





>

Magneto-Impedance Spectrometer for
Rotating Magnetic Nanoparticles

Haoyang Huang &

Phy-084 v

School: Ra es Institution @ &

Mentor: Prof. Nikolai Yakovlev ()

Contents
*
Abstract \Q

Acknowledgments % f ; E

1 Introduction :
2 Engineering Principles O &
2.1 Mechanical Design. . . . ... ... .. ANN. ... NS
2.2 Electronic Design . . . ... ... ... Q Y o U
2.3 Experimental Control . . . .. .. () C Q .................
3 Linear Regime % &
3.1 E ective Field Model . . . \Q I R
3.2 Particle Size Distributions N . . . . ! () ......................
3.3 Preliminary Results ’\ )
4 Fokker Planck Solver Q
4.1 Governing Equatigus .. . . N . .
4.2 Numerical Solu$ ....................................
4.3 Experim t%ation ..................................
5  Further App&s %
5.1 Wpighted-Avera oo . e
&oﬁ of PGSV, . . . .
5.3 g”uar cter, % MNPS . .
@Iﬁsnﬂ‘

ferences

ppen















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

[ — Y \b

Function /_I = W
=L e O
selector of \_II rY{rY\

capacitors
‘ coils \
Figure 3: Initial driving system using capacitive circuit. @ &

The generation of oscillating voltages is traditionally achieved using a f
ever, standard function generators only provide a single oscillating
tion they are bulky and costly. To generate orthogonal comp

capacitors in series with coils (Fig. 3) was initially used. The iﬂ(}m

pends on the capacitance value at each frequency. If th@cnan i cessively high, the
phase shift of the current approaches zero. Conversely,if th @ too low, the phase
wiecessitatiM¥the use of a resistor in

shift increases but the amplitude in the Y-coils decre

series with the X-coils to stabilize performance. Th , achi optimal operation at each
r cons djustments to the capacitors

goNe to human error during operation.

frequency is an arduous and delicate process,
to change frequency made the system unstaC

Arduino outputs 5V
32k

2.2 Electronic Design

D9 > [=¢
16k

D7 >3- Y= ‘ '

D6 > W \ m
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D4 N &
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1k !
[l] Uppil)= 14.40 Uep(2)= 13,6V Fre«2) =289 ,0Hz]
(a) Ne desi duino. (b) Voltage waveform on oscilloscope.
4 ur own driving system for the MIS.

Thus, we C|ded to bw% wn custom electronics for our MIS prototype, using an Arduino
mlcropr caNgor to a he digital generation of sinusoidal voltages. The microprocessor

outputs @fgital &% either OV or 5V, which are subsequently converted into a 15-level
%e’volta e thigligh voltage summation using a resistor network. Identical resistor net-

re m%ted for both the X-coils and Y-coils. The timing of output bits is precisely

621 trolle th® program to correspond to one-quarter of the period at each frequency. The

W nergtioff of sinusoidal signals using the Arduino Uno is implemented in two stages. First,
Q th i ontroller constructs an array of 360 elements corresponding to 360 degrees in a full

% cycle with values ranging from 0 to 15, calculated using the formula:

. n
elementn) = int 7.5 7:.5cos 180 D

Subsequently, the program iteratively selects every second, third, fourth, or higher indexed el-
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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, the
proceed to insert the sample vial for 20s before removal. After removal, we wait another
before the next frequency change every 60s (Fig6). The phase lag can then be calc

using the equation: @
Y
tan( )= — 2
()= — )
where Y & X are the increments in the detected signals. A prewritten excel s\ript is és

to convert the raw signals into phase lag values using Eqn2. The phase la us freq
spectra for various samples are depicted in Sections 3.3, 4.3, 5.2, and 5@ \‘1/

v

2.3 Experimental Control . @Q ,{b
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Figure 7: Sft e voltgapplied across the X coils,THD x = 4:86%
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Figure 8: FFT of the voltages applied across the Y coils,THD y = 4:58%






% fro&ch we can extract the desired phase lag spectrum(! ).
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3 Linear Regime

3.1 E ective Field Model &b

One model of predicting the magnetic response is the analytical E ective Field Model (
[7]. In general, this model yields accurate results under the assumption that the sy

st
operate in the linear response regime with low eld amplitudes and low frequencjgs. mode
a dilute ensemble of non-interacting, single-domain magnetic nanopatrticles in a N%ian Q
driven by a circularly-polarised eld of amplitude B = 2mT and angular frequ I "We \
the ratio magnetic energy of an MNP to the thermal energy @

SHNY

wherem = MgV, is magnetic moment of a single particle Mg = 2 0° AQmi saturation
magnetization, V¢ is the volume of the magnetite core of kg [tnhann’s constant
and T the absolute temperature. We introduce the Langevin fgctio

