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Development and improvement of instruments used to characterize magnetic

materials is one of the most important tasks in science, which could lead to relevant

studies in material science and engineering. The AC magnetic susceptometer is an

instrument which consists in a coil arrangement used to investigate magnetic prop-

erties such as magnetic susceptibility. Current AC susceptometer design present a

limited frequency range, commonly up to 10kHz, preventing the study of magnetic

properties dependence on magnetic field frequency, which is crucial in investiga-

tions such as specific absorption rate of nanoparticles used for hyperthermia treat-

ment. For this reason, the design and development of a frequency improved AC

susceptometer operating from 10 kHz to 1MHz with a constant excitation field of

approximately 4.25 Oe is of interest. Some considerations such as wire selection to

avoid parasitic capacitances between the turns and sensing bridge electronics were

further developed in order to extend the operating frequency range. A high speed in-

strumentation amplifier with a slew rate over 33V/µs was designed and constructed
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using voltage feedback LM7171 operational amplifiers. The AC susceptometer oper-

ation in the 10 kHz-1MHz frequency range was validated by measuring the complex

magnetic susceptibility of cobalt ferrite nanoparticles suspended in different mix-

tures of mineral oil and hexane. The viscosity of the solvents were obtained from

the Brownian relaxation time equation and compared with the viscosities obtained

from a validated instrument. Results were in good agreement with the theoretical

Debye model.
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El desarrollo de instrumentos para caracterizar materiales magnéticos es una

de las labores mas importantes en las ciencias, el cual puede llevar a estudios rel-

evantes en las ciencias de materiales e ingenieŕıa. El susceptómetro magnético AC

es un instrumento que consiste de un arreglo de embobinados el cual es usado para

investigar las propiedades magnéticas de los materiales tal como la susceptibilidad

magnética. Los susceptómetros AC que se han desarrollado actualmente presentan

un rango limitado de frecuencia que llega comunmente hasta 10kHz, lo cual evita

el estudio sobre la dependencia de frecuencia de las propiedades magnéticas, siendo

esto crucial en estudios tales como la razón de absorción espećıfica de la nanopartic-

ulas que se usan para hipertermia. Por esta razón se interesa diseñar y desarrollar

un susceptómetro AC con un rango de frecuencia mejorado que opere desde 10kHz

hasta 1MHz con un campo de exitación constante de 4.25 Oe. Algunas considera-

ciones tales como la selección de cable para evitar las capacitancias paraśıticas que
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existen entre los cables de los embobinados y el circuito de medición fueron desar-

rolladas con el propósito de extender el rango de operación de frecuencia. Un am-

plificador de instrumentación de alta velocidad con un ”slew rate” mayor de 33V/µs

fue diseñado y construido usando el amplificador operacional de retroalimentación

de voltaje LM7171. La operación del susceptómetro AC en el rango de frecuencia

de 10kHz - 1MHz fue validada a través de las medidas de susceptibilidad magnética

compleja de nanopart́ıculas de ferrita de cobalto suspendidas en diferentes mezclas

de aceite mineral con hexano. Las viscosidades de los solventes fueron obtenidas

a través de la ecuación de relajación Browniana y comparadas con la viscosidad

obtenidas de un instrumento validado. Los resultados fueron acordes con el modelo

teórico de Debye.
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CHAPTER 1

INTRODUCTION

This chapter presents a brief introduction to previous work in the design and

improvement of AC susceptometers, in which is highlighted the importance of the

AC susceptometers development in order to increase and improve its diverse appli-

cations. In addition, a brief introduction to ferrofluids and some of their principal

applications is presented. Details of concepts meaning and mathematical description

are left to Chapter 3. Finally, the motivation and the objectives are established.

1.1 AC Susceptometer Designs and Developments

AC magnetic measurements provide important characteristics of magnetic ma-

terials. Such measurements are obtained by applying an AC magnetic field to a

sample whose moment is time-dependent, inducing changes in the material which

yield information that cannot be obtained from DC measurements, such as for mag-

netization dynamics. A widely used instrument for such measurement is the AC

susceptometer.[1] Figure 1-1 presents a commercial AC susceptometer.

Figure 1–1: A commercial AC susceptometer: Imego Dynomag AC susceptometer
[3]

1
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The AC susceptometer is an electromagnetic instrument which could be used to

measure the materials AC magnetic susceptibility. The AC magnetic susceptibility

is defined in Sadiku [2] as the sensitivity of a material to responsd to an applied

magnetic field. The common method of measuring AC magnetic susceptibility in-

volves a mutual inductance bridge, which was initially introduced by Hartshorn in

1925 [4]. Thereafter, several AC susceptometers based in mutual inductance bridges

have been reported [5], such as in E. Maxwell 1965 [6], A.C. Anderson 1968 [7]

and A.C.Anderson et al 1970 [8]. The principle of mutual inductance is based on

a time-varing current flowing through a first conductive contour, which generates

a time-varing magnetic field as well as a time-varing electric field, and induces an

electromotive force (emf) in a second conductive contour [9]. If such contours are

extended to several turns, it will be analogous to a time-varing voltage generated in

a secondary coil through the induction of a time-varing magnetic field created by a

time-varing current in a primary coil. The secondary coil, which for this application

is also called the pickup coil or detection coil, could have several configurations de-

pending on how much sensitivity and noise rejection is desired. These configurations

measure the gradient of the magnetic field. Figure 1-2 shows several configuration

for two main gradiometers, axial and planar.

Figure 1–2: a) Symmetric first-order gradiometer b) Second-order Gradiometer c)
Asymmetric Gradiometer d) Concentric Gradiometer e) Planar Gradiometer [10]

Each configuration provides a feature for specific applications such as measure-

ments that require reasonable noise rejection and sensitivity, in which the symmetric

first-order gradiometer is a good option. Depending on the the kind of measurement,
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secondary coil design should be modified. For example, a better noise rejection

could be achieved by the second order gradiometer, although the complexity of its

arrangement needs the sample to be closer to achieve good sensitivity. A third axial

gradiometer coil, the asymmetric gradiometer, could be designed to make measure-

ments with good sensitivity and reasonable noise rejection. For applications with

planar geometry, a concentric gradiometer and a planar gradiometer could be de-

veloped to obtain good sensitivity and excellent spatial resolution, respectively.[10]

The most commonly used configuration is the first-order gradiometer. The

upper and lower turns are symmetric and wound in opposition, allowing the mea-

surement of the differential voltage induced in the coil when a specimen is placed

inside any of the two, upper or lower, secondary turns. Because of the simplicity of

the coil arrangement, the first-order gradiometer is a very common configuration in

commercial instruments. In this arrangement, assuming that the sample is of the

same size as the secondary inner coil volume, its sensitivity and frequency range

of work will depend on both, the number of turns and the type of wire. Similar

consideration must be taken in designing the excitation coil, in which for a constant

source voltage, the magnetic field intensity in a frequency sweep will depend on the

number of turns and wire type.

The coil design in commercial mutual inductance susceptometers work very pre-

cisely at very low frequencies, but are limited in maintaining a constant excitation

field at higher frequencies, or in measuring the induced voltage in a high frequency

range because of the secondary design or the sensing bridge. Some innovative tech-

niques have been developed to achieve measurements of complex magnetic suscepti-

bility in a wide frequency range of 10Hz-3GHz [11] and 100MHz-16GHz [12]. Such

results were obtained by using the impedance response of a ferrofluid inserted in the

slit of a toroidal coil [13] or by analyzing the change of permeability in a coaxial

cell of short-circuit (S/C) and open-circuit transmission line techniques [14]. Others
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make use of a magneto-optic properties of the ferrofluids to obtain the carrier fluid

viscosity [15] and the complex magnetic susceptibility [16] of a ferrofluid.

Although the impressive frequency ranges obtained by the transmission line

and toroidal method are impressive, the mutual inductance AC susceptometers [17]

offer the possibility of homogenous excitation field [18], accessibility to measure

magnetic fluids as well as solids, reasonable quantity of sample and magnetic material

concentration, the variety of designs [19] and applications due to sizing [20], and its

well-investigated coupling with SQUIDS for high sensitivity [22][21].

Considering the relevance of the AC susceptometer in determining the prop-

erties of the material such as the complex magnetic susceptibility as a function of

frequency, this work presents the design of a mutual inductance AC susceptometer

with a constant excitation field of 4.25Oe from 10 kHz up to 1MHz. Instrument

validation by measuring the complex magnetic susceptibility of nanoparticles and

by comparing the viscosity values obtained from theoretical models and from the

experimental complex magnetic susceptibility will be better understood through the

ferrofluids summary presented in next section

1.2 Brief summary of magnetic fluids application on determining fluid
viscosity

Recent researches are focused in the development of new nanomaterials, with

dimensions typically less than 100nm, such as the emergent investigations of colloidal

ferrofluids, also called magnetic fluids. A magnetic ferrofluid consists of a stable

colloidal dispersion of single-domain magnetic particles in a liquid carrier. Typically,

these particles are spherical with diameters between 20-100nm and are composed of

ferrites, such as cobalt ferrite and magnetite, among others.

