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In this work, an alternating current (ac) magnetic susceptometer is designed and 

implemented to track the Brownian relaxation time of magnetic nanoparticles that are 

suspended in a liquid medium. The detection technique based on the Brownian relaxation 

time of magnetic nanoparticles has found its way in a variety of biosensing applications 

ranging from the detection of biochemical binding to blood clotting. One of the ways to 

detect the change in the viscosity of blood, in the clotting process, is to track the change 

in the Brownian relaxation time of magnetic nanoparticles, delivered in blood, as a tracer. 

This project uses the frequency response of the ac magnetic susceptibility of the magnetic 

nanoparticles, suspended in a liquid medium, to track the Brownian relaxation time of the 

nanoparticles in that specific medium. The implemented ac susceptometer is capable of 

tracking a relaxation time between 1 ms and 10 µs. For a tracer nanoparticle with a 

hydrodynamic diameter of 20 nm, the detection range of the implemented ac 

susceptometer covers a viscosity window between 0.52 mPa.s and 52 mPa.s. Most of the 

traditional practices use the movement of the detection setup to cancel the inductive feed 

through. Unlike the traditional practices, an active cancellation technique is employed in 

the implemented susceptometer to stretch the lower limit of the measurement down to   

50 nAm2 ac magnetic moment, across the frequency range from 1 kHz to 100 kHz. 
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1. INTRODUCTION  

 

The magnetic resonance spectroscopy of Brownian relaxation (MSB) is a relatively new 

addition to the magnetic sensing technology [1].  This technique relies on the fact that the 

random thermal motion (Brownian motion) of magnetic nanoparticles in a suspension 

counteracts the tendency of these nanoparticles to be aligned with an externally applied 

magnetic field. The average time that is needed for the nanoparticles to go to the 

unaligned state from the aligned state is called the Brownian relaxation time. When a 

sinusoidal magnetic field is applied with a time period (inverse of the frequency) equal to 

the Brownian relaxation time, a resonance condition occurs. The frequency response of 

the magnetic susceptibility of magnetic nanoparticles that are suspended in a liquid 

medium is a means to track the resonance frequency [2]. Here the term magnetic 

susceptibility refers to a measure of the ability of a material to be magnetized in response 

to an applied magnetic field.  The instrument that detects the response of a magnetic 

sample by applying a time varying magnetic field is called alternating current (ac) 

susceptometer.  

 

MSB is capable of sensing any of the three suspension conditions, including the 

temperature of the suspension [3], the viscosity of the suspension [4], and the change in 

the size of magnetic nanoparticles due to biochemical binding [5], by looking at the 

modification in Brownian relaxation time. These three suspension properties are used as a 

sensing parameter in many biomedical detections including the binding reaction between 

a specific protein and vitamin [6] and monitoring the in vivo blood clotting state [7].  

 

The motivation of this work is to implement an ac susceptometry technique, governed by 

the MSB, to detect blood clotting. The development of the blood clot in veins, known as 

venous thromboembolism (VTE), causes a life-threatening condition including the 

permanent damage to the body organs. The VTE is prevalent among elderly persons. 

Every year approximately 10 million cases of VTE are reported worldwide [8]. To 

provide with proper treatment and to increase the survival rate, proper detection at the 

early stage is very important. Table 1-1 lists the pros and cons of three most commonly 
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used detection technologies for the blood clot. 

 

Table 1-1Pros and cons of three commonly used blood clot detection technologies 

Name Detection technique Advantage Disadvantage 

Duplex ultrasound Ultrasound image Capable of detecting 
the blood clot in 
large veins above the 
knee [9] 

i) Fails to detect the 
blood clot below the 
knee [9] 
 
ii) Not sensitive to 
the proximity of the 
blood clot [10] 
 

X-ray venography Monitoring the 
flow by using the 
injected contrast 
material in the 
blood 

Capable to detect the 
blood clot from the 
places hidden from 
the ultrasound [9] 
 

i) Invasive 

Magnetic resonance 
venography 

Emitted signal from 
the magnetically 
relaxed hydrogen 
atoms inside the 
tissue 

Superior to the 
ultrasound in the 
detection accuracy 
[9] 

i) Expensive 
 
ii) More involved 
process than the 
ultrasound 
technology 

 

The detection techniques listed in Table 1-1 can detect an already developed clot in the 

blood but they are not sensitive to the changes occur in the process of blood clot. The 

knowledge about the changes in the process of blood clot is very important in the 

research of blood clot treatment.  

  

MSB is a promising technique in the area of detection for blood clots because the 

biocompatibility and the stability of the surface-functionalized magnetic nanoparticles are 

already reported in numerous biosensing technologies [11]. A noninvasive and rapid 

detection of the blood clot, in a blood sample, by tracking the modification in Brownian 

relaxation time of magnetic nanoparticles due to their binding to the thrombin (an 

enzyme in blood plasma that causes the blood to clot), has been reported recently [7]. 

Moreover, because of being a room temperature measurement system MSB can be 

developed as a cost effective and rapid sensing technology to detect the clot in blood at 
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the point of care.  

 

The viscosity of the blood increases around an order of magnitude in the clotting process 

[12]. The use of the frequency response of the alternating current magnetic susceptibility 

in the detection of the change in the viscosity of a magnetic nanoparticle suspension has 

been reported [4].  

 

In this project, a magnetic detection technology is proposed and implemented with a 

target to track the change in the Brownian relaxation time of magnetic nanoparticles due 

to the change of blood viscosity. As a proof of concept, an ac magnetic susceptometer is 

designed and implemented to measure the Brownian relaxation time of iron oxide 

nanoparticles in a water-based suspension.   

