smaller light spot was used in these two measurements, which
increases the resolution. It is therefore likely that there is a dip for all samples close to the collimated
transmittance, however physical reasons have not been evaluated in this report.
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5.5.2 Measurements with applied field
ARS measurements on EFH1-2 in an applied magnetic field of 0.1 T are shown in Figure 5.12 (orange
curve, triangular markings). The most notable difference is the appearance of a dip in the
transmittance at an angle about 5˚. This is likely associated to the needle formation observed in 5.4.
To verify the results, sample EFH1-2 was remeasured. The sample was left in zero field to equilibrate
for 2 days before second measurements. Results are shown in Figure 5.12 (grey lines, circular markings).
Scattering profiles from the two measurements are very similar, with the dip appearing at the same
position. However, the second zero-field measurements show an increased intensity at all scattered
angles. This could imply some aggregation after the first measurement (in field).
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Relative intensity I/Ibare

1.E-01
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Measurement 1, zero-field
Measurement 1, 0.1 T
Measurement 2, zero-field
Measurement 2, 0.1 T

1.E-04
1.E-05
1.E-06
1.E-07

Figure 5.12 EFH1-2 at 600 nm. Comparative measurements to confirm repeatability. Measurement 2 was done after letting
the sample rest without a magnet for 2 days after measurement 1.

From the similarities in the two measurements, it is likely that the dip in intensity is highly related to
the needle formations documented in 5.4. To make measurements with higher resolution around the
dip, an additional sample was prepared (EFH1-3) and measured from 0-10˚. Figure 5.13 show
transmittance measurements of EFH1-3. A clear form of the dip is observed with a minimum around
3.5˚. The position is slightly shifted from EFH1-2. However, the samples differ in thickness and the
position of the light spot varies slightly in respect to the magnet. As discussed in section 2.1 and 5.4,
the needles differ in size and distance depending on the magnetic field. Considering that the magnetic
field varies as shown in section 5.3, this could attribute to the shift in dip position.
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Figure 5.13 Angle resolved transmittance of EFH1-3 at zero field and 0.1 T.

Figure 5.14 shows measurements on BNF80-2. Even here a dip in scattered intensity is observed with
a minimum at 4˚. The dip is more apparent in EFH1-3 and EFH1-2, it may be because of the much higher
particle concentration. An increase in specular transmittance is observed when applying the field, as
well as a decrease in overall scattered light. It is explained by the movement of particles toward higher
field which creates a concentration gradient with a less saturated solution in the middle of the sample.
A picture of BNF80-2 with magnet in Figure 5.15, where the concentration gradient is visible.
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Figure 5.14 Angle resolved transmittance of BNF80-2 at zero field and 0.1 T.
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Figure 5.15 BNF80-2 with magnet. The particles have
gathered at the edges of the film, lowering the particle
concentration in the centre.

Measurements in magnetic field was not performed for ND250-1 since it was not compatible with the
magnetic field gradient (see section 4.6 and Figure 4.7).
5.5.3 Angle dependent scattering by theory
Angle dependent scattering intensity was calculated with approximations of the needle-like formations
as homogenous infinite cylinders. Needle diamters measured in 5.4 was used as the cylinder diameter.
Calculated scattering for the needle formation in BNF80 are shown in Figure 5.16 a). On the y-axis, we
1

have 𝑇11 = 2 (|𝑇1 (𝜃)|2 + |𝑇2 (𝜃)|2 ), which is proportional to the intensity (see equation (5)). The
measured needle diameter is 0.8 μm. The angles θout are the angles of the scattered light exiting the
sample corrected by Snell’s law, for refraction at the glass-air interface. Calculations showed several
nodes (local minima) between 0-90˚ for the scattered intensity by a cylinder. Nodes like these, arising
due to scattering by the needles is a plausible explanation to the dip observed in 5.5.2. At corrected
angles, one node is visible around ≈45˚. The node position is pushed toward lower angles for thicker
cylinders. Distance between each node also gets smaller so that several nodes are visible at lower
a)
angles. Fitting the cylinder diameter to have the first node at the same position as the local minima
observed in the ARS required a diameter of 10 μm. The calculated scattering profile for a 10 μm
cylinder is shown in Figure 5.16 b). In practice, a size distribution of the needles as well as multiple
scattering would smoothen out the nodes into broader minima.
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b)

Figure 5.16 Scattered intensity functions calculated by analytical solutions to Maxwell’s equations homogeneous infinite
cylinder of Fe3O4 with a) measured cylinder diameter from BNF80 (0.8 μm) and b) fitted calculation with 10 μm in diameter.
Angles have been corrected by Snell’s law for refraction upon exiting the sample.

