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2.2 Electronic Design

Figure 3: Initial driving system using capacitive circuit.

The generation of oscillating voltages is traditionally achieved using a function generator. How-
ever, standard function generators only provide a single oscillating voltage output, not to men-
tion they are bulky and costly. To generate orthogonal components, a circuit incorporating
capacitors in series with coils (Fig. 3) was initially used. The performance of the circuit de-
pends on the capacitance value at each frequency. If the capacitance is excessively high, the
phase shift of the current approaches zero. Conversely, if the capacitance is too low, the phase
shift increases but the amplitude in the Y-coils decreases, necessitating the use of a resistor in
series with the X-coils to stabilize performance. Therefore, achieving optimal operation at each
frequency is an arduous and delicate process. Moreover, constant adjustments to the capacitors
to change frequency made the system unstable and very prone to human error during operation.

(a) New circuit design with Arduino. (b) Voltage waveform on oscilloscope.

Figure 4: Our own driving system for the MIS.

Thus, we decided to build our own custom electronics for our MIS prototype, using an Arduino
microprocessor to achieve the digital generation of sinusoidal voltages. The microprocessor
outputs digital signals of either 0V or 5V, which are subsequently converted into a 15-level
analogue voltage through voltage summation using a resistor network. Identical resistor net-
works are implemented for both the X-coils and Y-coils. The timing of output bits is precisely
controlled by the program to correspond to one-quarter of the period at each frequency. The
generation of sinusoidal signals using the Arduino Uno is implemented in two stages. First,
the microcontroller constructs an array of 360 elements corresponding to 360 degrees in a full
periodic cycle, with values ranging from 0 to 15, calculated using the formula:

element(n) = int
�

7:5 � 7:5 cos
� n�

180

��
(1)

Subsequently, the program iteratively selects every second, third, fourth, or higher indexed el-

5

20
25

 S
.-T

. Y
au

 H
ig

h 
Sch

oo
l S

cie
nc

e 
Awar

d

�û
+^

�Ä
20

25
�N

�F
�†

�c�
œ

0�
�œ

�Œ
Að�

½
�¢

/p





Research Report 2025 S.T. Yau High School Science Award (Asia)

Data acquisition is done by starting the Arduino program, which begins the frequency sweep at
the lowest band of 30Hz all the way to 820Hz. We wait 20s for the frequency to stabilize, then
proceed to insert the sample vial for 20s before removal. After removal, we wait another 20s
before the next frequency change every 60s (Fig.6). The phase lag � can then be calculated
using the equation:

tan( � ) =
� Y
� X

(2)

where � Y & � X are the increments in the detected signals. A prewritten excel script is used
to convert the raw signals into phase lag values using Eqn.2. The phase lag versus frequency
spectra for various samples are depicted in Sections 3.3, 4.3, 5.2, and 5.3.

2.3 Experimental Control

Figure 7: FFT of the voltages applied across the X coils,THD X = 4 :86%.

Figure 8: FFT of the voltages applied across the Y coils,THD Y = 4 :58%.
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3 Linear Regime

3.1 E�ective Field Model

One model of predicting the magnetic response is the analytical E�ective Field Model (EFM)
[7]. In general, this model yields accurate results under the assumption that the system must
operate in the linear response regime with low �eld amplitudes and low frequencies. We model
a dilute ensemble of non-interacting, single-domain magnetic nanoparticles in a Newtonian �uid
driven by a circularly-polarised �eld of amplitude B = 2mT and angular frequency! . We de�ne
the ratio magnetic energy of an MNP to the thermal energy

� =
mB
kB T

wherem = M sVc is magnetic moment of a single particle (M s = 2 :75� 105 A=m is the saturation
magnetization, VC is the volume of the magnetite core of the MNP),kB Boltzmann’s constant
and T the absolute temperature. We introduce the Langevin function

L (� ) = coth( � ) �
1
�

which describes the average alignment of magnetic dipoles in an external B-�eld, accounting for
thermal agitation. The characteristic Brownian (rotational) relaxation time is

� B =
3 � V H

kB T

with � the �uid viscosity and VH the particle’s hydrodynamic volume. In the presence of a
�nite �eld the e�ective perpendicular relaxation time becomes

� ? = � B
2L (� )

� � L (� )

re�ecting the fact that strong �elds hinder random reorientation. The complex reduced mag-
netisation componentsM 0(! ) (in-phase) and M 00(! ) (out-of-phase) then follow the forms

M 0(! ) =
L (� )

1 +
�
! � ?