Ferrofluids provide electromagnetic and thermodynamic properties suitable for

applications in the different branches of biology, chemistry and physics. In the

biomedical engineering field they can be used in biosensors [23], hyperthermia [24],
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drug delivery [25] and magnetic manipulation of cells [26]. Also, in other engineer-

ing field, they are used in applications such as magnetorheological dampers [27],

ferrofluidic sealers [28] and heat transfer fluids [29].

Some equations could be used to describe and predict the ferrofluid’s properties

determined by the synthesis, such as their electrical, magnetic, rheological and ther-

mal properties. A very important relationship commonly used is the Debye model

which describes the magnetic susceptibility of the suspension in terms of the mag-

netic field angular frequency and the relaxation time of the particles. The magnetic

susceptibility is the degree of magnetization of a magnetic material when a mag-

netic field is applied [30]. Such property is of crucial interest in ferrofluid research

because of the existance of a complex magnetic susceptibility, as in magnetite and

cobalt ferrite.

The complex magnetic susceptibility of a ferrofluid is an important parame-

ter that can be used to characterize magnetic colloids in an accurate way. For

example, the complex magnetic susceptibility of ferrofluids could be used to de-

termine the relaxation mechanism, ferromagnetic resonance, stochastic resonance,

non-linear properties, magnetic losses and the signal-to-noise ratio [31]. The real

part χ′ and imaginary part χ” are related to the magnetic field energy storage and

power dissipation, respectively [32]. The behavior of the complex magnetic sus-

ceptibility curves, best described by the magnetic susceptibility components of the

Debye Model, depends on the frequency of the applied magnetic field. Figure 1-3

presents an illustration of the ideal behavior of the complex magnetic susceptibility

in a frequency sweep.

As seen from Figure 1-3, χ” has a maximum value at a specific frequency,

and depends on the viscosity of the nanoparticles carrier fluid. Finding the fre-

quency value in which this maximum exists, allows the possibility to determine the

relaxation time of the particles. This relaxation time is mainly influenced by two
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Figure 1–3: Dynamic response of some ferrofluids magnetization considering the
Debye model for dipolar systems

mechanisms, the Brownian and Nèel relaxations. Brownian relaxation mechanism

describes the behavior of the nanoparticle rotation in the direction of the applied

magnetic field. Néel relaxation mechanism describes the movement of the magnetic

dipole moment in the direction of the applied magnetic flux lines. Both mechanisms

can occur in parallel.

An example of a Brownian relaxation time application is using the complex

magnetic susceptibility equation in ferrofluids expressing a purely Brownian relax-

ation mechanism, as is for some cobalt ferrite ferrofluids, in which the hydrody-

namic volume can be determined, if the temperature and carrier fluid viscosity are

known.[33] There exist other methods to determine such values in addition to the

magnetization method previously described. For example, the hydrodynamic radius

can be obtained from Dynamic Light Scattering (DLS) measurements, and compar-

ing it with the one obtained from the magnetization method, a close value can be

observed [34]. In the same way, the viscosity of a liquid is obtained from complex

magnetic susceptibility, and finally compared with theoretical data or experimental

values from standard processes. This was a procedure presented by Calero [35], in

which a new concept of ”nanoscale viscosity” was introduced and investigated. The

results of viscosity values obtained from complex magnetic susceptibility are pretty
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accurate to the one measured with a rheometer. The complex magnetic susceptibil-

ity was obtained using the Quantum Design MPMS XL-7 SQUID Magnetometer,

which has a limited frequency range up to 1kHz. The minimum viscosity values to

be calculated in a Quantum Design MPMS XL-7 SQUID Magnetometer for a pop-

ular particle size of 20nm at room temperature is 51.2cP, which is a high value in

comparison with some other common liquid at the same temperature, such as water

1cP and hexane 0.33, for whose ”nanoscale viscosity” has not been calculated.

In the case of ferrofluids with a predominant Néel relaxation mechanism, the

complex magnetic susceptibility curve have the same behavior as for Brownian relax-

ation mechanism (Figure 1-3), but appears commonly at higher frequencies. Some-

times, investigations about the Néel relaxation mechanism are preferred over the

Brownian relaxation mechanism due to its independence on materials movement or

rotation, which allows examination of other nanoparticles parameters,as for example,

materials anisotropy. Another example is, in investigations of magnetic fluid hyper-

thermia, it has been demonstrated that for magnetite nanoparticles synthesized by

coprecipitation, both relaxation mechanisms contribute to heat dissipation [36]. In

order to obtain a good approximation of power dissipation using the complex mag-

netic susceptibility, the contribution of Néel relaxation time must be investigated.

In order to investigate complex magnetic susceptibility due to the Néel relaxation

mechanism,a instrument that measures the complex magnetic susceptibility at high

frequencies must be used.

From previous perspectives, an instrument to measure the complex magnetic

susceptibility, such as the AC susceptometer, must be developed and improved in its

frequency range to allow measurements such as the viscosity of low viscous solvents

using the Brownian relaxation equation, or to obtain results of a ferrofluid expressing

the complex magnetic susceptibility for a Néel relaxation time. In this work, an AC

susceptometer was developed for a frequency range from 10kHz to 1MHz with a
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constant excitation field, in which the magnetization of a sample of cobalt ferrite

ferrofluid is sensed and used to validate the instrument by comparing the solvent

viscosity obtained by means of the complex magnetic susceptibility and the viscosity

obtained from theoretical models.

1.3 Motivation

For the purpose of determining fluid viscosity by means of the complex mag-

netic susceptibility, an expansion of AC susceptometer frequency range at constant

magnetic field is designed. This design is expected to open opportunities in prove

experimentally the ferrofluid magnetization theory, such as the Debye model in a

high frequency magnetic field with constant intensity, and the relationship between

nanoparticles complex magnetic susceptibility and power dissipation.

1.4 Objectives

The objective of this thesis was to design and develop a custom-made AC sus-

ceptometer to obtain the complex magnetic susceptibility curves of ferrofluids sam-

ples. In order to obtain good complex magnetic susceptibility curves, ferrofluids

were synthesized considering the frequency range of the system and its magnetiza-

tion sensitivity. The viscosities were obtained mathematically from the Brownian

relaxation time and are compared with viscosity values obtained from literature or

validated systems, proving the system functionality. The specific objectives in this

work were:

• Design an appropriate AC susceptometer

– Develop a configuration from which can be maintained a fixed magnetic field

intensity in the frequency range of 10kHz-100kHz

• AC susceptometer validation through comparison of theoretical viscosity values

with the ones obtained experimentally from the complex magnetic susceptibility
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– Suspend cobalt ferrite nanoparticles in different solvents with viscosities suit-

able to obtain a theoretical loss peak in the frequency range of the AC sus-

ceptometer

– Measurement of viscosity by means of complex magnetic susceptibility of

nanoparticles suspended in different concentration of mineral oil with hex-

ane.

– Compare the results of viscosity obtained from complex magnetic susceptibil-

ity with values found in the literature or measured in the laboratory with a

validated system such as the capillary viscometer.

1.5 Outline

The chapters of this document are organized as follows:

Chapter 1 presents a brief introduction and explanation of the AC susceptomer

designs. Also, a brief description about ferrofluids and how are used to validate the

AC susceptometer is presented. Several reasons to investigate ferrofluids through

complex magnetic susceptibility using a wideband AC susceptometer with constant

magnetic field intensity are mentioned. Finally, the main motivation and the ob-

jectives of this work are presented. Chapter 2 presents the most important theory

of electromagnetism and ferrofluids used in this work. Chapter 3 describes the de-

velopment of an AC susceptometer, and briefly, describes the suspensions of cobalt

ferrite nanoparticles in different concentrations of mineral oil and hexane. Chapter

4 shows the result of the measurement of complex magnetic susceptibility for four

different ferrofluid, whose solvents are mixtures of 25%w/w hexane-75%w/w min-

eral oil, 50%w/w hexane-50%w/w mineral oil, 75%w/w hexane-25%w/w mineral

oil, 100%w/w hexane. The characterization of the nanoparticles sizes and magneti-

zation are presented. The viscosities obtained from the complex magnetic suscep-

tibility and from a capillary viscometer are compared in order to validate a good

instrument functionality. Viscosities comparison was discussed. Finally, Chapter
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5 presents the conclusion of the research, in where a 10kHz-1MHz AC magnetic

susceptometer with constant excitation field was developed. Good agreement was

found between the experimental viscosity and those predicted theoretically from the

hydrodynamic diameter of the nanoparticles. Recommendations for AC magentic

susceptometer improvement are mentioned.