 

This literature presents the theoretical background of the MSB technique in Chapter 2. 

The design procedure of the implemented ac susceptometer is discussed in Chapter 3. 

Chapter 4 illustrates the measurements from the implemented ac susceptometer.     

Chapter 5 gives a conclusion to the project and introduces the scope for the future work.   
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2. BROWNIAN RELAXATION 

 

This chapter introduces the Brownian relaxation time and relates it to the frequency-

dependent ac magnetic susceptibility. Three reported experimental results, based on the 

relation between the frequency response of the ac magnetic susceptibility and the 

Brownian relaxation time, are discussed. 

 

2.1. Magnetic relaxation of nanoparticles 
 

The dominant source of the magnetism in a material is the magnetic moment that is 

associated with each individual electron. The orbital movement of the electron 

surrounding the nucleus generates the orbital moment, while the spin of the electron 

along its own axis gives rise to the spin moment. The net magnetic moment depends on 

the electron configuration in an atom. Electrons in a pair cancel each other's magnetic 

moment. Only materials with unpaired electrons in their atom have a net magnetic 

moment. Among those materials, only the ferromagnetic materials have strong exchange 

interaction between the unpaired electron spins. This exchange interaction results in the 

spontaneous alignment of magnetic moments in the ferromagnetic material. But, this 

alignment cannot be continued throughout the whole volume of a piece of ferromagnet 

due to the increasing internal magnetic energy cost. So, magnetic moments in 

ferromagnetic materials are subdivided into several magnetic domains. All of the 

magnetic moments in a domain are aligned in a particular direction, while moments of 

adjacent domains are aligned in different directions. 

Hardly enough room exists for forming more than one magnetic domain in small grains 

of ferromagnetic particles that are synthesized with a diameter below a certain range. 

Those grains of particles are then called the single-domain magnetic nanoparticles. The 

critical diameter for being a single domain nanoparticle is a material dependent property. 

For example, the critical diameter for iron is 6 nm and for magnetite (Fe3O4) it is around 

60 nm [13]. A single domain nanoparticle grain can be viewed as a permanent magnet 
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where all the magnetic moments are aligned in a specific direction. When the grain size 

continues to decrease in the single domain range, a threshold in the particle nature occurs. 

Below a critical size, the magnetization direction of the single domain particle flips 

randomly under the influence of temperature. The time between two consecutive flips is 

called the Néel relaxation time, and this property of flipping the magnetization direction 

due to the thermal influence is called the superparamagnetism. The Néel relaxation time 

is expressed by equation (2.1) [14].  

 

 (2.1) 

 

In equation (2.1), τN is the Néel relaxation time, K is the anisotropy energy constant, 

Volume is the volume of the particle, kB is the Boltzmann constant, and T is the 

temperature. The multiplication,  K×Volume, gives the anisotropy energy barrier, and 

kB×T  denotes the thermal energy. The term, τ0, called the attempt period, is the 

characteristic property of a material. A typical value for τ0 ranges between 10-9 to 10-10 

second.  

According to equation  (2.1), the Néel relaxation time increases exponentially with the 

increase of the particle size. If the nanoparticles are free to move in a suspension a 

threshold in particle size appears where a second relaxation mechanism, governed by the 

ongoing random thermal motion, becomes dominant over the Néel relaxation process. 

The relaxation process due to this random thermal motion of the nanoparticles is called 

the Brownian relaxation process. Figure 2.1 presents a simplified illustration of the 

difference between the Néel relaxation process and the Brownian relaxation process.  

The time that is required for the particles to be relaxed by the Brownian process is 

expressed by equation (2.2) [15]. 

 

 (2.2) 

0 exp[ ]N
B

K Volume
k T

τ τ ×
=

3 h
B

B

Volume
k T

ητ × ×
=
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In equation (2.2), τB is the Brownian relaxation time, Volumeh is the average 

hydrodynamic volume of the nanoparticles in a suspension, η is the viscosity of the 

carrier fluid, kB is the Boltzmann constant, and T is the temperature of the suspension. 

The hydrodynamic volume is the effective volume of a nanoparticle, including the fluid 

surrounding it that moves with the particle due to the particle-fluid interaction. For a 

functionalized magnetic nanoparticle, this volume includes the magnetic core at the very 

center of the particle; the surfactant coating, including the shell and ligands surrounding 

the core; and a thin electric dipole layer of the carrier fluid that adheres to the surface of 

the particle. Shells and ligands are added to control the behavior of that particle in a 

specific solvent. Figure 2.2 shows different components included in a hydrodynamic 

volume of a magnetic nanoparticle in a water-based suspension. 

 

 

 

 

 

 

Figure 2.1  Blue circles indicate single domain grains of magnetic nanoparticle and white 
arrows indicate the directions of the magnetization. Nanoparticles are assumed to be 
suspended in a liquid medium. (a) Nanoparticles are aligned with an externally applied 
magnetic field (red arrows are showing the magnetic field lines). (b) When the field is 
removed nanoparticles relax in the Néel relaxation process (in this case, nanoparticles are 
not changing their position due to the assumption of the absence of the random thermal 
motion). (c) Nanoparticles relax in the Brownian relaxation process due to thermal 
randomization. 

 

Depending on the variables presented in equation (2.1) and equation (2.2), the relaxation 

mechanism with smaller relaxation time becomes dominant in a specific nanoparticle 

distribution. An effective relaxation time, τf, is defined as shown in equation (2.3) [16]. 

(b) 

 

(c) 

 

(a) 

 



17 
 

 

(2.3) 

 

In equation (2.3), τB and τN denote the Brownian and the Néel relaxation times 

respectively. Considering the temperature, viscosity, and anisotropy energy constant to be 

unchanged, a critical volume of the nanoparticle can be defined where τB is equal to τN. 