� 2 ; (3)

M 00(! ) =
L (� ) ! � ?

1 +
�
! � ?

� 2 ; (4)

so that the phase lag� (! ) between the magnetisation and the drive satis�es

tan � (! ) =
M 00(! )
M 0(! )

= ! � ? = ! � B
2L (� )

� � L (� )
(5)

from which we can extract the desired phase lag spectrum� (! ).

9

20
25

 S
.-T

. Y
au

 H
ig

h 
Sch

oo
l S

cie
nc

e 
Awar

d

�û
+^

�Ä
20

25
�N

�F
�†

�c�
œ

0�
�œ

�Œ
Að�

½
�¢

/p



Research Report 2025 S.T. Yau High School Science Award (Asia)

3.2 Particle Size Distributions

Real-world MNP samples are inherently polydisperse, meaning they contain a distribution of
core and hydrodynamic diameters rather than a single, uniform size. Because the particle mag-
netic moment scales with core volume, and Brownian relaxation time scales with hydrodynamic
diameter neglecting this distribution can produce large discrepancies between theory and ex-
periment, especially in viscous media [5]. The manufacturer’s speci�cation sheet (Appendix
A) provide us with a Transmission Electron Microscopy (TEM) histogram with the core size
distribution. We model the core diameters, dc, with a log-normal probability density function
(PDF):

f c(dc) =
1

dc � ln
p

2�
exp

h
�

(ln dc � � ln )2

2� 2
ln

i
(6)

where the logarithmic parameters are obtained from the manufacturer’s TEM statistics,� arith =
16:1nm and � arith = 4 :8nm, via

� ln =
q

ln
�
1 + � 2

arith =� 2
arith

�
; � ln = ln( � arith ) � 1

2 � 2
ln

For the present sample these give� ln ’ 0:292 and � ln ’ 2:736. The continuous PDF is discre-
tised into N = 7 representative core diametersdc;i , and the probability weight of each bin is
obtained by integrating f c(dc) over the bin. The complex magnetisation of the ensemble is then
formed as a weighted average,

hM (! )i =
NX

i =1
wi M (!; d c;i ) (7)

where M (!; d c;i ) is the single�particle response at angular frequency! .
The manufacturer’s speci�cation sheet only lists a single mean hydrodynamic diameter rather
than a full distribution. The simplest physically consistent way to endow the hydrodynamic
diameters with a distribution is to assume that each magnetic core is coated by a uniform,
non-magnetic shell of thicknesst taken directly from the speci�cation sheet. We then map
every core diameter to a hydrodynamic diameter through

dh = dc + 2 t (8)

so that the hydrodynamic PDF is simply the core PDF translated by 2t. Because the shift
leaves the probability weights unchanged, the same set ofwi is used when hydrodynamic terms
such as the Brownian relaxation time are evaluated; only the diameter entering those terms
is replaced bydh;i = dc;i + 2 t. The critical assumption of a constant shell thickness,t, across
the entire core size distribution is justi�ed by the uniform surface chemistry imparted during
synthesis, which results in a consistent surfactant coating and bound solvent layer irrespective
of minor variations in core size [8].
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3.3 Preliminary Results

We begin testing the MIS on simple Newtonian �uids of distilled water and � 10% dilute
glycerin solutions. The samples are prepared in 2ml conical tubes by adding around 1ml of
sample followed by 50µl of NMP suspension obtained from nanoComposix, characteristics of
which can be found in Appendix A. The phase spectrum provided by the MIS is shown below.
Our optimizer �ts the analytical EFM with the parameter of viscosity to the data points.

Figure 9: Pictures of samples (water and Glycerin solution.)

Figure 10: Phase Spectrum for Distilled Water and Glycerin 10% Solution.