CHAPTER 2

THEORETICAL BACKGROUND

This chapter presents an introduction to fundamental theory related to the disci-

plines applied to this work, electromagnetism and fluid mechanics. The information

of electromagnetism presented focuses on basic theory used to derive mathematical

models that describes the generation and behavior of a magnetic fields, and explain

the response of a material to an applied magnetic field. The second theoretical

information presented is about fluid mechanics, in where its principles used to ob-

tain equations that describes the dynamics of a fluid and its interaction with solid

matter, leads to the main theory of ferrofluid magnetic properties.

2.1 Electromagnetism

2.1.1 Relationship between magnetic field and current

Electromagnetism is responsible for interactions between charged particles [2].

Consequences of these forces are electricity and magnetism. Electricity is the phe-

nomenon describing the presence of a charge, its electric field and the effect on

another charge. On the other hand, magnetism is the physical phenomena of a

material at atomic or subatomic level exerting or responding to an attractive or

repulsive magnetic field forces, which is commonly associated with the motion of

electric charges.

An important term related to electricity is the voltage, which has a direct rela-

tionship with electric fields, and is further related with the concepts of magnetism.

11
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Voltage is the difference of potential existing in an electric field. This is given by

V = −
∫

E · dl (2.1)

where E is the electric field in newtons/coulomb (N/C) or volts/meter (V/m). When

a connection, usually a conductive material, with a resistance R is applied between

these two potentials, a flow of charges will exist, leading to the appearance of current

I. This was explained by Ohm, whose law is given by

V = IR (2.2)

where I is the current in ampere (A), opposite to the flow of negative charges, and

R is the resistance in ohms (Ω) which opposes the flow of charges. In addition to

the electric field due to the presence of charges, there will be a magnetic field due

to the movement of these charges. This is given by Biot-Savart’s law

dH =
Idl sinφ

4πr2
. (2.3)

Biot-Savart’s law states that the differential of the magnetic field intensity H in

ampere/meter (A/m) produced by a differential current element is proportional to

the product of the differential current element and the sine of the angle between the

element and the line joining P to the element and is inversely proportional to the

square of the distance between the point of measurement and the current element

[2].

A simplified form of the Biot-Savart equation used for the generation of a mag-

netic field by a number N of current loops is given by,

H =
NI

l
(2.4)

in which l is the length of the coil. Equation 2.4 is also known as the magnetic field

for infinite coil approximation.
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An analysis in the opposite direction could be performed, in where a current

is created from a magnetic flux. Faraday discovered that the induced electromotive

force (emf), Vemf (in volts), in any closed circuit is equal to the time rate of change

of the magnetic flux linkage by the circuit [2]. This is established by

Vemf = −N dΨ

dt
(2.5)

where the negative sign the the Lenz’s law, which describes the effect of the currents

generating a magnetic field which opposes to the original change of magnetic flux.

The magnetic flux describes the behavior of the magnetic field through any surface

material. The magnetic flux equation is given by

Ψ =

∫
S

B · dS = BA (2.6)

in which A is the area perpendicular to the magnetic flux lines, and B is the magnetic

flux density, which depends on the material properties. Following sections introduce

concepts about the behavior of materials under the presence of a magnetic field.

2.1.2 Magnetic force and magnetic dipole moment

A magnetic force is exerted on moving electrically charged particles in a mag-

netic field [37]. This is called the Lorentz force, and is given by

F = q(E + v×B) (2.7)

This is the net force exerted on a charge if the charge moves through a region of

space in which there are both an electric field and a magnetic field [38]. In terms of

the atomic scale, the orbiting electrons and the spins contribute to the generation of

atomic currents. Considering an atomic current loop as in Figure 2-1, which has a

small magnitude of current I and a loop surface area S, a magnetic dipole moment
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appears in the direction perpendicular to the loop and is given by

m = ISas (2.8)

Figure 2–1: Magnetic moment generated by a positively charged particle. A mag-
netic field at point P is generated by the current loop

The magnetic flux density at a point P due to the atomic current loop is given

by

B =
µ0m

4πr3
(2 cos θar + sin θaθ) (2.9)

At the atomic scale, previous concepts can be similarly applied to any independent

charge in movement. Similar concepts and equations could be used in complex

structures, as for magnetic materials, in which subdivisions of the material possess

different properties, and act different under an applied magnetic force.

2.1.3 Magnetic materials

The magnetic phenomena presented previously could affect some materials, in

such a way that they could suffer deformations, alterations of their internal magnetic

properties, or physical position changes. Magnetic susceptibility and permeability

are two important terms that describe how much effect a magnetic field has in a

material. Magnetic susceptibility χ, which is unitless, parameterizes how easy it is

for a material to respond to a magnetic field. The permeability (µ), with dimensions

henries per meter (H/m), is a property specific to the material through which H

field passes and in which B is measured. The magnetic susceptibility and the relative
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permeability are related as follows

χ =
µ

µ0

− 1 (2.10)

where µ is the permeability of the material and µ0 is the permeability of the vacuum.

The magnetic field strength and flux density are related according to

B = µH (2.11)

In the presence of a H field, the magnetic moments within a material tend to become

aligned with the magnetic field and to reinforce it by virtue of their magnetic field

[37]. This corresponds to

B = µ0(H +M) (2.12)

where M is the magnetization of the solid. Substituting Equation 2.10 in Equation

2.12 leads to

M = χH (2.13)

The magnetic moment can be considered to be a vector quantity with a direction

determined by the materials structure, which could be a monocrystalline structure

or a polycrystalline structure. Figure 2-2 presents an example of a monocrystalline

and polycrystalline material,

Figure 2–2: Schematic of single crystal or monocrystalline, polycrystalline, and
amorphous material structures [39]
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A monocrystalline material, also called single crystal material, is defined as a

material with a periodic arrangement of atoms extended through all its structure

[37], implying that the same properties can be observed across the material if all

the structure is under the same applied conditions, such as temperature and stress,

among others. In the case of polycrystalline materials, the structure is composed of

many different smaller crystals or grains. These grains are divided by some atomic

mismatch that exists within the region where two grains meet, which is called the

grain boundary. Noncrystalline materials, also called amorphous materials, lack of

a systematic and regular arrangement of atoms in where atomic distances are rela-

tively large. Each single crystal possesses physical properties, such as electrical con-

ductivity, elastic modulus, and others, could depend or not on the crystallographic

direction. Materials whose measured properties are independent of the direction of

measurement are called isotropic. Some materials have variations of atomic or ionic

spacing, driving the properties to depend on directions. The materials whose prop-

erties depend on crystallographic directions are called anisotropic [37]. Anisotropic

materials do not behave the same way in all directions. Figure 2-3 illustrates the

mechanical behavior of isotropic and anisotropic materials.

Different kinds of atomic configurations in materials allows the existence or

vacancy of dipoles, leading to the formation of a variety of magnetisms, such as

diamagnetism, paramagnetism, ferromagnetism and ferrimagnetism.

Diamagnetism is a very weak form of magnetism that is non permanent and

persists only while an external field is being applied. It is induced by a change in

the orbital motion of electrons due to an applied magnetic field [37]. In this case,

the orbital motion generates a field opposite to the applied field (magnetization is

directed oppositely to the field, as illustrated in Figure 2-4). Diamagnetism is found

in all materials; but because it is so weak, it can be observed only when other types

of magnetism are totally absent [37].
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Figure 2–3: Behaviour of isotropic and anisotropic materials, in where variable E
represents the Young Modulus. This figure shows that the stress in response to a
strain varies with direction[40]

Paramagnetism results when in a material, the magnetic moments preferentially

align, by rotation, with an external magnetic field as shown in Figure 2-5. This

material possesses no net macroscopic magnetization because the orientation of these

atomic magnetic moments is random in the absence of an external magnetic field.

Figure 2–4: Atomic dipole configuration for a diamagnetic material [37]

Figure 2-6 presents the magnetization curves for diamagnetic and paramagnetic

materials.

Ferromagnetism arises from the permanent magnetization of the magnetic mo-

ments in the absence of the magnetic field. Permanent magnetic moments in fer-

romagnetic materials results from atomic magnetic moments due to electron spins
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Figure 2–5: Atomic dipole configuration for a paramagnetic material [37]

Figure 2–6: Magnetization curves of vacuum, diamagnetic and paramagnetic mate-
rial [41]

as a consequence of the electron structure. There is also an orbital magnetic mo-

ment contribution that is small in comparison to the spin moment. Additionally,

coupling interactions cause net spin magnetic moments of adjacent atoms to align

with one another, even in the absence of an external field. For this reason, when a

ferromagnetic material is magnetized in one direction, the magnetization relaxation

will not achieve to zero when the magnetizing field is removed. This residual of

magnetization is called the remanence. An opposite magnetic field can drive the

magnetization back to zero. The magnetic field force applied to drive the magneti-

zation to zero is called the coercivity. When an AC magnetic field is applied to the

material, its magnetization traces a loop called a hysteresis [42]. Figure 2.7 presents

the hysteresis curve for a ferromagnetic material.
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Figure 2–7: a) Typical hysteresis magnetization curves, with a saturation S, a rema-
nence R and a coercive form Hc. b) Magnetic flux density (B) versus magnetic field
intensity (H) behavior for ferromagnetic and ferrimagnetic materials, in where is pre-
sented the material with initial permeability µi, and whose domain adopt different
configurations during several stages of magnetization until it reaches saturation.[37]

Ferrimagnetism is a permanent magnetization presented by ceramics, with

macroscopic magnetic characteristics similar to those from ferromagnets. The net

ferromagnetic moment arises from the incomplete cancelation of spin moments. The

macroscopic magnetic characteristics of ferromagnets and ferrimagnets are similar;

the distinction lies in the source of the net magnetic moment [37]. Although fer-

romagnetic and ferrimagnetic materials have different magnetic ordering, ferrimag-

netic materials exhibit all the hallmarks of a ferromagnetic material behavior such

as permanent magnetization, hysteresis, and remanence [43].