In summary, a local decrease in scattered light appears around 3-5˚ in field of 0.1 T, which is likely
caused by the particles aggregating into large needles. As is seen in the simulations, the angle of the
first minima decreases as the structure size increases (here it is the modelled cylinder diameter). EFH13 and BNF80-2 show a small increase in direct transmittance followed by a decrease in scattered light.
It is likely that the areas measured on the samples were subject to decrease in particle concentration
after applying the magnetic field, leading to the decrease of scattered light.

6 DISCUSSION
6.1 SPECTROPHOTOMETRY AND KUBELKA-MUNK SIMULATION
In the figures presented in 5.2. There is a clear difference in spectra by particles with mainly Fe3O4
compared to γ-Fe2O3. Films with γ-Fe2O3-particles have a sharper drop in transmittance and reflectance
due to the band gap at 610 nm. Also, Fe3O4 have absorption at longer wavelength giving it a decrease
in transmittance and creating a transmittance maximum. The maximum seems to blue shift for smaller
particles. Particles in the nanometre-scale can have different optical properties compared to bulk
material and could differ depending on particle size and morphology [11], [48]. Mirza et al measured
the band gap for maghemite nanoparticles (25 nm) to be 540 nm (2.3 eV) compared to the reported
bulk band gap at 610 nm (2.03 eV) [49]. The three samples are from different manufacturers and EFH1
is even dispersed in an unknown solvent, which makes the results less comparable. However, it does
give an indication that there are optical differences between the particles that are not due to scattering
mechanisms. Scattering is clearly lower for particle dispersions with smaller particles, which is in
accordance with literature.
Calculated reflectance and transmittance have a varying agreement with experimental data. For Fe3O4
particles, the values are constantly much lower than the experiments, independent on particle size
and amount of scattering, meaning that the calculated absorption is too high. There are several
possible reasons. To start, the particles in BNF-80 and Nanomag D both have traces of γ-Fe2O3. γ-Fe2O3
have lower absorption than Fe3O4 which likely contributes to the higher transmittance. This is a
reasonable explanation for EFH-1 dispersions as well since magnetite tends to oxidize into maghemite
[50]. Secondly, the particles are approximated as spherical and the refractive index or thickness of the
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organic surface layer has not been accounted for. However, γ-Fe2O3 particles in FS-1 and FS-2 were
calculated the same way, with good correspondence to experimental data.
Small deviations in film thickness will also cause significant differences in transmittance for absorbing
particles. As mentioned in 5.1 the measured film thicknesses did not match the spacer, which means
there could be variations in film thickness in a single sample as well. Figure 9.1 in appendix shows
BNF80-1 with apparent colour gradient that could indicate a shift in sample thickness. Since the
particles are suspended in fluid, there may also be local concentration gradients as mentioned in 5.1.
especially the larger particles in ND250-1 had a slight but visible colour shift. Another reason for the
high absorption in the simulations could be that the values of the extinction coefficient is too high. The
calculations are based on Kubelka-Munk theory with scattering and absorption coefficients (S and K)
derived from Mie-theory. S and K-values vary significantly on the complex refractive index inserted in
the Mie-calculations; as previously noted, optical properties may differ for nanoparticles compared to
bulk. Many parameters affect the results, some more avoidable than others and methods for
minimizing those will be suggested in 7.1.