L( ) =coth( ) @ &
which describes the average alignment of madggtidzgipoles in an €xternal B- eld, accounting for

thermal agitation. The characteristic Browni@ ation xation time is

D,
ke T

with  the uid viscosity and ’V Qrticle’@rodynamic volume. In the presence of a
nite eld the e ective perpen& Xa time becomes

2 2L()
N, o
re ecting the fact th‘gﬂng e Mder random reorientation. The complex reduced mag-
netisation co”‘@ﬂkt YA (in-pMase) and M %91 ) (out-of-phase) then follow the forms

L()

&. (\/ M= o (3)
"\/Q

M o1 ) = LO)! -

% o4 1+ 1 5 2 @

pha\e lag (! ) between the magnetisation and the drive satis es

Qq/ - >(V

—
—y
QD

—
—
>
(]

M)
M)

2L()

51 () )

=1 5, =1

tan (!)=
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3.2 Particle Size Distributions

Real-world MNP samples are inherently polydisperse, meaning they contain a distribution cé
core and hydrodynamic diameters rather than a single, uniform size. Because the particle
netic moment scales with core volume, and Brownian relaxation time scales with hydro
diameter neglecting this distribution can produce large discrepancies between theo d ex-
periment, especially in viscous media [5]. The manufacturer's speci cation sh
A) provide us with a Transmission Electron Microscopy (TEM) histogram with th¥ core siz

distribution. We model the core diameters, d;, with a log-normal probability@ﬂy func@

(PDF):
fetd= o erp (M )" () w\q’(e)

dc In

where the logarithmic parameters are obtained from the manufacf& EM s‘t% S, arith =

16:1nm and aitn = 4:8nm, via

q 2 &S
For the present sample these give |, © 0:292 and ®7 ntlnuous PDF is discre-

tised into N = 7 representative core dlametersdf the o ity weight of each bin is

obtained by integrating f .(dc) over the bin. Th lex m gnetlsatlon of the ensemble is then
formed as a weighted average, Q

'
\6 ci) (1)
i=1

where M (!;d ¢;) is the single \ e at angular frequency .
The manufacturer’'s speci gati eet only a single mean hydrodynamic diameter rather

than a full distribution. TheW s@smally consistent way to endow the hydrodynamic

diameters with a distripu is tqasswe that each magnetic core is coated by a uniform,

non-magnetic shell %’V directly from the speci cation sheet. We then map
m

every core dlame&r hygrod ic diameter through

(\/ dh = do+ 2t 8)

so that ty hydro% PDF is simply the core PDF translated by 2t. Because the shift

hg prgbabilitgyfeights unchanged, the same set of; is used when hydrodynamic terms

@ the” n relaxation time are evaluated; only the diameter entering those terms

replaced by = d¢; + 2t. The critical assumption of a constant shell thickness,t, across
entlrkre size distribution is justi ed by the uniform surface chemistry imparted during

&synthe which results in a consistent surfactant coating and bound solvent layer irrespective

% %vanations in core size [8].

10
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3.3 Preliminary Results

We begin testing the MIS on simple Newtonian uids of distilled water and 10% diIuteb
glycerin solutions. The samples are prepared in 2ml conical tubes by adding around 1

sample followed by 504l of NMP suspension obtained from nanoComposix, characterigti f
which can be found in Appendix A. The phase spectrum provided by the MIS is sho

Our optimizer ts the analytical EFM with the parameter of viscosity to the data vﬂ \Q

= Water Fit (n = 0.93 mPas) @ Water Data
—— Gly10 Fit (n = 1.34 mPa-s) @® CGly10Data

8

3

Phase Lag 6 (degrees)

0 ‘} 600 800 1000
Frequency (Hz)
&u re 10 % e Spectrum for Distilled Water and Glycerin 10% Solution.
% Sample Fit (mPa s) Actual (mPa s) Fit R?
: Q ~Water 0.93 0.95 0.995

Gly 10% 1.35 1.28 0.992

good agreement with the measured phase spectra ové& 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 byR? is high in both cases, and the residuals show no systematic

Q%US‘H: analytical E ective Field model with a log normal core and hydrodynamic PSD, we

11
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4 Fokker Planck Solver

The analytical models break down at high eld strengths and frequencies where determini
torques severely distort the distribution [7]. Thus, we implement a full Fokker-Planck
approach that captures the full steady-state magnetization probability distribution W
including higher-order spherical harmonic modes and asymmetric broadening tha from

eld-dependent nonlinearities. The work here is based on research by Yoshidat VD 2). Q

Here we also introduce N@el relaxation, the internal process in which th@\lP’s m&\

moment rotates within the crystal lattice to realign with the external ma@c eld, 'r@ad
e

of the physical rotation of the entire MNP for Brownian. We convent@w us tive
relaxation time ( ¢ ) which considers both mechanisms in paralLeI:@

11 1 N
P %Q ?‘ ®)
3V

where g = T is the Brownian relaxation time, Nexp ks T e N@el relaxation
time (independentof viscosity) where ¢=2:5 10 ° s@e attemyeytime, K =3:6 10* J/m3
is the material-dependent magnetic anisotropy cot charagq el via VSM Magnetometry,

and all other parameters are as de ned previ% .I™ror solutions of low viscosity,
B << n, and Eqgn. 9 reduces to the s'msl@ nian—@orm.