Sample Fit (mPa �s) Actual (mPa �s) Fit R2

Water 0.93 0.95 0.995
Gly 10% 1.35 1.28 0.992

Using the analytical E�ective Field model with a log�normal core and hydrodynamic PSD, we
obtain a good agreement with the measured phase spectra over0� 1000Hz for distilled water
and 10% glycerin as shown in Fig. 10. We meet a baseline veri�cation that the phase lag
increases with frequency, and the measured viscosity does indeed increase when we introduce
Glycerol. The �tted viscosities are consistent with values measured by a commercial viscometer.
The goodness of �t measured byR2 is high in both cases, and the residuals show no systematic
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4 Fokker�Planck Solver

The analytical models break down at high �eld strengths and frequencies where deterministic
torques severely distort the distribution [7]. Thus, we implement a full Fokker-Planck (FP)
approach that captures the full steady-state magnetization probability distribution W (�; � ),
including higher-order spherical harmonic modes and asymmetric broadening that arise from
�eld-dependent nonlinearities. The work here is based on research by Yoshidaet al. (2012).

Here we also introduce NØel relaxation, the internal process in which the MNP’s magnetic
moment rotates within the crystal lattice to realign with the external magnetic �eld, instead
of the physical rotation of the entire MNP for Brownian. We conventionally use the e�ective
relaxation time ( � e� ) which considers both mechanisms in parallel:

1
� e�

=
1

� B
+

1
� N

(9)

where � B = 3�V H
kB T is the Brownian relaxation time, � N = � 0 exp

�
KV C
kB T

�
is the NØel relaxation

time ( independentof viscosity) where � 0 = 2 :5� 10� 9 s is the attempt time, K = 3 :6� 104 J/m 3

is the material-dependent magnetic anisotropy constant characterised via VSM Magnetometry,
and all other parameters are as de�ned previously in Section 3.1. For solutions of low viscosity,
� B << � N , and Eqn. 9 reduces to the simple Brownian-only form.

4.1 Governing Equations

We start by writing the FP equation for the probability distribution function W (�; �; t ) of the
magnetic moment’s orientation. For a magnetic �eld B RMF (t) of amplitude B rotating in the
xy-plane with angular frequency ! (potential energy E = � mB sin � cos(!t � � )):

2� e�
@W
@t

=
1

kB T

�
r 2E

�
W +

1
kB T

r E � r W + r 2W (10)

Since we are looking for the steady-state behavior, we move to a coordinate system(xr ; yr ; z)
that rotates with the magnetic �eld to remove the time dependency of the equation. In this
frame, the distribution function Wr (�; � r ) becomes stationary (@Wr =@t= 0 ). The function Wr

is expanded into a series of spherical harmonics:

Wr (�; � r ) =
NX

n=0

nX

m= � n
bn;m Y m

n (�; � r ) =
NX

n=0

nX

m= � n
bn;m P jm j

n (cos� )eim� r (11)

wherebn;m are the complex coe�cients to be determined, andP jm j
n are the associated Legendre

polynomials. SinceWr must be real, the coe�cients satisfy the condition bn; � m = ( � 1)m b�
n;m .

The series is truncated at a su�ciently large integer N for numerical accuracy. The key is to
solve for the coe�cients bn;m . For numerical implementation, it is convenient to separate the
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real and imaginary parts of the coe�cients. We de�ne a vector of coe�cients for each order n:

Cn =

2

666664

cn;0

cn;1
...

cn;n

3

777775
where cn;m =

"
Re(bn;m )
Im(bn;m )

#

(12)

Here, Cn is a column vector of size2(n + 1) � 1. Using recurrence relations and the orthogonal
properties of the associated Legendre functions, we obtain the following equation:

Qn;m cn;m + R + �
n;m cn+1 ;m � 1 + R ++

n;m cn+1 ;m+1 = S��
m;m cn � 1;m � 1 + S� +

n;m cn � 1;m+1 (13)

The block matrices in Equation 13 are de�ned as follows:

Qn;m =
"
2n(n + 1) 4 � e� m!
� 4� e� m! 2n(n + 1)

#

(14)

R + �
n;m =

8
<

:
� � n

2n+3 I 2 (m � 1)

0I 2 (m = 0)
(15)

R ++
n;m =

8
>>><

>>>:

� n(n+ m+1)( n+ m+2)
2n+3 I 2 (m � 1)

2

42� n(n+1)( n+2)
2n+3 0

0 0

3

5 (m = 0)
(16)

S��
n;m =

8
<

:
� n+1

2n � 1 I 2 (m � 1)

0I 2 (m = 0)
(17)

S� +
n;m =

8
>>><

>>>:

� � (n+1)( n � m � 1)(n � m )
2n � 1 I 2 (m � 1)

2

4 � 2� (n � 1)n(n+1)
2n � 1 0

0 0

3

5 (m = 0)
(18)

The diagonal blocksQn;m encode the self-interaction at ordern being rotational di�usion and
magnetic drift. The o�-diagonal couplings Rn;m and Sn;m transfer information to neighboring
degrees through the �eld-induced torque proportional to � . The superscripts ‘++‘, ‘+�‘, etc.,
denote the coupling from(n; m) to (n +1 ; m +1) and (n +1 ; m � 1) respectively, and vice versa.

4.2 Numerical Solution

The solution to Eqn. 13 (the vectors of cn;m ) can be obtained via the following recurrence
relation:

QnCn + R nCn+1 = SnCn � 1 (19)
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where each matrix is de�ned as:

Qn =

2

666664

Qn;0 0 � � � 0
0 Qn;1 � � � 0
...

... . . . ...
0 0 � � � Qn;n

3

777775
(20)

R n =

2

666664

0 R ++
n;0 0 � � � 0

R + �
n;1 0 R ++

n;1 � � � 0
... . . . . . . . . . ...
0 � � � R + �

n;n 0 R ++
n;n

3

777775
(21)

Sn =

2

666664

0 S� +
n;0 0 � � � 0

S��
n;1 0 S� +

n;1 � � � 0
... . . . . . . . . . ...
0 � � � S��

n;n 0 S� +
n;n

3

777775
(22)

The core of the numerical solution lies in solving Eqn. 19. The equation connects the vector
of spherical harmonic coe�cients Cn with its neighbors, Cn � 1 and Cn+1 . Since the system
is technically in�nite ( n 2 [0; 1 )), a direct solution is not possible. Instead, it is solved by
truncating the system at a su�ciently large integer N , which assumes thatCn>N � 0. The
solution strategy involves �nding a series of "transfer matrices",T n , that relate each coe�cient
vector to the previous one, such thatCn = T nCn � 1. Substituting this relationship into Eqn.
19 allows for the isolation of Cn :

QnCn + R n (T n+1 Cn ) = SnCn � 1

Cn = ( Qn + R nT n+1 ) � 1SnCn � 1

By comparing this result with the de�nition Cn = T nCn � 1, we �nd a recursive de�nition for
the transfer matrix T n :

T n = ( Qn + R nT n+1 ) � 1Sn (23)

This expression, known as amatrix continued fraction , allows for the calculation of T n if
T n+1 is known. To solve this, we use a numerically stable two-pass algorithm: the �rst pass
of the algorithm computes the transfer matrices T n by working downward from the trunca-
tion index n = N . This is achieved by de�ning a recursive function that directly mirrors the
mathematical structure of Eqn. 23. The recursion is anchored by a boundary condition at
n = N , where the assumptionCN +1 = 0 simpli�es Eqn. 19 to give the starting transfer matrix
T N = Q � 1

N SN . For any n < N , the function calculates T n by recursively calling itself to �nd
T n+1 and then applying the matrix operations from Equation 23. Once the means to calculate
any transfer matrix T n is established through this recursive de�nition, the second pass of the
algorithm computes the actual coe�cient vectors Cn . This pass proceeds iteratively upward,
starting from the initial condition C0, which is known from the normalization of the probability
distribution function. A loop iterates from n = 1 to N . In each step, it calculates the required
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transfer matrix T n using the previously de�ned recursive function, and immediately uses it to
�nd the next coe�cient vector via the relation Cn = T nCn � 1.

Once the coe�cient vectors Cn are determined, the distribution function Wr is known. The
normalized in-phase (M 0) and out-of-phase (M 00) components of the magnetization are the
expectation values of the direction cosines of the magnetic moment in the rotating frame.