When nanoparticle volume is larger than the defined critical volume then τB << τN  . The 

dominant relaxation process for those nanoparticles is the Brownian relaxation process. 

Here, two relaxation mechanisms are compared only for the nanoparticles those are free 

to move in a medium. In a solid medium, only the Néel relaxation process can happen if 

the size of the nanoparticle is in the superparamagnetic range.  

 

  

 

 

 

 

 

Figure 2.2  Different components included in the hydrodynamic volume of a 
functionalized magnetic nanoparticle that is suspended in water. 
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2.2.  Brownian relaxation and magnetic susceptibility 

 

The rate of change in the induced magnetization of a material with the change of the 

applied magnetic field is called the magnetic susceptibility of that material. The magnetic 

susceptibility is expressed as shown in equation (2.4). 

 

(2.4)  

 

In equation (2.4), M is the induced magnetization in the material by the applied field, H. 

If both M and H are expressed in Am-1 then χ is called the unitless volume susceptibility.  

Peter Debye developed the concept of the frequency dependent complex permeability to 

explain the relaxation mechanism of polar molecules [17]. A similar concept, as 

presented in [18], can be used to derive the frequency dependence of the complex ac 

susceptibility of magnetic nanoparticles that are suspended in a liquid medium. Figure 2.3 

shows a scenario where, a previously applied direct current (dc) magnetic field, Ho, is 

changed to H, at time t=0. The induced magnetization of the material decays 

exponentially from χ0H0 to χ0H. At any instant of time, if the magnetization of the 

material is M then the excess amount of magnetization, (M- χ0H), must eventually be 

decreased to zero through a relaxation process. If τ is the average relaxation time then the 

rate of change of the induced magnetization in the material is (M- χ0H)/τ. If the dc 

magnetic field is replaced by an ac magnetic field then the rate of change in the 

magnetization can be expressed as shown in equation (2.5). 

 

(2.5) 

  

dM
dH

χ =

0 0[ exp( )]dM M H j t
dt

χ ω
τ

− −
=
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Figure 2.3  The induced magnetization and applied magnetic field with respect to time. 

 

Equation (2.5) is solved in Appendix A. The expression of the magnetization is expressed 

in equation (A.5). Equation (A.5) is quoted in equation (2.6). 

 

(2.6) 

 

The complex ac susceptibility, χ (ω), used in equation (2.6), is expressed by equation 

(2.7). 

 

(2.7) 

 

0 0( ) exp( ) ( ) exp( )
1

oM H j t H j t
j
χ ω χ ω ω
ωτ

= =
+

0 0
2 2( ) '( ) "( )

1 ( ) 1 ( )
j jχ χ ωτχ ω χ ω χ ω

ωτ ωτ
= − = −

+ +

Magnetization (M) 
 Time (t) 

   Time (t) 

 
   t = 0 

H0 

H 

χ0H0 

χ0H 

(M- χ0H) M 

Magnetic field (H) 
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In equation (2.7), χ0 is the dc magnetic susceptibility, χ'(ω) is the real component and 

χ"(ω) is the imaginary component of the complex ac susceptibility χ(ω), ω is the radian 

frequency, and τ is the relaxation time.  

Figure 2.4 shows the frequency response of χ'(ω) and χ"(ω), according to (2.7). The 

imaginary part of the complex ac susceptibility exhibits a peak at the frequency equal to 

the reciprocal of the relaxation time.  

 

 

 

 

 

 

 

Figure 2.4  The frequency response of the χ'(ω) and χ"(ω) according to equation (2.7). 

 

A distribution in the particle size exists in any suspension of nanoparticle. The Néel 

relaxation process is dominant for smaller nanoparticles in the distribution while the 

Brownian relaxation process is dominant among the larger nanoparticles. Due to the size 

distribution in the nanoparticles,  multiple peaks are expected in the frequency response 

of the χ"(ω) [2]. Figure 2.5 presents an illustration of multiple peaks in the frequency 

response of χ''(ω), where low-frequency peak is attributed to the Brownian relaxation 

process of the larger nanoparticles, and the peak at the higher frequency is attributed to 

the Néel relaxation process of smaller nanoparticles. 

  

   Frequency (ω)  

   Susceptibility (χ)  

  χ'  

  χ''  

  ω= 1/τ  
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Figure 2.5  The frequency response of the real and imaginary part of complex ac 
magnetic susceptibility. The peak at a lower frequency is attributed to the Brownian 
relaxation process of relatively larger particles in the distribution, and the higher-
frequency peak is attributed to the Néel relaxation of the smaller particles. 

 

2.3. Literature review 

 

The results of three experimental works, based on the measurement of the frequency 

response of the complex ac susceptibility in order to find the Brownian relaxation time 

and to use the Brownian relaxation time as a sensing parameter, are presented here as the 

example of the MSB technique. 

The frequency response of the complex ac susceptibility of a water-based magnetic 

nanoparticle suspension was explored in [19].  Two distinct loss peaks were found, as 

presented in Figure 2.6 (a), in the frequency response of χ"(ω). The loss peak found at a 

lower frequency was attributed to the Brownian relaxation of larger nanoparticles while 

the higher frequency loss peak was attributed to the combination of the Brownian and 

Néel relaxation of smaller particles in the sample. To confirm the interpretation about the 

relaxation peaks, a second measurement was taken while keeping the sample in the 

frozen state. The result of the second experiment is presented in Figure 2.6 (b). In the 

   Susceptibility (χ)  

   Frequency (ω)    ω= 1/τB    ω= 1/τN  

   χ' 

   χ'' 
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(a) At room temperature both loss peaks, due 
to the Brownian, and the Néel relaxation 
mechanisms, are present. 