Another two different types of magnetism, antiferromagnetism and superpara-

magnetism, are recently studied due to their existence in uncommon materials.In

antiferromagnetism, adjacent dipoles spontaneously align in an antiparallel arrange-

ment, presenting no gross external magnetic field. This spontaneous antiparallel

coupling, observed in solids such as manganese oxide (MnO), appears by heating
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Figure 2–8: Ordering of the atomic dipoles in a) ferromagnetic and b) ferrimagnetic
material [37]

the material and disappears entirely above the Nèel temperature, which is char-

acteristic of each antiferromagnetic material.[30] Finally, superparamagnetism is a

form of magnetism usually found in very small ferromagnetic and ferrimagnetic

nanoparticles (∼100 - 10 angstroms (Å)). There are two main reasons that allow

these ferromagnetic and ferrimagnetic nanoparticles to exhibit superparamagnetism:

anisotropy and size. For example, for small nanoparticles with a predominant Nèel

relaxation time and a active magnetic core between 2-3nm, their magnetization ap-

pears to be an average of zero when the time used to measure the magnetization

is longer than the Nèel relaxation time. In this case, the nanoparticles are in the

superparamagnetic state.

In order to understand how nanoparticles interacting with a fluid behaves to an

applied magnetic field, next section presents a brief introduction to fluid mechanics,

which is emphasize in the equations that are related to the ones of interest, such as

the equations of viscosity and nanoparticles magnetization.

2.2 Fluid Mechanics

2.2.1 Fluid Properties

Fluid mechanics is the branch of the physical sciences concerned with how

fluids behave at rest or in motion [44]. Fluid mechanics can be divided into fluid

kinematics, the study of fluid motion, and fluid dynamics, the study of the effect of

forces on fluid motion, which can further be divided into fluid statics, the study of
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fluids at rest, and fluid kinetics, the study of fluids in motion. The branch of fluid

mechanics which study the materials with both, solid and fluid characteristics, is

called rheology. Rheology is also defined the science of the deformation and flow of

matter [45].

The first main goal of rheology consist of establishing the relationship between

applied forces and geometrical effects induced by forces at a point [46]. The math-

ematical form of this relationship is called the rheological equation of state, which

is a thermodynamic equation describing the state of matter under a given set of

physical conditions. The Newton and Hooke laws are the simplest examples of such

equations.

Newton reflected upon a resistance of liquids to a cylinder rotating in a vessel.

According to this, the deformation rate is expected to be proportional to stress and

the constant coefficient of proportionality is called viscosity, which is a material

parameter of liquid. Newton’s law for the common case of incompressible liquids,

also called Newtonian liquid, is given by

γ̇ =
τs
η

(2.14)

where γ̇ is the rate of shear deformation, or also the velocity gradient in velocity

units [m/s]. τs is the shear stress in Pascals [Pa], and η is the viscosity, or more

specifically, the dynamic viscosity, in Pascal seconds [Pa·s], or Poisse [P] units. This

law assumes that, in flow of liquids, a force, commonly the resistance to flow, is

proportional to a velocity.

Hooke formulated a similar proposal concerning properties of solids. This law

was translated by Bernoulli and then by Euler. Hooke’s law states that in deforma-

tion of solids, stress is proportional to deformation, which is given by

ε =
σY
Y

(2.15)
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The coefficient of proportionality Y is the elastic modulus, also called Young’s

modulus, which have units of pressure. The tensile stress is written by σY in pressure

units , and the deformation or strain is ε which is dimensionless.

Rheological equations of state are used to describe many materials, even though

these can be very different for numerous real materials. However, there are many

other materials which are not described by previous equations. Rheology relies on

the concept that non−Newtonian and non−Hookean materials exist in reality.

Fluids which present a non-Newtonian behavior exhibit a shear stress which is not

proportional to the shear strain rate.[46] A graph of this behavior for Newtonian

and non-Newtonian fluids is presented in Figure 2-9.

Figure 2–9: Comparison of the shear stress vs shear rate behavior in one Newtonian
fluid, such as water, and two non-Newtonian fluids, such as the dilatants and the
pseudoplatic fluids. Dilatants increase in apparent viscosity at higher shear rates,
different from pseudoplatic fluids that have a lower apparent viscosity at higher shear
rates. An example of dilatants and pseudoplatic fluids are printing inks and starch
solution, respectively.[47] Another non-Newtonian material not strictly a liquid is
the Bingham plastic, which is a viscoplastic material that behaves as a rigid body
at low stresses but flows as a viscous fluid at high stress.[48]

Colloidal suspensions are an example of a non-Newtonian fluid. Non-Newtonian

flow is found only in colloidal and other particulate system (in which the concept
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of colloidal particles includes large molecules). Suspensions of rigid, non-interacting

spheres in a Newtonian liquid should exhibit Newtonian flow. The nonlinear flow

curves observed from colloidal and other dispersed systems can be explained by

interactions between particles, interactions with the continuous phase, and particle

deformation.[45]

The Bernoulli effect, whose principle states that an increase in the speed of

the fluid occurs simultaneously with a decrease in pressure or a decrease in the

fluid’s potential energy, as well as van der Waals’ attraction, causes particles to

come together. This attraction may be reinforced by the presence of positive and

negative electrostatic charges and hydrogen bonding. On the other hand, high sur-

face charges of like sign cause interparticle repulsion. Spongelike particles at macro-

and microscopic scale can immobilize large amounts of the surrounding liquid.[45]

Liquid mobility can be lowered by the nanoparticles interaction with the solvent,

which creates a hydrodynamic layer on the nanoparticles. This is the effect occur-

ing in ferrofluids. Particles can be suspended in a Newtonian fluid, however, the

particles in a fluid as a whole system commonly exhibit a non-Newtonian behavior.

2.2.2 Magnetic fluids

Viscosity

Previous rheological equations of state found for different materials are used

to solve macroscopic problems related to continuum mechanics of these materials.

A different approach of rheology consists of establishing relationships between rhe-

ological properties of materials and its molecular structure (composition). This

is an independent second goal for rheology, which is related to estimating qual-

ity of materials, understanding laws of molecular movements and intermolecular

interactions.[46]

The standard method to determine viscosity of a fluid is a capillary viscometer,

which determine the kinematic viscosity in Stokes units [St]. The dynamic viscosity,



24

in Poisse units [P], is derived from the product of the kinematic viscosity and the

fluid’s density. Usually, the fluids measured in a common capillary viscometer are

Newtonian because most capillary viscometers measure viscosity at one shear rate

at a time [49]. A more common instrument used to determine viscosity of non-

Newtonian fluids is the rheometer. A very important application of rheometers is

the measurement of ferrofluids viscosity, in which could be determined the behavior

of the ferrofluid viscosity under an applied magnetic field.

The viscosity of a ferromagnetic suspension is greater than that of carrier fluid

and accompanies an increased rate of energy dissipation during viscous flow due

to presence of the suspended particles. This is the same situation in mixtures of

non-magnetic particles suspended in a liquid. A classical equation is presented by

Einstein relates the mixture viscosity η to the carrier fluid viscosity η0 and solids

fraction (assuming particles bare of coating):

η/η0 = 1 +
5

2
φv (2.16)

This relationship applies for small concentrations. An equation for higher con-

centrations presented by Rosensweig, Nestor, and Timmins, assume a two-constant

expression:

η/η0 = 1/(1 + aφv + bφv
2) (2.17)

Equation 2.17 reduces to equation 2.16 for small values of φv so that a = −5
2
.

At a concentration φc the suspension becomes effectively rigid, and η0/η goes to

zero. Thus the second constant is b = (5
2
φc − 1)/(φ2

v). φv = 0.74 is the value that

corresponds to close packing of spheres. An uncoated spherical particles of radius

r, existing in a ferrofluid with volume fraction φv, will occupy a fractional volume

in the fluid of φv(1 + δ/r)3 when coated with a uniform layer of dispersing agent

having thickness δ. A combination of these equations gives
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η − η0
φvη

=
5

2

(
1 +

δ

rp

)3

−
( 5

2
φc − 1

φ2
c

)(
1 +

δ

rp

)6

φv (2.18)

When a magnetic field is applied to a magnetic fluid subjected to shear deforma-

tion, the magnetic particles tend to remain rigidly aligned in the orientation of the

magnetic flux lines. An important effect observed is that when the fluid vorticity and

the magnetic field are parallel, the particles can rotate freely and magnetism exerts

no influence on the viscosity, given by Einstein relationship. When the directions

are perpendicular, the magnetic contribution to the viscosity is maximized.