M 0

M s
= hsin � cos� r i =

Z 2�

0

Z �

0
Wr (�; � r ) sin2 � cos� r d� d� r (24)

M 00

M s
= hsin � sin � r i =

Z 2�

0

Z �

0
Wr (�; � r ) sin2 � sin � r d� d� r (25)

The constructed Wr is �rst normalized to ensure
R

Wr d
 = 1 , then the integrals are numerically
evaluated after constructing Wr from the solved coe�cients on a grid of � and � r .

Figure 11: EFM vs Full FP Solver.

We plot the results of both models, for comparison purposes we assume Brownian-only relax-
ation for our FP solver too. Fig. 11 con�rms the expected behavior: at low drive amplitudes
the EFM matches the FP solver closely. As the �eld strength � grows the deterministic torque
severely distortsW (�; � ) generating higher-order harmonic modes the EFM cannot capture.
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4.3 Experimental Veri�cation

We put the FP solver to the test against the linear EFM on Glycerin solutions of higher con-
centrations (� 30% and � 60%). The results are shown below.

Figure 12: Phase Spectrum for 30% Dilute Glycerin Solution.

EFM FP Solver Actual

Viscosity (mPa�s) 2.80 3.56 3.34
Fit R2 Value 0.931 0.972 -

Both models reproduce the low�frequency rise of the phase in the near�linear regime, but they
diverge systematically as frequency increases. The EFM progressivelyoverpredicts the phase
beyond � 480Hz, whereas the FP solver with NØel relaxation captures the earlier onset of satura-
tion and tracks the measured curvature more closely across the upper band as shown in Fig.12.
Consistent with these shapes, the viscosity inferred by EFM is lower than that from the FP
solver, with the FP solver giving a viscosity value closer to reality and a quantitatively better
�t quality. Physically, the higher viscosity lengthens � B , and a fraction of the polydisperse en-
semble approaches the measurement timescale; the FP framework has the added NØel channel
accounting for residual dispersion and includes mild �eld nonlinearity of Brownian rotation,
thereby reducing systematic residuals at high frequency.

At a 60% concentration, the contrast between models is stronger. The EFMovershoots the
experimental phase earlier than for 30% glycerin. In comparison, the FP solver with NØel
relaxation is able to more accurately reproduce both the curvature and the high-frequency
saturation more faithfully, yielding a more accurate viscosity value and a markedly higher
�t quality. Most notably, the phase spectrum plateaus earlier than in the 30% glycerin
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Figure 13: Phase Spectrum for 60% Dilute Glycerin Solution.

EFM FP Solver Actual

Viscosity (mPas) 4.37 9.15 9.02
Fit R2 Value 0.699 0.969 -

sample. As the higher viscosity increases the Brownian time further, e�ects of NØel relaxation
are more pronounced and the e�ective relaxation time is able to provide a better characteristic
timescale for our FP solver. Polydispersity ampli�es this e�ect (the larger-dh tail has even longer
� B ), and a �nite NØel contribution for part of the ensemble further reduces incremental phase
increase at highf . Overall, the FP +NØel framework provides parameter estimates that track
concentration-dependent viscosity and delivers systematically smaller high-frequency residuals
than EFM, while explaining the earlier plateau on physical grounds. We can safely conclude
that this FP numerical solver framework provides greater predictive power and accuracy for
more viscous solutions.
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5 Further Applications

5.1 Weighted-Average Model

Equation 9 presupposes a homogeneous particle ensemble where all particles can undergo both
relaxation modes concurrently, and we consider both mechanisms in parallel to determine the
e�ective relaxation time. However, when unconventional non-Newtonian �uids are tested, our
existing models may not be adequate in describing scenarios characterized by physical inhomo-
geneity, something we observed in our own test samples. Such conditions arise when a fraction
of the MNPs are physically immobilized, when samples of certain �uids like egg white protein
have gelated, or the MNPs have aggregated into large clusters. We will explore both scenarios
in more detail below. To quantitatively interpret the phase spectra, we proposed our very own
Weighted-Average (WA) Model that explicitly accounts for the co-existence of two distinct
MNP populations within the egg white solution, particularly during its transition into a gel.
The model combines the complex magnetic susceptibility contributions from MNPs that are free
to physically rotate (Brownian relaxation) and those that have been immobilized by the forming
protein matrix (NØel relaxation). The total phase lag, � , as a function of angular frequency,! ,
is derived from these contributions:

tan � (! ) =
rM 00

Brown (! ) + (1 � r )M 00
Neel(! )

rM 0
Brown (! ) + (1 � r )M 0

Neel(! )
(26)