 

(b) When the sample is frozen the peak 
due to the Brownian relaxation 
mechanism is lost but the Néel relaxation 
peak is still present. 

 

second case, lower frequency peak disappeared, but the higher frequency peak was still 

there. Since the sample was frozen, the Brownian relaxation by the bulk movement of the 

nanoparticles was not possible in the second case. But smaller particles could still be 

relaxed using Néel relaxation process by flipping the magnetization direction internally.  

 

 
 

  

 

 

Figure 2.6  The frequency response of the real and imaginary component of the complex 
ac susceptibility of a water-based nanoparticle suspension [19]. (Reprinted with the 
permission from IOPscience) 

 

Bio-chemical binding of functionalized magnetic nanoparticle has been detected by 

tracking the modification in the Brownian relaxation time of those tracer nanoparticles 

[5]. A shift in the loss peak to a lower frequency point was noticed, as presented in Figure 

2.7, after the binding of magnetic nanoparticles with a specific protein named S- protein. 

The increase in the hydrodynamic volume of the bonded magnetic nanoparticles results in 

an increase in the Brownian relaxation time, which was reflected in the shift of the loss 

peak to a lower frequency value. The disappearance of the Brownian relaxation loss peak 

was seen when the nanoparticles were completely immobilized by binding with the T-7 

bacteriophage. 
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Figure 2.7  The frequency response of the imaginary component of the ac magnetic 
susceptibility of the avidin-coated magnetic nanoparticles. Before binding with anything 
(shown in black circles), the loss peak is noticed at around 300 Hz. After binding with the 
S-protein (shown in white circle) the peak shifts to a lower frequency, indicating an 
increase in the Brownian relaxation time. The Brownian relaxation loss peak is 
disappeared after the binding with the T-7 bacteriophage due to the complete 
immobilization of the nanoparticles (white square) [5]. (Reprinted with the permission 
from the Journal of Applied Physics) 

 

The change in the Brownian relaxation time of the nanoscale cobalt ferrites in a ferrofluid 

sample due to the change in medium viscosity was monitored by tracking the shift of the 

Brownian relaxation peak in the frequency response of χ"(ω) [4]. The experimental 

results from [4] are shown in Figure 2.8.  
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(a) 

 

(b) 

 

 
 

 

Figure 2.8 (a)  Shift of the Brownian relaxation peak due to the change in viscosity of the 
medium. (b) A linear increase of the Brownian relaxation time with the viscosity of the 
medium [4]. (Reprinted with the permission from the Journal of Magnetism and 
Magnetic Materials) 
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3. AC SUSCEPTOMETER DESIGN 

 

This chapter first presents the basic principle of operation of an ac susceptometer. 

Secondly, the process of selecting the amplitude and the frequency of the excitation 

magnetic field is discussed. Thirdly, the design procedure of the excitation and detection 

coil is presented. Fourthly, the sources of the disturbances to the experiment and the ways 

that are used to address them are discussed. Finally, the instruments that are used for the 

excitation and detection purpose are presented along with a system overview. 

 

3.1. Basics of an ac susceptometer 

 

The circuit components in an ac susceptometer are mainly divided into two parts, circuits 

for the excitation and for the detection. A sinusoidal magnetic field, called excitation 

field, is generated in a solenoid, called the excitation coil. The induced ac magnetization 

in a sample due to that excitation field is detected by a second coil, called the detection 

coil. The basic operating principle of an ac susceptometer is illustrated in Figure 3.1. 

 

 

 

 

 

 

 

Figure 3.1  The simplified schematic of an ac susceptometer. The excitation signal is an 
ac current, supplied through the excitation coil. The excitation magnetic field produced 
by the excitation coil induces an ac magnetization in the sample. The induced ac 
magnetization in the sample acts as a source of time-varying source of magnetic flux, 

Excitation signal Detection voltage 

Excitation coil Detection coil 

Excitation magnetic field lines  

Sample 
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which induces an ac voltage in the detection coil. Two counter wound coils are connected 
in series to make the detection coil in order to cancel out the voltage that is induced from 
the inductive coupling between the excitation and the detection coil. The sample is placed 
in one of the two coils to measure the sample response. The amplitude and the phase of 
the induced magnetization in the sample are obtained from the detected voltage signal 
across the detection coil. 

 

3.2. Selection of the magnitude and frequency of the excitation field 

 

A water-based magnetic nanoparticle suspension, synthesized by NNCrystal US 

Corporation, product code FEOW-30-005, is used as the sample for initial studies. The 

suspension contains 1 mg/ml Fe3O4 nanoparticles with a magnetic core diameter of 30 

nm. The nanoparticles are coated with modified polyethylene glycol (PEG). According to 

the specification the hydrodynamic diameter of the Fe3O4 nanoparticles in water is 50 

nm.  

The Néel relaxation time of the nanoparticle with 30 nm magnetic core diameter is 

calculated using equation  (2.1). The reported range of the anisotropy energy constant for 

iron oxide nanoparticle system is approximately between 20 kJm-3 and 50 kJm-3 [14]. 

Taking this range in the calculation, the Néel relaxation time is obtained between          

4.6 ×1020 s and 1.4 ×1065 s.  

The Brownian relaxation time for nanoparticles with a hydrodynamic diameter of 50 nm 

in a solvent with a viscosity of 0.89 mPa.s (the viscosity of water) is calculated using 

equation (2.2). The calculated Brownian relaxation time is 42.2 µs, and as a result, the 

resonance peak for the Brownian relaxation process is predicted at the frequency of      

3.8 kHz. The presented ac susceptometer is designed to work in a frequency range from 1 

kHz to 100 kHz. The resonance peak due to the Néel relaxation process is out of the 

selected frequency range.  