Magnetic Properties

The magnetic and physical properties of a ferrofluid such as its equilibrium

magnetization in steady applied field, magnetization change in a field of shifting

orientation or intensity, or shear stress versus rate of strain, are important for the

proper formulation and interpretation of the ferrohydrodynamic description of the

fluids.

The particles in a ferrofluid, each with its embedded magnetic moment m,

are analogous to the molecules of a paramagnetic gas or material. As previously

mentioned, when no field exists, the particles are randomly oriented, and the fluid

has no net magnetization. However, in the presence of an ordinary field, the tendency

of the dipole to align with the applied field is partially overcome by thermal agitation.

As the magnitude of the magnetic fields is increased, the particles become more

aligned with the field direction, until these are almost completely aligned. At this

point, the magnetization achieves its saturation value. Further, Langevin’s classical

theory is adapted to an apparent superparamagnetic behavior leaded by the two

relaxation mechanisms, in which is assumed that there is negligible particle-particle

magnetic interaction [50].
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The magnitude of the torque applied on the particles by the presence of the

magnetic field is given by

τq = mH sin θ (2.19)

where H is the magnetic field intensity and θ is the angle between H and the domain

magnetization Md, which is intrinsic in the magnetic moment m. This moment

equals µ0MdV where V is the volume of the particle. The magnetization M of a

ferrofluid has the direction of the applied field and its magnitude is the total of

moments of the magnetic particles suspended in a unit volume of the mixture [50],

µ0M = nm (2.20)

where m is the component of the mean magnetic moment per particle along the

field direction. When the field is reduced from saturation, the magnetization curve

closely retraces its original path. For this reason, a small area of the hysteresis loop

is observed, and values of remanence and coercivity field are almost zero.

The Debye model describes the dynamic response of the magnetization. As-

suming monodisperse particles, the magnetization of the particles is described by

M = χ′H0 cos(Ωt) + χ′′H0 sin(Ωt) (2.21)

where Ω is the angular frequency, χ′ is the in-phase and χ′′ the out-of-phase compo-

nent of the dynamic susceptibility, which are frequency dependent. For an effective

magnetic relaxation time constant τ , both components are given by

χ′ =
χ0

1 + Ω2τ 2
(2.22)

and

χ′′ =
χ0Ωτ

1 + Ω2τ 2
(2.23)

There are two mechanisms that describe the relaxation of the nanoparticle

magnetization after the applied field has been changed. The first mechanism, the
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Brownian rotational diffusion time τB, emphasized the particle rotation mechanism.

This is given by

τB =
3VHη0
kT

(2.24)

where VH is the particle volume and η0 the dynamic viscosity of the carrier fluid.

The magnetization of a single-domain uniaxial ferromagnetic particle when no field

exists has two possible orientations, the opposite directions along the easy axis of

magnetization. An energy barrier must be overcome to move from one orientation

to the other and is given by KV, where K is the magnetic anisotropy constant

of the material. When KV � kT , the thermal energy is large enough to induce

fluctuations of the magnetization inside the grain with a characteristic time τN . This

was obtained by Nèel and given as

τN =
1

f0
e
KVH
kT (2.25)

where f0 is a frequency with approximate value of 109 Hz. The prevailing mechanism

is determined by the one having the shortest relaxation time. Both mechanisms lead

to an apparent superparamagnetic behavior, which is described by Langevin’s law,

whose relationship describes the equilibrium response [50]. The effective magnetic

relaxation time constant is given by

τ =
τNτB
τN + τB

(2.26)

Composition

The properties of ferrofluids, are profoundly affected by the thermal Brownian

motion of the suspended particles and the circumstance that each subdomain par-

ticle is permanently magnetized. Also, some of the rheological properties, such as

viscosity, are affected. These properties depend also on their chemical preparation.
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Therefore, in addition to the particles and the carrier liquid, the presence of an ab-

sorbed long-chain molecular species on the particle surface is an essential ingredient

that prevents agglomeration of the particles.

There are two conventional methods of preparing a ferrofluid, preparation by

size reduction and by precipitation that is, making little particles out of big ones and

producing little ones from solution initially. In current work, another method known

as thermo-decomposition is used to synthesize the nanoparticles. Cobalt and iron,

both with their corresponding oleate are exposed to this process to obtain the cobalt

ferrite CoFe2O4 in oleic acid. Further, the CoFe2O4 is diluted in different fluids like

mineral oil, hexane and octadecene. In addition, mixtures of various proportions are

created in order to obtain different viscosities and observe CMS curves behavior to

compare them.



CHAPTER 3

EXPERIMENTAL PROCEDURE

This chapter presents the design of the AC susceptometer in detail. The features

allowing an increase of the frequency range up to 1MHz such as the development of

a very high speed instrumentation amplifier and the design of low inductive/low ca-

pacitive coils are explained. This section also presents the synthesis, suspension and

characterization of the cobalt ferrite ferrofluids used to validate the AC susceptome-

ter by determining viscosity of its carrier fluid, and comparing it with theoretical

and validated values.

3.1 AC susceptometer design

Figure 3–1: Diagram of the AC susceptometer configuration. The input sinusoidal
signal is amplified to enhance the magnetic field which decreases at higher frequen-
cies due to the inductive impedance of the primary. A first order gradiometer as
secondary coil senses the magnetization of the sample due to the applied AC mag-
netic field. The differential signal detected by the INAmp is compared with the
current source signal, measured from the resistor voltage, for phase-shifts and am-
plitude variations.
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Figure 3-1 shows the AC susceptometer configuration. The input sinusoidal sig-

nal is amplified to enhance the magnetic field which decreases at higher frequencies

due to the inductive impedance of the primary. A first order gradiometer as sec-

ondary coil senses the magnetization of the sample due to the applied AC magnetic

field. The differential signal detected by the INAmp is given by,

v0(t) =
µ0ω|χ|N1N2A2I1

l
e(ωt+(θI+θχ+90◦)) = V0e

j(ωt+θv0) (3.1)

where ω is the angular frequency of the magnetic field, µ0 is the vacuum permeability,

χ is the magnetic susceptibility, I is the current, V0 is the output voltage magnitude,

θv is equal to θI + θχ + 90◦, in where θI is the phase of the current through

the primary and θχ is the phase difference between the vectors of the magnetic

field intensity and the magnetization, l is the coil length, and N1 and N2 are the

number of turns of the primary and secondary, respectively. This mathematical

model assumes that just one frequency component is induced in the secondary. The

measured differential voltage is compared with the current source signal, obtained

from the resistor voltage, for phase-shifts and amplitude variations caused by the

sample. The magnitude and phase of the output voltage is calculated from the in-

phase and the out-of-phase components. The in-phase component is the amplitude of

the secondary signal when the primary signal is 0◦, and the out-of-phase component

corresponds to the amplitude of the secondary signal when the primary signal is

90◦. If any imperfection exists in the construction of the secondary arrangement,

there will be an imbalance signal. This imbalance can be canceled by measuring the

difference of the output voltage when the sample is inside the upper and the lower

pickup coils. The corrected output voltage is given by

V0 =
V01 − V02

2
(3.2)
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Equation 3.1 can be used to obtain the real and imaginary part of the magnetic

susceptibility,

|χ| = V0l

µ0N1N2ωAI
(3.3)

θχ = θv0 − θI − 90◦ (3.4)

In this way, a complex magnetic susceptibility versus frequency curve can be

obtained and used to determine the nanoparticle relaxation time from the χ” peak.

The AC susceptometer configuration used in this work has additional design features

which allow a range of up to 1MHz.

3.1.1 System Development

Coil assembly. The secondary is a symmetric first-order gradiometer. For both

the primary and secondary coils, Carol A 18 AWG (American Wire Gauge) wire

was used. The thickness of this cable is sufficient to avoid a considerable effect

of the parasitic capacitances between each turn of wire in the proposed frequency

range. The primary and the secondary have just one layer with 82 turns and 7 turns,

respectively. The wires going out of the coils back to the RF Amplifier and to the

INAmp are twisted pair. A 22 AWG wire is used to ground the center point between

the two coils of the secondary. Figure 3-2 shows a picture of the actual assembly.

Sample Holder. The sample holder is a cylinder made of a non-magnetic poly-

carbonate with a diameter of 8mm and a length of 20mm. This dimension is very

close to that required to fill the internal volume of the pickup coil and obtain a

maximum output voltage due to the sample. The same reed of the Quantum Design

MPMS is used to carry the sample holder to the AC susceptometer coils.