6.2 ANGLE RESOLVED OPTICAL RESPONSE UNDER APPLIED MAGNETIC FIELD
Applying a magnetic field made the particles to form needle-like structures. Sizes of the needles,
measured in 5.4, are much larger than the single particles. Average needle diameter was about 10
times the particle diameter for BNF80 and ND250, and 100 times the particle diameter for EFH1.
Coarsening of the chain formations have been discussed in several papers and is dependent not only
on dipolar interactions, but roughness of the particles, thermal fluctuations and van der Waals
interactions [16], [17], [51]. Martin et al [17] also points out that the speed and stability of the chain
formation and deformation depends on the viscosity of the dispersion. Water, which is the solvent for
most the particle dispersions in this project, has an increased viscosity at micrometre scale. We have
in 4.6 pointed out that one of the samples was not compatible with the applied field, as almost all
particles migrated along the field gradient instead of forming chains. The thinner sample with the same
particles used in 5.4 for size determination did not show this effect. Here, the higher viscosity might
have had a stabilizing effect by slowing the particles, and thus giving more time for particles to interact.
ARS-measurements show two main optical responses in applied magnetic field. One is the increased
direct transmittance. We mentioned that it is likely due to particle migration due to the variation in
magnetic field. Direct transmittance may also increase from the structural formation leaving areas with
fewer particles that scatter light. Martin et al utilized this to measure the coarsening of field induced
structures [17]. In their measurement, however, the transmittance was measured parallel to the field.
The other optical response is the intensity dip at angles between 3-5˚. It was concluded that this was
due to the needles, formed by the particles under magnetic field. Simulation for a single infinite
cylinder was performed to investigate how the light scattering depend on the needles. Results showed
that there are nodes in scattered intensity at specific angles. This could be connected to the dip
observed in the ARS. However, the position of the dip was at much higher angles compared to
experiment. By increasing the cylinder diameter to 10 μm, an intensity minimum was obtained at the
same angle as the experiment. 10 μm is far larger than any of the measured needles. However, it may
not only be the individual needles that contributes to the scattering profile. Further interaction, such
as between the cylinders and/or the finite length may also be considered.
Rablau et al [16] and Hwang et al [52] did measurements on magnetic particle dispersion with incident
light (632.8 nm) perpendicular to the magnetic field. They both observed anisotropic scattering due to
chain formation as a bright line parallel to the field direction at θ=0˚. Neither mentioned any notable
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change at larger θ, i.e. a dip or local minima. Several parameters differ between their measurements
and the ones in this project that could explain why the intensity dip is only noted here, such as
measuring method and experimental parameters that can affect the size and spacing between
magnetically induced structures (magnetic field strength, concentration and particle size). Rablau also
mentioned having multiple scattering in their measurements and consequently, the scattered light was
depolarized. Their sample was much thicker, 1 cm compared to ≈50 μm for our samples. Some amount
of multiple scattering could be considered for our samples as well, but since the samples are very
specular and multiple scattering should not be a large factor.
In ordered structures, diffraction is another possible explanation. If the field is homogeneous and
particle concentration and size is constant, all chains will have approximately the same diameter and
spacing. Wang et al [12] described photonic structures of magnetite clusters with colourful
magnetically tuneable reflectance. They described the reflectance by Braggs law of diffraction, 𝜆 =
2𝑛𝑑 sin 𝛼, where n is the effective refractive index, α is the angle between incident light and diffraction
plane and d is the distance between the planes, in this case set to the distance between two nearby
particles. Diffraction theories for finite cylinders [20] may also be a possibility to describe the scattering
pattern in this work. Another approach would be to consider the distance between the needles and
how that affects the scattering. A quick investigation of the needles measured in 5.4 suggests the interneedle spacing is 5-10 μm. Further characterization of needle sizes and spacing may give better
understanding of the physical explanations behind the scattering profile and improve theoretical
modelling.
In Figure 5.12 measurements in magnetic field was performed twice on the same sample. An increase
in scattered light was observed during the second measurement. This is supposedly due to remaining
aggregates from the first measurement in field. At a laboratory stage, it is undesirable since it gives
less consistency in the measurements. For possible applications, such as optical switches and sensors
it would be vital to avoid deterioration of the particle dispersion by agglomeration. In the
measurements, the sample was left to equilibrate in zero field without further intervention. However,
to reverse the particles further, additional methods to shake or vibrate the sample could be considered.