Here, r is the crucial �tting parameter representing the fraction of nanoparticles that remain
free to undergo Brownian motion. The in-phase,M 0(! ), and out-of-phase,M 00(! ), components
for the Brownian mechanism are given by the regular Debye model [7]:

M 0
Brown (! ) =

M sL (� )
1 + ( !� ? )2 and M 00

Brown (! ) =
!� ? M sL (� )
1 + ( !� ? )2 (27)

For the immobilized particles, the NØel components are (derivation in Appendix C):

M 0
Neel(! ) =

M 2
s B

4K
and M 00

Neel(! ) =
M 2

s VcB
kB T !� N

(28)

where K , M s, � N = � 0 exp
�

KV C
kB T

�
are the magnetic anisotropy constant, saturation magne-

tization, and NØel relaxation time respectively, as de�ned above. This WA approach is more
physically sound for describing the gelation process we subsequently studied than our other the-
oretical frameworks. The standard Fokker-Planck solver, while fundamentally rigorous, would
struggle to represent the bimodal state of a partially formed gel without immense mathemat-
ical complexity due to the assumption of a homogeneous particle ensemble where all particles
undergo both relaxation modes concurrently. This strength of our new model lies in its concep-
tual simplicity and physical transparency, allowing us to bypass computational challenges while
still extracting intuitive and meaningful parameters ( r and � ) that directly correspond to the
underlying phenomena of particle immobilization and matrix sti�ening.
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5.2 Gelation of Proteins

The thermal denaturation and subsequent gelation of an egg white protein1 solution were in-
vestigated. The tubes were �lled with 1ml of egg white solution and 50� l of MNP suspension
was added. The starting sample was then measured at 25C. Subsequently, the samples were
immersed in a constant temperature water bath for 10 minutes to allow for the sample to heat
up, after which they are cooled down and inserted back into the MIS.

Figure 14: Pictures of Egg White sample pre and post gelation.

Figure 15: Phase Spectrum for Egg White solution after being heated to various temperatures.

The evolution of the phase spectra with temperature, shown in Fig. 15 (error bars omitted
for easier visualization), provides a clear signature of the underlying physical transformation.
Initially, the sample behaves as a viscous �uid, with phase lag curves already indicating the
presence of trapped particles that undergo NØel relaxation only. As the temperature rises to
90� C, the phase spectra drastically changes � there is high phase lag at low frequencies that
monotonically decreases with increasing frequency, marking the onset ofgelation . This pro�le

1egg white is composed of ovalbumin, ovotransferrin, ovomucoid, ovomucin, and a few other proteins.
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is characteristic of a system where Brownian motion has been largely arrested due to the MNPs
becoming physically immobilized within the cross-linked protein network of the formed gel,
hence the magnetic response becomes dominated by the much faster NØel relaxation which is
independent of the surrounding matrix. To quantify these observations, we use the WA model
to �t the phase spectra using micro-viscosity (� ) and the fraction of freely rotating particles ( r ).

Figure 16: Plots of how � and r change indicating gelation.