Electronics. Considerable attention must be given to the sensing bridge due

to high frequency effects. In order to have a high signal-to-noise ratio, a high

output voltage range must exist in comparison to the imbalance signal and noise

floor. Common commercial instrumentation amplifiers lack some features necessary
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Figure 3–2: Picture of the coils. A Carol A 18 AWG wire was used for the primary
and secondary coils.

to achieve a linear output signal, such as high slew rate. Due to the very high speed

and voltage feedback architecture, three LM7171 op-amps were used to develop a

very high speed instrumentation amplifier as presented in the LM7171 datasheet.

Figure 3-3 illustrates the schematic of the developed instrumentation amplifier.

Although current feedback amplifiers present ideally unlimited slew rate and

high full power bandwidth, voltage feedback amplifiers are preferred due to the

wide range of resistor values that can be used to set the gain [51] and its matched

input impedance, which is suitable for differential configurations [52]. Figure 3-4

shows the actual instrumentation amplifier.
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Figure 3–3: Instrumentation amplifier constructed with three LM7171. Input-lag
compensation was added to the two op-amps at the input to obtain stability. As
well, a capacitor were added to the differential op-amp. For this application adding
a resistor to obtain input-lag compensation compromises stability. All resistors have
fixed values except Rg which is variable.

Although very good performance is observed in the LM7171 for simple appli-

cations such as fixed input voltage, non-inverting and inverting configurations, high

input impedances, and small frequency variations, problems with stability are ob-

served in applications requiring more dynamics and complex configurations. To

avoid this problem, in each of the input op-amps, an input-lag compensator [53]

is added. For the differential stage, the INAmp works stably with high impedance

source at the input, with or without adding an input-lag compensator. Very low

impedance sources at the input of the INAmp, as is the secondary coil, arise stability

problem whether or not an input-lag compensator is added. By leaving a capaci-

tor between the inverting and non-inverting input of the differential stage, stability

is obtained. In addition to, some design considerations of printed circuit board

(PCB), such as the use of capacitor to bypass the power supply ripple and high

frequency noise, and the reduction of unwanted capacitances in the inverting input
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Figure 3–4: Picture of the instrumentation amplifier. Due to the unwanted internal
input impedance of the multiplexer, relays are used to changes between several gain
resistors (Rg), which is the resistor establishing the gain. The relays are controlled
with a multiplexer, which is controlled with the computer by parallel port. At the
right, an anti-aliasing 6th order low-pass filter, which is currently in progress for
future system optimization.

by reducing trace width and placing components close to this input, are crucial in

maintaining low noise and avoiding circuit oscillations.[54] A good instrumentation

amplifier performance is observed in Figure 3-5, which presents the frequency and

phase response. A small overshoot-like signal caused by the capacitor added in the

differential stage is observed between 500 kHz and 800 kHz.

AC susceptometer equipment. An Agilent 33120a signal generator is used to

generate the sine wave, which is sent it to the 1140LA E&I amplifier in order to

obtain the necessary voltage to maintain a constant current source. To measure the

current across the excitation coil, an Agilent 34401a multimeter is used between the

primary and the power resistor. The power resistor is placed at the end because the

probe used to measure the voltage in the power resistor has a connection to ground.

The primary and secondary signals are observed in an Agilent 54622D oscilloscope.

The sample is moved between the two pickup coils with a Zaber Motorized Linear

Slide. Figure 3-6 shows a picture of the complete AC susceptometer.
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Figure 3–5: Gain vs frequency plot (left) and phase vs frequency plot (right) for the
instrumentation amplifier constructed with LM7171. A small overshoot-like signal
caused by the capacitor added in the differential stage is observed between 500 kHz
and 800 kHz.

Figure 3–6: Complete AC susceptometer equipment at laboratory facility.

Automation. The AC susceptometer is fully automated using a PC with Lab-

View software. The multimeter, oscilloscope, and generator are controlled and used

to receive data through GPIB. The oscilloscope is programmed to acquire four cy-

cles every frequency step. The generator output signal is monitored to send the

appropriate voltage to drive one ampere in the primary, in order to obtain 4.25Oe.

A parallel port is used to control the gain in the INamp, and through a serial bus the

information is sent to move the Zaber actuator, which positions the sample inside

the upper or lower coil of the secondary. During sample measurement, the virtual
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instrument (VI) acquires in each frequency and each actuator position a quantity

of measurements established by the user, which is currently 100 values of in-phase

and out-of-phase. The VI also calculates the mean of the 100 measurements. The

mean values are sent to a preprogrammed spreadsheet in where the data is saved.

The quantity of measurements acquired in each frequency will depend on the fer-

rofluid. Higher quantity of measurements to mean provides higher accuracy in the

complex magnetic susceptibility results. On the other hand, higher quantity of

measurements will require more experimentation time, which must be considered

for ferrofluids with high volatile solvents, or when exist possibility of aggregation.

3.1.2 Setup Procedure

The presented AC susceptometer has similar operation to the one designed

by Nikolo.[55] The reed is positioned in the Zaber motor in such matter that the

sample is positioned in one of the secondary’s coils. The pickup coils present an

output voltage due to the magnetization of the sample inserted inside one of the

secondary coils. The sample optimum position inside the secondary coil is found

when the maximum output voltage is obtained, which means a maximum inner coil

volume filled by the sample. The pickup signal is then analyzed and compared

with the signal of the primary in order to obtain the phase-shifts and amplitude

variations across the frequency sweep. From equation 3.3 and 3.4, the complex

magnetic susceptibility is obtained.

Calibration. Due to the absence of a complex susceptibility and a constant

magnetization across the frequency sweep up to 10 kHz, dysprosium oxide (Dy2O3) is

used to calibrate the system for phase-shifts and amplitude variations caused by the

output bridge, coil imperfections, and any constant external perturbations.[56][57]

It is assumed that the (Dy2O3) has constant magnetization up to 1MHz.
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In order to maximize the magnetization of the dysprosium oxide in the sample

holder, the volume is filled and fixed with Dy2O3 powder, different from some meth-

ods in which the Dy2O3 powder is mixed with epoxy to obtain a solid structure.

Figure 3-7 shows the calibration curve used for one set of measurements.

Figure 3–7: Gain and phase AC susceptometer calibration with Dy2O3 at maximum
instrumentation amplifier gain of approximately G=800V/V

Although gain and phase calibration is used to cancel phase-shifts and ampli-

tude variations caused in the instrument, such calibration are not enough to obtained

validated magnetization magnitude values due to imperfection in construction which

avoids matching of the experimental and theoretical values. An example is the fill-

ing of the secondary coil inner volume, where in an ideal case, volume must be

filled completely to obtain precision in the magnetization magnitude value. In ex-

perimentation, the sample holder thickness and the coils spool thickness avoid this

inner volume to be filled completely. In this measurements the sample magnetization

magnitude was not calibrated in order to obtain validated magnetization magnitude

values. In addition to, each set of measurements needs a proper calibration until

the system possesses a correct robustness.

Finally, is important to note that the signal-to-noise ratio decreases as the fre-

quency increases. Because of the output voltage dependence on frequency, it is

expected to obtain an increase of output voltage magnitude due to the magneti-

zation. In addition to, the imbalance signal of the output voltage should always

increase proportionally to the frequency, which is not the actual case. However,
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changes in the voltage signal can be observed when the sample moves between the

two coils of the first-order gradiometer, and from which results can be obtained.

3.2 FERROFLUIDS

3.2.1 Particle synthesis and characterization

The ferrofluids consisted of cobalt ferrite CoFe2O4 nanoparticles synthesized

by thermal decomposition using 1-octadecene as solvent. At this point, 25 g of an

iron-cobalt oleate were reacted with 100 ml of 1-octadecene and 2 g of oleic acid.

The reaction was carried out at 320 ◦C for 3 h, in which a heating rate of 3.5 ◦C/min

was used to increase temperature up to 320 ◦C. The mixture was cooled to room

temperature and washed three times with acetone (1:3) at 8000 rpm for 15 min.

Figure 3-8 shows narrow size distribution of about 14.0 ± 2.0 nm, determined by

Transmission Electron Microscopy (TEM) using a JEOL 1200EX. A mean hydro-

dynamic diameter of 23.1nm was determined by Dynamic Light Scattering (DLS)

(Figure 3-9). Because the intensity distribution is very sensitive to the light scat-

tered by larger nanoparticles, the volume distribution shows accurately the existence

of a group of 170nm nanoparticles, corresponding to aggregates, is not presented in

volume analysis.