The magnetic response from the nanoparticle suspension is measured using a vibrating 

sample magnetometer (VSM). The VSM measurement shown in Figure 3.2 indicates that 

if the ac susceptometer is designed to excite 200 µl of the nanoparticle suspension with 
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an ac magnetic field of 5 mT, the ac magnetic moment of around 0.2 µAm2 is expected 

from the nanoparticle suspension. 

 

  

 
 

 

Figure 3.2  The VSM measurement of the water-based suspension of 30 nm magnetic 
core Fe3O4. 200 µl suspension is used to measure the magnetic response  (a) A dc 
magnetic field is ramped up to 620 mT to see the saturation magnetic moment and the 
field needed to saturate 200 µl of the nanoparticle suspension. (b) The magnetic moments 
of the same suspension at smaller (-6 mT~6 mT) dc field range 

 

3.3. Excitation coil design 

 

3.3.1. Number of turns 

 

The field that is produced inside a solenoid is expressed by equation (3.1) [20]. 
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In equation (3.1), B is the magnetic field, µo is the vacuum permeability, n is the number 

of turns per unit length of the coil, l is the length of the coil, I is the current, z is the 

distance along the axis from the center of the coil and r is the radius of the coil. The 

magnetic field increases with the number of turns according to equation (3.1), but the 

inductance of the coil also increases with the number of turns according to equation (3.2). 

 

(3.2) 

 

In equation (3.2), L is the inductance of a coil in with a length of l, the area of cross 

section A and the total number of turns N.  

The power amplifier that used to supply the excitation coil is voltage limited. The current 

this power amplifier can supply through a load is limited by the impedance of the load. 

 

3.3.2. Wire type 

 

Using a wire with a diameter larger than the skin depth is a loss of the space for 

accommodating more turns with a thinner wire. The skin depth is calculated using 

equation (3.3) [21]. 

 

(3.3) 

 

In equation (3.3), δ is the skin depth at an angular frequency ω of a material with 

resistivity ρ, permeability µ, and permittivity ε. For copper, equation (3.3) gives a skin 

depth of 206 µm at 100 kHz. 
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Heat produced due to the Ohmic loss increases with the decrease in the coil diameter. To 

decrease the Ohmic loss a special type of wire, called Litz wire, is used. Total current is 

distributed among individually insulated and twisted strands of the Litz wire. For this 

specific project, 1.74 mm diameter Litz wire with 964 strands is used where each strand 

has a diameter of 50 µm. 

 

3.3.3. Dimension of the coils 

 

Considering the factors including the required field, the inductance of the coil, the 

voltage limit of the power amplifier, the market availability of the tubing (on which the 

coil is wrapped) and the dimensions of the available mechanical setup, an optimum 

length and diameter for the excitation coil is calculated. According to the optimization, 

the excitation coil is made by winding a single layer of previously specified Litz wire on 

a 60 mm long and 9.5 mm diameter tube. A field of 0.64 mT is measured using a Gauss 

probe while applying 1 A dc current.  

 

3.4. Detection coil design 

 

The voltage that is induced in a coil due to the time varying magnetic response from a 

magnetic sample is derived in Appendix B. Equation (B.3) is quoted in equation (3.4) for 

the ease of the discussion. 

 

(3.4) 

 

In equation (3.4), Vdcoil is the peak value of the induced voltage in the detection coil, 

Ndcoil is the number of turns in one of the two counter wound coils, Adcoil is the area of 

0 ( )
sample

dcoil dcoil dcoil
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Volume
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cross-section of the detection coil, msample is the moment of the sample and Volumesample is 

the volume of the sample used in the experiment and ω is the angular frequency of the 

excitation magnetic field. 

According to equation (3.4), the detection voltage increases with the number of turns 

used in the detection coil. The choice of the number of turns in the detection coil is 

limited by the space available in the mechanical setup and the decreased self-resonance 

frequency with the increase of coil inductance. Though the use of a thinner wire increases 

the number of turns, the strength of the wire is a considerable issue to avoid breaking at 

the time of winding. Wires thinner than the 40 AWG magnet wire are found too delicate 

for winding the coil. Two counter wound coils with 500 turns each are connected in 

series to make the detection coil. Each of the coils has a length of 5 mm and a diameter of 

6 mm with a 5 mm separation between them. The dimensions of the detection coil are 

selected considering the dimensions of the 200 µl glass vial that is used as the sample 

holder and the geometry of the excitation coil. Figure 3.3 is a simplified representation of 

the relative position and the dimensions of the coils. 

  

 

 

Figure 3.3  Simplified representation of the relative position of the excitation coil (shown 
in yellow), detection coil (shown in blue), and the sample holder (shown in red).  

 

Excitation coil 
Length: 60 mm 
Diameter: 9.5 mm 
Wire type: Litz (964 strands) 
Number of turns: 34 
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In the setup that is presented in Figure 3.3, Ndcoil= 500, Adcoil= 17.9 µm2, msample= 0.2 

µAm2 (at  5 mT; according to the VSM measurement), Volumesample= 200 µl, ω=2π×(1 

kHz~100 kHz), µo=4π×10-7 TA-1m. According to equation (3.4), the predicted detection 

voltage, across the operational frequency window between 1 kHz and 100 kHz, is 

between 70 µV and 0.7 mV.  

 

3.5. Sources of noise 

 

The sources of noise affecting the measurement are addressed in order to estimate their 

effect on the detection voltage and to come up with a solution for mitigating the effect.  