The trends of these �tted parameters against temperature, plotted in Fig. 16, provide a com-
pelling quantitative narrative that perfectly explains the spectral changes. The initial slight
decrease in viscosity from 25 to 70� C corresponds to the �uid thinning, while the dramatic
crossover event between 80 and 90� C, where viscosity begins to increase exponentially, con�rms
the gelation onset. This is mirrored perfectly by a sharp drop in the fraction of free particles
r from 0.807 to 0.619, which provides direct evidence that a large portion of the MNP have
become trapped within the forming gel matrix. The value of r can be referred to as theporosity
of the gel. We note that this value does not tend to zero most likely due to �uid-�lled cavi-
ties within the gel [10]. It is important to acknowledge that the �ts of the WA model to the
raw spectral data are not perfect. This is an expected outcome, as our model is intentionally
simpli�ed to disregard complex phenomena such as the polydispersity of the MNPs or the non-
Newtonian viscoelastic properties of the forming gel, which would require much more elaborate
models with signi�cantly higher computation times to capture perfectly [11]. Despite these sim-
pli�cations, the power of this approach is undeniable. The WA model successfully deconvolves
the complex phase spectra into intuitive physical parameters that provide profound qualitative
and quantitative insight into the biophysical process of gelation. These �ndings demonstrate
that magnetic impedance spectroscopy can serve as a highly sensitive,in situ probe to monitor
complex structural transitions in soft matter and biological systems. This technique o�ers a
unique window into the micro-rheological environment, capturing the transition from a simple
�uid to a complex, motion-restricted gel network in a way that bulk rheology alone cannot [12].
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5.3 Characterization of MNPs

The other scenario in which MNPs can become immobilised is due to aggregation. We noticed
this phenomenon after we ran out of commercial MNPs and tried to synthesize our own mag-
netite MNPs by co-precipitation. 4 g of K30 PVP was dissolved in 100 mL of 2% ammonia
while stirring at 700 rpm at 25� C. A precursor mix of 50 mL iron salts (1 M FeSO4 and 2 M
FeCl3) was addeddropwise under continuous stirring; the solution turned black immediately,
indicating magnetite formation. Stirring was continued brie�y, then a permanent magnet was
used to collect the particles. The supernatant was decanted and replaced with ethanol; this
washing step was repeated four times to remove excess PVP, ammonia, and by-products. Fi-
nally, ethanol was exchanged for deionized water and the dispersion was stabilized with40 mM
sodium citrate to yield a puri�ed aqueous suspension.

Figure 17: Phase spectrum for homemade vs commercial MNPs in distilled water.

Homemade Commercial
dH (nm) 102 70
r value 0.03 1.00

For MIS characterization, the homemade and commercial MNPs were each dispersed in dis-
tilled water held at the veri�ed viscosity of 0:95 mPa � s (logged at room temperature). For this
test, viscosity was �xed to this standard value for the WA model and we �tted hydrodynamic
volume Vh together with the mobility fraction r . The homemade sample exhibited a spectrum
with a steep low-frequency rise followed by an early plateau, consistent with a NØel-dominated
response. Quantitatively, the WA �t returned a visually good �t for the commerical MNPs with
r = 1 indicating no trapped particles, while for our own MNPs it returned a very small mobile
fraction, rnew = 0 :03, and a much larger hydrodynamic diameterdh � 102 nm.
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Figure 18: Illustration of aggregation of homemade MNPs during synthesis process.

We attributed this peculiar behavior to aggregation of our homemade MNPs. When a nanopar-
ticle suspension is well dispersed, it stays evenly cloudy for a long time: the particles are tiny,
Brownian motion keeps them mixed, and they are too light to settle. For our sample containing
homemade MNPs (Fig. 18), a clear top layer and a dark blob appear after a few hours. This
is characteristic of aggregation: particles stick together into bigger clumps, which are heavier
and fall to the bottom, leaving the liquid above clearer. Clumping of MNPs can happen if the
surface coating of PVP (polyvinylpyrrolidone) is overloaded and particles sitck together. Either
way this alludes to a poorly controlled synthesis process, and the sedimentation we see supports
the aggregation explanation and is consistent with our MIS results, which show a small mobile
fraction and more NØel-like (trapped) behaviour. However, these �ndings reinforce the role
of the heuristic WA model as a practical descriptor for complex samples in which a subset of
particles is mechanically hindered. In our gelation experiments,r (T ) decreased as a percolated
network formed; here, aggregation drives the same phenomenology:r � 1 and an in�ated Vh

capture the loss of whole-particle rotation without requiring additional ad hoc parameters. Op-
erationally, �tting f Vh ; r g with the viscosity �xed to a distilled-water standard could possibly
provide a rapid quality-control readout: large inferred Vh together with small r �ags agglom-
eration, whereas smallerVh and larger r indicate a predominantly Brownian, well-dispersed
suspension.