Suspension. The nanoparticles were suspended in four mixtures of mineral oil

and hexane, 25%w/w hexane-75%w/w mineral oil, 50%w/w hexane-50%w/w min-

eral oil, 75%w/w hexane-25%w/w mineral oil, 100%w/w hexane. The approximate

particle concentration in the ferrofluids was 15%w/w as determined using thermo-

gravimetric analysis (TGA). A particle concentration of 15%w/w provides curves

with less noise. Higher particle concentrations could saturate the INAmp and in-

crease the particle-particle interaction, which is not desirable. Although lower parti-

cle concentration decreases the particle-particle interaction, the noise increases due
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Figure 3–8: Transmission Electron Microscope (TEM) of cobalt ferrite nanoparticles.
A size and narrow size distribution of about 14.0± 2.0 nm was obtained.

to a low signal-to-noise ratio. From the magnetization curve (Figure 3-10), the ini-

tial magnetic susceptibility for these samples could be obtained using the slope at

the linear region. The initial magnetic susceptibility was 1.35x105.
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Figure 3–9: Dynamic Light Scattering (DLS) of cobalt ferrite ferrofluid. A mean
hydrodynamic diameter of 23.1nm is observed in three different analysis. The in-
tensity measurement, which is commonly used to report the size of each peak in
the distribution, shows two groups of nanoparticles sizes, where a group with an
approximately size of 170nm has a magnitude similar to those with a size of 23.1nm.

Figure 3–10: Magnetization versus magnetic field for CoFe2O4 nanoparticles sus-
pended in hexane with a concentration of 15%w/w. The initial magnetic suscepti-
bility was 1.35x105 as determined from the slope at the linear region.



CHAPTER 4

RESULTS

This chapter presents the results from exposing the cobalt ferrite ferrofluid to

the AC magnetic field generated in the primary coil and measuring its magnetization

with the first-order gradiometer as the secondary, from which a frequency sweep of

the complex magnetic susceptibility is obtained.

4.1 Data and analysis of complex magnetic susceptibility

The curves obtained for each suspension are presented. For each frequency

in each actuator position, a quantity of 100 measurements were used to calculate

a mean value. The curves were normalized with respect to the maximum value

obtained from the four suspensions.

Figure 4-1 presents the real and imaginary parts of the magnetic susceptibility

of the cobalt ferrite nanoparticles suspended in hexane.

Figure 4–1: Complex magnetic susceptibility of the cobalt ferrite nanoparticles sus-
pended in hexane. The maximum value of χ” is observed at a frequency of f =
65kHz.

41
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In Figure 4-1, the maximum value of χ′′ is observed at a frequency of f = 65kHz,

which is in good agreement with the theoretical Debye model where χ′′ is almost

half the value of χ0, as predicted in theory, and the χ′′ peak intersects with the χ′

curve. Some noise is observed at frequencies over 300kHz. This noise could be a

signal-to-noise ratio problem, caused by an increase of the imbalance signal, which

is proportional to frequency.

Figure 4-2 presents the real and imaginary parts of the magnetic susceptibility of

the cobalt ferrite nanoparticles suspended in a mixture of 75%w/w hexane-25%w/w

mineral oil.

Figure 4–2: Complex magnetic susceptibility of the cobalt ferrite nanoparticles sus-
pended in a mixture of 75%w/w hexane-25%w/w mineral oil. The maximum value
of χ′′ is observed at a frequency of f = 35kHz.

Figure 4-2, as well as in Figure 4-1, presents a curve which is similar to the

ideal Debye model. Although lower noise is observed in this curve, the value of χ′

is closer to be half of the χ0 value. In addition to, an important observation is that

the magnitude of χ′′, in where intersects with χ′, is shortly shifted in comparison to

the one observed in the Figure 4-1.

Figure 4-3 presents the real and imaginary parts of the magnetic susceptibility of

the cobalt ferrite nanoparticles suspended in a mixture of 50%w/w hexane-50%w/w

mineral oil.
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Figure 4–3: Complex magnetic susceptibility of the cobalt ferrite nanoparticles sus-
pended in a mixture of 50%w/w hexane-50%w/w mineral oil. The maximum value
of χ′′ is observed at a frequency of f = 15kHz.

The curve in Figure 4-3 presents very similar characteristic to the one of Figure

4-4, in where the value of χ′ is even closer to be half of the χ0 value and the χ′ - χ′′

intersection is farther from the χ′′ peak.

Figure 4-4 presents the real and imaginary parts of the magnetic susceptibility of

the cobalt ferrite nanoparticles suspended in a mixture of 25%w/w hexane-75%w/w

mineral oil.

Figure 4–4: Complex magnetic susceptibility of the cobalt ferrite nanoparticles sus-
pended in a mixture of 25%w/w hexane-75%w/w mineral oil. The maximum value
of χ′′ cannot be observed precisely, but exists below f = 10kHz.

The χ′′ peak cannot be observed in Figure 4-4, although the behavior is similar

to the expected for values after the χ′′ peak.
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Finally, Figure 4-5 shows the complex magnetic susceptibility of all suspension

in order to compare the behavior of the curves.

Figure 4–5: Complex magnetic susceptibility of the cobalt ferrite nanoparticles
suspended in mixtures of 25%w/w hexane-75%w/w mineral oil, 50%w/w hexane-
50%w/w mineral oil, 75%w/w hexane-25%w/w mineral oil, 100%w/w hexane. It can
be observed that maximim value for χ′′ varies to higher frequencies as the viscosity
of carrier fluid decreases.

As expected from theory, the suspension with lower viscosity shows the χ′′ peak

at higher frequencies. Next section compares the carrier fluid viscosity obtained from

two methods, the magnetization method and the capillary viscometer.

4.2 Viscosity measurements and comparison with values obtained from
complex magnetic susceptibility

Results of the viscosity obtained from the complex magnetic susceptibility mea-

surements and from capillary viscometer are tabulated and presented in Table 4-1.

Although the AC magnetic susceptometer lacks of temperature control, the mea-

surements with the viscometer were made in a controlled water bath at 25 ◦C (room

temperature) in order to obtain the most accurately conditions as the AC magnetic

susceptometer environment.

From table 4-1, it can be observed that viscosities derived from the complex

magnetic susceptibility overestimate the values obtained from validated method.
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Considering the most reliable result (not the values from the 25%w/w hexane-

75%w/w mineral suspension), the relative difference increase at lower viscosities.

This can be observed by estimating theoretically the frequency for which the χ′′

peak must appear.(Table 4-2)

Table 4–1: Comparison bewteen the viscosity obtained from complex magnetic
susceptibility and capillary viscometer

Frequency of χ” Viscosity from complex Viscosity from
max value [kHz] magnetic susceptibility [cP] viscometer [cP]

hexane25%-oil75% 10 a 4.46
hexane50%-oil50% 15 2.28 1.52
hexane75%-oil25% 35 0.978 0.553
hexane 60 0.571 0.294 b

a Value less than 10kHz. Out of the instrument’s frequency range.
b Data from literature

Table 4–2: Estimation and comparison between the frequency in where the
maximum χ” value was expected with and the experimental frequency

Validated Expected Experimental Frequency
viscosity [cP] frequency [kHz] frequency [kHz] ratio [kHz/kHz]

hexane25%-oil75% 4.46 7.579 <10 N/A
hexane50%-oil50% 1.52 22.239 15 1.483
hexane75%-oil25% 0.553 61.127 35 1.746
hexane 0.294 b 114.977 60 1.916

4.3 Discussion

Differences in results could be caused by any of the following: particle-particle

interactions such as friction and aggregation, temperature, or system sensitivity.

Although negligible quantity of aggregation was observed in the DLS results, ag-

gregations which simulates larger particles are considered because theoretically, a

larger particle contributes more to the magnetization and the dynamic of the fluid
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than a small particle. High ferrofluid concentration also affects the measurements

because the distance between the particles will be closer, leading to interaction be-

tween the particles instead of interactions with the solvent. The temperature is a

very important factor affecting the viscosity of the fluid. Although the AC magnetic

susceptometer lacks temperature control, the measurements with the viscometer

were made in a controlled water bath at 25 ◦C (room temperature). Even though

there was not a big difference in temperature for both case, it can be seen that the

Brownian relaxation time is inversely proportional to temperature, in which changes

in temperature affect directly the dynamic of the nanoparticles. In addition to, the

viscosity is also an function of temperature. As the temperature increases, the vis-

cosity decreases, consequently contributing to the decrease of the relaxation time.

Finally, the lack of very good sensitivity, as could be reached by SQUIDs, could

be affecting the measurement of sample magnetization. This happens because of a

reduction of signal-to-noise ratio due to the increase of the imbalance signal when

the frequency increase. System sensitivity must be improved in order to overtake

the effect caused by the low signal-to-noise ratio.



CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

An AC susceptometer was developed, in which features such as the coils design

and a high speed instrumentation amplifier allow the instrument to realize measure-

ments in the improved frequency range of 10kHz-1MHz with a constant excitation

field of approximately 4.25 Oe. Design considerations for the high frequency ranges

such as the increase of wire insulator and the development of a high speed instru-

mentation amplifier using voltage feedback LM7171, allow a successful performance

of the instrument. LabView software was used to automate the instrument. In order

to validate the AC susceptometer, viscosities of magnetic colloids carrier fluid were

calculated by means of complex magnetic susceptibility and capillary viscometer,

and whose values present minimum differences. Differences between theoretical and

experimental values increase as the frequency of χ′′ peak value increases, coincident

with the proportional decrease of the signal-to-noise ratio which avoids precision in

the measurement of the in-phase and out-of-phase components. Particle-particle in-

teractions may be affecting the dynamics of the particles in the solvent, which could

lead to higher relaxation times. In addition to, limitation in temperature control

and system sensitivity affect the magnetization measurements.