 

3.5.1. Johnson noise 

 

The Johnson noise is a voltage reading across a conductor due to the thermal agitation of 

the electrons in the conductor. The rms (root mean square) value of the noise voltage is 

expressed by equation (3.5) [22], where kB is the Boltzmann constant, T is the 

temperature, R is the resistance of the conductor and Δf is the detection bandwidth of the 

detection instrument.  

 

(3.5) 

 

The measured resistance of the detection is 76 Ω. With this resistance, the calculated 

Johnson noise voltage from equation (3.5) is 1.12 nV/(Hz)1/2. A lock-in amplifier is used 

to record the detection voltage. The detection bandwidth used in the phase sensitive 

detection of the lock-in amplifier depends on the selection of the time constant. For 

example,  a 100 ms time constant indicates that the detection bandwidth of 1.59 Hz. With 

/ 4rms BV f k TR∆ =
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this detection bandwidth, the rms value of Johnson noise voltage is 1.4 nV. The 

calculated Johnson noise voltage is approximately four orders of magnitude lower than 

the estimated detection voltage.  
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3.5.2. Mechanical displacement of the setup 

 

The change in the relative position of the detection coil with respect to the excitation coil 

introduces variations in the detection voltage. The position of the detection coil holder in 

the excitation coil setup is fixed with the use of epoxy. The termination points of the coils 

are made rigid to avoid any kind of dangling wire.    

 

3.6. Background compensation 

 

Without any sample in the detection coil, no detection signal should be present. 

Inevitably though, due to the variation in the geometry, two counter wound coils are not 

perfectly balanced. This imbalance results in a background voltage in the detection coil. 

The background is compensated actively as illustrated in Figure 3.4. The use of an 

attenuator makes it possible to compensate the background voltage smaller than the 

minimum output of the signal generator. 

 

 

 

 

 

 

 

 

Figure 3.4  The schematic of the background compensation setup. The output of a signal 
generator is connected in series with the detection coil through an attenuator. A 
compensation voltage that is 180o out of phase from the detection voltage is generated to 
compensate the background voltage. The excitation signal and corresponding 
compensation signal is recorded for each frequency point across a range of frequency. 
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Then the sample is inserted, and the recorded excitation and compensation signals are 
applied to get the sample response. 

 

3.7. Detection of the complex ac susceptibility 
 

The amplitude and phase of the detection voltage are recorded with a lock-in amplifier. 

The phase of the detection voltage is measured with respect to the reference signal of the 

lock-in amplifier. The amplitude of the ac magnetization, msample/Volumesample, as a 

function of frequency is obtained using equation (3.4).  

A third coil, introducing as field sense coil, is placed in the detection setup to obtain the 

amplitude and the phase of the excitation field. The voltage recorded across the field 

sense coil is used to obtain the excitation field amplitude as shown in equation (3.6).  

 

(3.6) 

 

In equation (3.6), Hexcitation denotes the amplitude of excitation field in Am-1, VField sense is 

the voltage recorded across the field sense coil, NField sense is the number of turns in the 

field sense coil, AField sense is the area of cross-section of the field sense coil and ω is the 

radian frequency of the excitation field. Due to the differential relationship that is shown 

in equation (B.2), the magnetization of the sample and the excitation field both are 90o 

phase-lagged from the recorded phase of the detection voltage and field sense voltage 

respectively.  

The amplitude of the complex magnetic susceptibility as a function of frequency can be 

obtained using equation (3.7). 
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The difference between the phases of the complex magnetization and the excitation field 

gives the phase relationship of the complex ac magnetic susceptibility with the excitation 

field. The real and imaginary components are obtained using the amplitude and the phase 

of the complex magnetic susceptibility. 

 

3.8. Experimental setup 

 

The measured impedance of the excitation coil as a function of frequency is                   

Ze= (0.04 Ω + jω×2.11 µH). As mentioned in section 3.3, a dc current of 1 A is required 

to generate 0.64 mT excitation field.  To attain a field of 5 mT at 100 kHz, an ac current 

of 7.8 A is required to be supplied through an impedance of (0.04+ 1.33j) Ω. A power 

amplifier (7224, AE TECHRON) is used to supply the excitation coil. 

The detection and the field sense voltages are recorded simultaneously using two lock-in 

amplifiers (SR830, Stanford Research System). The impedance of the detection coil as a 

function of frequency is found as Zd= (76 Ω + jω×2.22 mH). The impedance of the field 

sense coil as a function of frequency is found as Zf= (0.4 Ω + jω×0.4 µH).  At 100 kHz 

the detection coil impedance, Zd= (76 Ω + 1394j) Ω, is around three orders of magnitude 

smaller than the 10 MΩ input impedance of the lock-in amplifier.  

A dual channel signal generator (AFG3000, Tektronix) is used as the signal source. One 

of the two channels provides the excitation signal to the power amplifier while the second 

channel is used to generate the compensation signal for the background compensation. 

The reference output of the signal generator is used as the reference signal for both of the 

lock-in amplifiers. The instruments are controlled using the LabView program. Figure 3.5 

shows the schematic of the experimental setup. Appendix C contains the picture of the ac 

susceptometer setup. 
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Figure 3.5 The schematic of the ac susceptometer setup. The excitation signal from the 
signal generator is amplified by the power amplifier to supply the excitation coil. The 
second output of the signal generator is used as the compensation signal for the 
background compensation. The detection voltage and the field sense voltage are recorded 
simultaneously using two lock-in amplifiers. The reference output of the signal generator 
is used as the reference signal for the lock-in amplifier.  
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4. RESULT AND DISCUSSION 

 

4.1. Calibration of ac susceptometer 

 

The ac susceptometer is calibrated using measurements from a VSM. The induced 

magnetic moment in a Dysprosium III Oxide sample is measured, at different the applied 

fields, using the VSM and the ac susceptometer (ACS in short). Figure 4.1 shows the 

comparison between the VSM and the ACS measurements. The invariance in the ACS 

measurements indicates the reproducibility of the result.  