7 CONCLUSION
Changes in angle resolved transmittance have been studied for Fe3O4 nanoparticle dispersions at zero
field and 0.1 T. Initial measurements in spectrophotometer was performed for 300 nm < λ < 1100 nm
on several Fe3O4 and γ-Fe2O3 nanoparticle dispersions. Most samples had low values of Tdif and Rdif due
to small particles and small thickness of the liquid film. The Kubelka-Munk approximation and Mie
theory was used to simulate the total transmittance and reflectance with best agreement for the
dispersion with γ-Fe2O3 particles, which have low absorption above the band gap at 610 nm. Least
agreement was found for EFH1, which has high concentration (≈8 vol%) of small (≈5 nm) absorbing
particles. ARS measurements showed increased specular transmittance and a local intensity minimum
at angles between 3-5˚. The specular transmittance increase seen in this study has mainly been
attributed to lower particle concentration from particle migration in the field gradient. The intensity
minimum, however, is thought to be dependent on the linear structures formed by the external
magnetic field. Scattering patterns were compared to the simulated scattering profile of a
homogeneous infinite cylinder. Scattering by an infinite cylinder also showed a transmittance
minimum, but at higher angles than the experimentally observed. Further interaction for scattering
may be considered to explain the observations, such as diffraction, dependent scattering and multiple
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scattering. To better understand the experimental results, verification of the needle sizes and the
spacing between the needles, followed by evaluation of appropriate theory is suggested.

7.1 IMPROVEMENTS FOR FUTURE STUDIES
Better comparability between measurements is possible by allowing fewer variable parameters. For
example, only changing the particle concentration by dilution, only changing the magnetic field
strength, or only changing the sample thickness. This would provide better conditions for analysing
results and to explain optical characteristics and actual particle interactions in the dispersion.
To avoid concentration gradients and more accurately correlate the magnetic field strength to
structure formation the magnetic field should be more homogeneous. Even relatively small fields (≈30
mT) have shown to be sufficient to create one dimensional structures such as chains. This could allow
the use of Helmholtz coil, or even Halbach array with larger radius/smaller magnets. Another
interesting idea is to use a more viscous solvent to allow a more controlled interaction between
particles and less chain defects from thermal fluctuations. Finally, measurement of the particle
refractive index, or a more thorough investigation of it (the dependence of particle size, coating and
morphology), could generate a better understanding of results and more accurate comparison with
theory.
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9 APPENDIX
9.1 ALL SAMPLES
Figure 9.1 shows images of all samples introduced in the report.
a)

b)

c)

d)

e)

h)

f)

i)

g)

j)

Figure 9.1 Samples in a)-i) are listed in Table 2 with denotations: a) H2O, b) EFH1-1, c) FS-1, d) BNF80-1, e) FS-2, f) EFH1-3, g)
BNF80-2, h) ND250-1 and i) EFH1-2. The sample in j) is an example of the thin samples made for the microscopic
documentation of chain-like formations under a microscope.

37

9.2 IDEAS OF IMPROVEMENTS FOR THE MAGNET
The model mentioned in Raich and Bümler [32] had a different rotation on the magnets compared to
the Halbach circle use in our measurements. By rotating the magnets as they had with 2α, with α being
the angle between the positional vector of the magnet and the y-axis, we will obtain a smoother and
more regular change in the field direction and expect to improve the homogeneity of the field. A
simulation was made to test the theory. In Figure 9.2 we see the results of the simulation presented in
the same way as in section 5.3. The overall field strength increases with about 0.02 T. The homogeneity
however shows no significant difference in the simulation. Per calculations by Raich et al, the field
homogeneity increases with increased number of magnets. To increase the number of magnets the
magnets will have to be made smaller or put further apart, which will decrease the field strength [32].

Figure 9.2 Simulation results for a Halbach circle. The radius of the circle and remanent flux density are the same but instead
of radially placed, the magnets are rotated to allow smoother transition of field direction.
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