In order to improve the system for future work, the temperature control must be

implemented to maintain a constant temperature across the sample during the mea-

surements. A thoughtful temperature control design is required to avoid unwanted

temperatures in the wire conductor. It is recommended to fix temperature in the

primary and the secondary in order to avoid variations in the conductor resistance

47
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and prevent heat transfer to the sample due to high current through the conductor.

In addition to heating effect in the conductor due to current density, skin effect will

be affecting the conductor temperature if a constant current is maintained constant

while the frequency is increased. For ease the implementation process for the coils

temperature, both coils could be exposed to the same temperature source, but must

be different from the sample temperature source. Liquid helium or liquid hydrogen

are good options to use as temperature controlled medium. In addition to, high

system sensitivity is mandatory to improve even more the frequency range. A good

option to extend the frequency range to lower frequencies is the design a high speed

instrumentation amplifier with higher gain while reducing the secondary turns to

avoid saturation at high frequencies. A better option will be to use a lock-in am-

plifier which works in the frequency range desired. It will be always good to use an

oscilloscope to observe if there is sufficient signal-to-noise ratio. Probably, the best

option is to implement a SQUID to achieve very high sensitivity. Also, a similar

experiment could be done with particles suspended in a single fluid or homogeneous

fluid in order to promote the particle-solvent interaction to be the same for all the

nanoparticles. An experiment with lower concentration of particles is important

to avoid the effect caused by the particle-particle interactions. Finally, a calibra-

tion constant must be calculated to obtain absolute magnitude values. This errors

in magnitude due to imperfections in construction could be corrected by compar-

ing magnetization magnitude per mass at 1kHz obtained from the Quantum Design

MPMS with the magnetization magnitude per mass obtained at the initial frequency

of the AC magnetic susceptometer. Dysprosium oxide must be used to as standard

sample to calibrate the phase and magnitude, and to obtain the magnitude constant

for the absolute values.



APPENDIX A

DERIVATION OF EQUATIONS

A.1 Mathematical description of the generation of a magnetic field and
the magnetic field intensity at any point of a non-infinite coil [2]

Figure A–1: Diagram of a current loop generating a magnetic field used as a repre-
sentation of the Biot-Savart’s law

The generation of a magnetic field H established for a current element I is

described by the Biot-Savart’s law which is expressed in vector form as

dH =
Idl × r

4πr3
. (A.1)

In the case of one current loop, the equation for magnetic field intensity is

H =
IR2an
4πr3

(A.2)

where an is the direction normal to the center loop face. Refer to Figure A-1 for

conceptual details. Now, considering N number of current loops as in the case of

the coil in Figure A-2, the intensity of magnetic field at any point in the z axis is

given by

H =
NI

2l
(cos θ2 − cos θ1)az. (A.3)
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Figure A–2: Magnetic field intensity inside the central axis of a coil

Assuming an infinite length coil, Equation A.4 reduces to

H =
NI

l
. (A.4)

A.2 Output voltage of a secondary coil with a symmetric first-order
gradiometer configuration

Figure A–3: Diagram of a primary and secondary coil configuration. The sample is
assumed to exist in the lower coil of the secondary.

Symbols used for this derivation:

Ψ Total magnetic flux.
B Magnetic flux density.
S Surface area.

Vemf1 Induced voltage in the upper coil in the secondary.
Vemf2 Induced voltage in the lower coil in the secondary.
N1 Number of turns in the primary.
N21 Number of turns in the upper coil of the secondary.
N22 Number of turns in the lower coil of the secondary.
A21 Area of the upper coil of the secondary.
A22 Area of the lower coil of the secondary.
i(t) Current through the primary.
χm Magnetic susceptibility of the sample.
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 L1 Length of the primary.
µ Permeability of the material.

Using the following equations, the output voltage of the secondary coil can be

obtained. It is considered the changes in permeability of the secondary inner coil

volume.

From the Faraday’s law of induction, an output voltage due to an induced

magnetic field can be obtained.

Vemf = −N dΨ

dt
(A.5)

The magnetic flux through an enclosed surface is given by

Ψ =

∫
S

B · dS = BA (A.6)

with an area A = πr2 perpendicular to the magnetic flux lines, and a magnetic flux

density B. The magnetic flux density is related to the magnetic field intensity H in

the following equation given by

B = µH (A.7)

in where µ is the permeability of the material. The magnetic susceptibility can be

obtained from its relationship with the permeability, which is given by

µ = µ0(χm + 1). (A.8)

The derivation of the output voltage equation is as follows:

Vemf2 = −N22
dΨ

dt
(A.9)

Vemf2 = −N22
d

dt
BA22 (A.10)
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Vemf2 = −N22
d

dt

µN1i(t)A22

L1

(A.11)

Vemf2 = −N22N1A22

L1

d

dt
µi(t) (A.12)

Vemf2 = −N22N1A22

L1

d

dt
µ0(χm + 1)i(t) (A.13)

Vemf2 = −µ0N22N1A22

L1

d

dt
((|χm|ej(θχ) + 1)|I|ej(ωt+θI)) (A.14)

Vemf2 = −µ0N22N1A22|I|
L1

d

dt
(|χm|ej(ωt+θχ+θI) + ej(ωt+θI)) (A.15)

The sample will be present only in one coil of the secondary. Let’s assume that

there is no sample in the upper coil, therefore |χm| = 0 .

Vemf1 = −µ0N21N1A21|I|
L1

d

dt
(ej(ωt+θI)) (A.16)

V0 = Vemf1 − Vemf2 (A.17)

V0 = [−µ0N21N1A21|I|
L1

d

dt
(ej(ωt+θI))]−[−µ0N22N1A22|I|

L1

d

dt
(|χm|ej(ωt+θχ+θI)+ej(ωt+θI))]

(A.18)

V0 = [−j µ0ωN21N1A21|I|
L1

(ej(ωt+θI))]−[−j µ0ωN22N1A22|I|
L1

(|χm|ej(ωt+θχ+θI)+ej(ωt+θI))]

(A.19)

Assuming A21 = A22 = A2
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V0 = j
µ0ωN1A2|I|

L1

(−N21e
j(ωt+θI) +N22|χm|ej(ωt+θχ+θI) +N22e

j(ωt+θI)) (A.20)

V0 = j
µ0ωN1A2|I|

L1

ej(ωt+θI))(−N21 +N22|χm|ej(θχ) +N22) (A.21)

Assuming N21 = N22 = N2

V0 = j
µ0ωN2N1A2|χm||I|

L1

(ej(ωt+θI+θχ)) (A.22)

V0 =
µ0ωN2N1A2|χm||I|

L1

(ej(ωt+θI+θχ+90 ◦)) (A.23)



APPENDIX B

SUMMARY OF LABVIEW OPERATION

This chapter explains a brief summary of the LabVIEW programming and

operation when the measurements were taken.

Figure B–1: Program to setup the magnetic field intensity

Figure B-1 presents the program used to set the magnetic field intensity. For

any random voltage, the current is measured using the multimeter. Using the value

of voltage and current, the impedance is obtained. Now, the voltage is increased
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to obtained a current value of 1 A, which gives a magnetic field intensity of ap-

proximately 4.25 Oe. This is measured at each frequency because of the impedance

changes while the frequency increases.

Figure B–2: Oscilloscope setup and data acquisition program

Figure B-2 shows the program section where the oscilloscope is set and the

acquisition is performed. The oscilloscope autoscale is initially used. The signal

amplitude for both channels is measured to adjust the scale to the most appropriate.

Using the frequency sent to the signal generator, the time scale is adjusted to obtain

four cycles. After the signals are acquired, they are passed through a 10th order

low-pass filter.

Figure B-3 shows the a program which selects a signals section used to ease the

search of the in-phase and out-of-phase values. The signals selection is from −π/10

to 3/10π, which includes the 0 ◦ and 90 ◦ of the primary signal. From the selected

signals, the minimum and maximum absolute values of the primary, which are 0 ◦

and 90 ◦ respectively, was obtained to use their indexes and find the in-phase and

out-of-phase values in the secondary signal.
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Figure B–3: Program to select the waveform used to obtain the in-phase and out-
of-phase values

Finally, after the data was obtained, the motor moves the sample between the

upper and lower coil of the secondary. Instruction were used as defined in the

motor’s user manual, and are sent through serial communication. The motor was

set to move 50mm, which corresponds to the distance between the upper and lower

coil.
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Figure B–4: Program to move the motor
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