 

 

Figure 4.1 The induced magnetic moment in 337 mg powder of Dysprosium III Oxide at 
different applied magnetic fields. Run 1 and Run 2 indicates two separate measurements. 
The applied field in the VSM measurement is a dc magnetic field, while the ACS 
measurement is done by applying an ac magnetic field at 20 kHz. 
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The data shown in Figure 4.1 are used to calibrate the magnetic moment calculation of 

the ac susceptometer.  Figure 4.2 shows the data after adding the calibration in the 

magnetic moment calculation of the ac susceptometer. 

 

 

Figure 4.2 The induced magnetic moment in 337 mg powder of Dysprosium III Oxide at 
different applied magnetic field. Run 1 and Run 2 depicts two separate measurements. 
The applied field in the VSM measurement is a dc magnetic field, while the ACS 
measurement is done by applying an ac field of 20 kHz. The moments of the ACS 
measurements are calibrated using the VSM measurements. 

 

To verify the calibration, the dc and the ac response from a 200 µl water-based 

suspension of the Fe3O4 nanoparticle, with a 30 nm magnetic core diameter, is compared. 

Figure 4.3 shows the VSM and the ACS data.  

To compare the frequency response of the Fe3O4 nanoparticles in the suspension and in a 

dry state, 200 µl water-based suspension of the Fe3O4 nanoparticles is mixed with 400 
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mg KBr binder and compressed in a pellet press to make pellets. Figure 4.4 shows the dc 

and the ac measurement of the pellets. 

The proximity of the calibrated ACS measurements, as presented in Figure 4.2, Figure 

4.3 and Figure 4.4, with the VSM measurements justifies the credibility of the 

measurements from the implemented ACS. 

 

 

Figure 4.3  The dc and the ac magnetic response of a 200 µl suspension of the water-
based Fe3O4 nanoparticles. The magnetic core diameter of the nanoparticles is 30 nm. 
The dc response is measured using the VSM, and the ACS measurements are done by 
applying 20 kHz ac magnetic field.  
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Figure 4.4  The dc and the ac magnetic response from a mixture of 0.2 mg Fe3O4 
nanoparticles and 400 mg KBr, in the pellet form. The dc response is measured using the 
VSM, and the ACS measurements are done applying the ac magnetic field at 20 kHz.  
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The hydrodynamic diameter of the Fe3O4 nanoparticles in water is characterized using 

the dynamic light scattering (DLS). Figure 4.5 shows the result of DLS.  

The Brownian relaxation peak frequency is calculated according to equation  (2.2) using 
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Rayleigh scattering theory. According to the Rayleigh scattering theory, the scattering 

intensity of light is proportional to the 6th power of the diameter of particles [23]. The 

magnetic moment is proportional to the particle volume. Larger nanoparticle gives higher 

magnetic moment. The percent scattering intensity from the DLS measurement, as 

presented in Figure 4.5, is divided by the 3rd power of the corresponding diameter values 

of the nanoparticle, and the calculated values are normalized with the maximum value to 

compare the normalized volume at different diameters as shown in Figure 4.7. Figure 4.8 

shows the calculated normalized volume with respect to the calculated Brownian 

relaxation peak frequency. According to Figure 4.7, the nanoparticles in the diameter 

range of 11 nm ~ 60 nm contribute most in the total volume of the solution. Figure 4.8 

shows that, in the frequency range of the ACS, 1 kHz~ 100 kHz, normalized volume 

shows a peak at 59 kHz that corresponds to a nanoparticle diameter of 19 nm.  

 

 

 

Figure 4.5  The dynamic light scattering measurement of the water-based Fe3O4 
nanoparticle suspension. Different colours in the plot indicate separate measurements. 
Several peaks in the DLS measurements indicate a distribution in nanoparticle 
hydrodynamic diameter.  
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Figure 4.6  The intensity (percent) from the DLS results as a function of the calculated 
Brownian relaxation peak frequency. The Brownian relaxation peak frequency is 
calculated using the hydrodynamic diameter that is found from the DLS measurement. 
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Figure 4.7  Calculated normalized volume of nano particles with respect to the diameter. 
The percent scattereing intensity from the DLS measurement is divided with the 3rd 
power of the corresponding diameter of the nanoparticle, and the calculated values are 
normalized with the maximum value to compare the normalized volume at different 
diameters. 
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Figure 4.8  Calculated normalized volume of nanoparticles with respect to the calculated 
Brownian relaxation peak frequency. The percent scattering intensity from the DLS 
measurement is divided by the 3rd power of the corresponding diameter of the 
nanoparticle, and the calculated values are normalized with the maximum value to 
compare the normalized volume at different frequencies. 
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4.3. Frequency response measurement using the ac susceptometer 

 

Figure 4.9 shows the frequency response of the uncompensated background signal that is 

converted into the magnetic moment. Figure 4.10 presents the effect of the            

sample-insertion on the active compensation technique. The invariance in the background 

signal after the interruption that is caused by the sample-insertion indicates the 

mechanical stability of the active compensation technique. 

The frequency response of three different samples are compared using the ACS; 337 mg 

power of Dysprosium III oxide, 200 µl water-based suspension of Fe3O4 nanoparticle, 

pellets made of extracted Fe3O4 nanoparticles from the 200 µl water-based suspension 

with KBr binder. The Brownian relaxation of iron oxide nanoparticles is not possible in 

the pellet. 