This technique is also useful for manufacturers to quantify the magnetic properties of their
MNPs on-site, on top of the size distribution of the MNPs as shown in Appendix B.
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Appendices

Appendix A: MNP Speci�cations

In our modeling, the hydrodynamic volume Vh was not taken directly from the manufacturer’s
speci�cation sheet, as prior studies have shown thatVh can vary signi�cantly between di�erent
solvent environments due to changes in the bound solvent layer and interfacial e�ects [15]. To
determine an appropriate Vh for our experimental conditions, we performed a calibration run
using a reference sample of distilled water with a veri�ed viscosity of0:95 mPa�s. We �tted
the single free parameter of shell thicknesst in our polydisperse e�ective �eld model (EFM),
keeping all other parameters �xed, to match the measured phase spectrum for this reference
sample. This yielded a best-�t shell thickness oft = 26 nm, which we subsequently applied in
all blind tests on other distilled water and glycerin solutions.
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Appendix C: NØel Response of Immobilized Particles (Derivation for the WA
model)
We consider a dilute ensemble of uniaxial, single-domain MNPs with isotropically distributed
easy-axis directions. The particles are assumed to be immobilized and driven by a small sinu-
soidal �eld B (t) = B sin !t . We work in the linear, small-tilt regime. Demagnetizing �elds,
interparticle interactions, and �eld-induced barrier lowering beyond �rst order are neglected.

Let the angle 
 be the small tilt of the magnetic moment from the easy axis under �eld B .
From torque balance in a uniaxial anisotropy well, the geometry leads to

tan 
 =
M sB sin ’

2K cos’ + M sB cos’
(29)

whereK is the anisotropy energy density and’ is the angle between the �eld and the easy axis.
In the low��eld, small�angle limit ( B � K=M s, 
 � 1),


 =
M sB sin ’

2K
(30)

The in�phase magnetisation increment is obtained by averaging over all easy�axis orientations:

M 0 = M s

Z �

0

 (’ ) sin ’ d’ = M s

Z �

0

M sB
2K

sin2’ d’ (31)

Thus the trapped, in�phase contribution used in the weighted�average (WA) model is

M 0
N�eel (! ) =

M 2
s B

4K

The equation for out-of-phase signal originates from NØel switching over the barrierKV , where
V is the core volume of the particle. In Boltzmann theory the switching rate is the product of
the attempt frequency f and the Arrhenius factor:


 = f e � � E=kB T (32)

In a weak �eld, the forward and backward barriers are � E � = KV � M sV B (taking B along
the easy axis). Expanding the corresponding rates and summing the two directions gives


 = f
h
e� (KV � M s V B )=kB T � e� (KV + M s V B )=kB T

i

= f e � KV=k B T
�
e+ � � e� �

�
� 2f e � KV=k B T � = 2 f e � KV=k B T M sV B

kB T
(33)

in small �eld limit ( � << 1). Averaging over random orientations of the easy-axis introduces a
factor 1=2, yielding the working form


 = f e � KV=k B T M sV B
kB T

=
1

� N

M sV B
kB T

(34)
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The thermal switching produces a time derivative of the magnetisation proportional to 


@M
@t

= M 
 (35)

which is valid in the high-frequency limit !� N � 1, while the magnetization vector cannot catch
up to the external sinusoidal �eld B (t) = B sin !t . The out-of-phase part of the response thus
scales as

M 00 =
M s 


!
: (36)

Substituting 
 above and writing V � Vc as the core volume gives the compact result used in
our WA model:

M 00
N�eel (! ) =

M 2
s Vc B

kB T !� N

These two expressions provide, respectively, an in�phase contribution and a1=! quadrature
contribution for the immobilised NØel particles. In the WA model, they are combined with the
Brownian branch of freely rotating particles, whose Debye�like peak supplies the complementary
frequency dependence needed for robust separation of the free fraction and micro-viscosity
during gelation.

29

20
25

 S
.-T

. Y
au

 H
ig

h 
Sch

oo
l S

cie
nc

e 
Awar

d

�û
+^

�Ä
20

25
�N

�F
�†

�c�
œ

0�
�œ

�Œ
Að�

½
�¢

/p


	Abstract
	Acknowledgments