 

 

Figure 4.9  The uncompensated background signal with respect to frequency. The 
background voltage is converted into magnetic moment according to equation (3.4). 
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Figure 4.10  Comparison between the compensated background voltages in two cases; 
Background: Compensated background voltage; Insertion: After recording the excitation 
and compensation signal across a range of frequency a glass vial is inserted and then 
removed. Then the background voltage is measured while applying the recorded 
excitation and compensation signal simultaneously. The voltage readings are converted 
into magnetic moment according to equation (3.4). 
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Figure 4.11  Frequency response of the magnetic moment from three different samples; 
Dysprosium oxide, nanoparticle suspension, and pellet. 

  

Figure 4.11 shows the frequency response of the magnetic moment of three samples. The 

frequency response of phase of the three different samples is compared with the 

frequency response of the phase of the voltage across the field-sense coil as shown in 

Figure 4.12. Figure 4.13 shows the frequency response of the susceptibility of three 

different samples, while Figure 4.14 presents the imaginary component of ac magnetic 

susceptibility, χ", with respect to frequency. In Figure 4.14, the frequency response of χ" 

shows a peak at 60 kHz in the case of the suspension. Since, the pellet and the 

Dysprosium sample do not show the peak; this peak in the case of the suspension may 

indicate the Brownian relaxation peak for the 19 nm particles as shown in Figure 4.8. 

More measurements with different samples of varying viscosity and nanoparticle size are 

required to be sure about the attribution of the peak to the Brownian relaxation process.   
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Figure 4.12  Frequency of the phase of the Dysprosium oxide, nanoparticle suspension, 
and pellet is compared with the phase of the voltage across the field-sense coil. The 
alignment of the Dysprosium sample's phase with the phase of the voltage across the 
field-sense coil indicates the linearity of the response of the Dysprosium sample. The 
difference in the shape of the phase response of the suspension and the pellet indicates 
the possibility of detecting the change in the viscosity by monitoring the frequency 
response of the sample. 
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Figure 4.13  Frequency of the magnetic susceptibility from Dysprosium Oxide, 
nanoparticle suspension, and pellet is compared. 
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Figure 4.14  The imaginary component of magnetic susceptibility with respect to 
frequency, for three different samples; Dysprosium oxide, nanoparticle suspension and 
pellet. The suspension shows a peak at 60 kHz which may indicate the Brownian 
relaxation peak of 19 nm particles as indicated in Figure 4.8. 
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5. CONCLUSION 

 

In this project, an ac susceptometer was designed and implemented with a magnetic field 

range of up to 5 mT across a frequency window between 1 kHz and 100 kHz. The 

measurement from the implemented susceptometer was compared with a vibrating 

sample magnetometer. The implemented active compensation technique was found to be 

capable of compensating the background signal to an average value of 0.5 nAm2 in terms 

of magnetic moment. The frequency response of the ac susceptibility of a water-based 

suspension of Fe3O4 nanoparticles was explored across a frequency range from 1 kHz to 

100 kHz.  

The implemented ac susceptometer has opened up opportunities for future research. The 

frequency response of the ac susceptibility of nanoparticle suspensions can be explored 

while varying the size of the nanoparticles and the viscosity of the suspension.   
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A Frequency dependent magnetic susceptibility 

 

The expression of the change in magnetization with applied ac magnetic field is 

expressed in equation (2.5). Equation (2.5) is rearranged as shown in equation (A.1).  

  

(A.1) 

 

To solve for the magnetization, M, the integrating factor, exp(t/τ), is multiplied on both 

side of equation (A.1). After the multiplication the rearranged equation is expressed as 

shown in equation (A.2). 

 

(A.2) 

 

Integrating both sides of equation (A.2), the expression of the magnetization, M, is found 

as shown in equation (A.3), where C is the integration constant. 

 

(A.3) 

 

The initial condition that is used to find the integration constant, C, is that, at time       

t=0; M =χoHo. Equation (A.4) shows the transient response of magnetization for the 

applied ac magnetic field, Hoexp(jωt).  

 

(A.4) 

0 0 exp( )dM M H j t
dt

χ ω
τ τ
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=
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j
χ ω τ

ωτ
= + × −

+
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j j
χ ω χ ω τ

ωτ ωτ
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The exponential term, exp(-t/τ), in equation (A.4) dies out with time in the steady state 

response. The steady state response of the magnetization is expressed in equation (A.5). 

 

(A.5) 

  

0 0 exp( )
(1 )
H j tM

j
χ ω

ωτ
=

+
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B Voltage induced in the detection coil 

 

The voltage induced in the detection coil, Vdcoil, directly depends on the total number of 

turns in one of the two series connected segments of detection coil, Ndcoil, the area of 

cross-section of the detection coil, Adcoil, and the field produced by the sample placed in 

the coil, Bsample, as shown in equation (B.1). 

 

(B.1)  

 

Equation (B.1) can be rewritten as shown in equation (B.2) by replacing Bsample with 

µ0Msample. Here, Msample is the induced magnetization in the sample.  

 

(B.2) 

 

Finally, the amplitude of the voltage that is induced in the detection coil can be expressed 

as shown in equation (B.3). 

 

(B.3) 

 

In equation (B.3), msample is the moment of the sample and Volumesample is the volume of 

the sample used in the experiment.  

( )sample dcoil
dcoil dcoil

d B A
V N

dt
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V N A
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C Physical setup 
 

Figure C.1 presents a picture of the excitation and detection coils with their dimensions.  

Figure C.2 shows a picture of the physical setup with the excitation and detection 

instruments.  

 

 

 

Figure C.1  A picture showing the actual look of the excitation and detection coils with 
their dimensions. 
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Figure C.2  A picture of the physical setup showing the excitation and detection 
instruments those are used in the experiment.  
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