We start by writing the FP equatio%fe pro@ity distribution function W(; ;t ) of the

4.1 Governing Equations

magnetic moment’s orientatio® d Brur (t) of amplitude B rotating in the

; tic
Xy -plane with angular frequen \( te;&ergy E = mBsin cos(t )):

1 1

2 :<€EW+rErW+r2W 1

%m k kg T (10)

Since we are Iooai'nwth stey-state behavior, we move to a coordinate syste(®;;yr;z)

that rotates wit mag%d to remove the time dependency of the equation. In this
|

frame, thegdistribution f% r(; ) becomes stationary @W=@t 0). The function W,
is expa int a s@ spherical harmonics:

% MR/ (L & Bhim Yo' (; r) = bh:m PA™ (cos )€™ (11)
v n=0 m= n n=0 m= n

(‘/P%\!vere ms are the complex coe cients to be determined, and Prj]mj are the associated Legendre

onnoy(ils. SinceW; must be real, the coe cients satisfy the condition by, m =( 1)"b,.,.

Q T@es is truncated at a su ciently large integer N for numerical accuracy. The key is to
solve™0r the coe cients b,.m. For numerical implementation, it is convenient to separate the

13
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real and imaginary parts of the coe cients. We de ne a vector of coe cients for each order n:

2 3
O
" #
_ Cn1 _ Re(bn;m) &
C”_g s % WRETE O (D) &'

Ch;n

Here, C, is a column vector of size2(n+1) 1. Using recurrence relations and thgortho@Q

properties of the associated Legendre functions, we obtain the following eq :

The block matrices in Equation 13 are de ned as follows: ’\Q

QnmCnm + R;;m Ch+i:m 1%t R;Tn Ch+l;m+1 = Sm;m Ch 1m l+@gn 1;n‘”\ 13)
| J¢
2n(n+1) 4 :.m
Qnm =
4.m! 2n(n+

E (14)
& -
=0)

&(m =0 4o

\% | (m 4 %)
\2\ 00 (m = 0)

8 él)( n m 1)(n m) I (m 1)
2n 1 3?2

+ (n 1)n(n+1) 18
n,m 4 2n 1 05 (m — O) ( )
n

0 0

The diagopal bIocstn;‘@e the self-interaction at ordern being rotational di usion and

magneti it. The al couplings Rn.m and S,y transfer information to neighboring
degrees garough % nduced torque proportional to . The superscripts ‘++', ‘+°, etc.,
ng

d%ﬂhe cqupli (n;m)to (n+1;m+1) and(n+1;m 1) respectively, and vice versa.
L 4
E Solution

Nugericyl

D%

on to Egn. 13 (the vectors of cy:,y) can be obtained via the following recurrence

QnChn+ RnCh+1 = SpCh 1 (19)

14
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where each matrix is de ned as:

n;
S, 0 S,1
Sn = E T Q (22)

0 Shin
. The ("' gtion connects the vector
of spherical harmonic coe cients C, with its nej Ch+1. Since the system

is technically innite ( n 2 [0;1 )), a direct so is pOSS|bIe Instead, it is solved by
truncating the system at a su ciently lar % assumes thatC >N 0. The
ansfer

The core of the numerical solution lies in solving

solution strategy involves nding a serie ces", Ty, that relate each coe cient
vector to the previous one, such tha stituting this relationship into Eqn.
19 allows for the isolation of Cy:

Qn @Cn SnCn 1

n—(Qn"'R Tn+l) SnCn 1

By comparing this re h the n|t|on Ch = TnrC, 1, we nd a recursive de nition for

the transfer matri
%T”:(Qn"' RnTn+1) lSn (23)

This exprghsion known%\atrix continued fraction , allows for the calculation of T if
Th+t iS n . %t Is, we use a numerically stable two-pass algorithm: the rst pass
of the al!orlthm Wes the transfer matrices T, by working downward from the trunca-
s is achieved by de ning a recursive function that directly mirrors the
mat atlcalwure of Eqn. 23. The recursion is anchored by a boundary condition at
N, VV assumptionCy+1 = 0 simpli es Eqn. 19to give the starting transfer matrix
. For any n < N , the function calculates T, by recursively calling itself to nd
then applying the matrix operations from Equation 23. Once the means to calculate
sfer matrix T, is established through this recursive de nition, the second pass of the
algorlthm computes the actual coe cient vectors C,,. This pass proceeds iteratively upward,
starting from the initial condition Cg, 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

15
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transfer matrix T, using the previously de ned recursive function, and immediately uses it to
nd the next coe cient vector via the relation C, = T,C, 1.

Once the coe cient vectors C, are determined, the distribution function W, is known. (&&
normalized in-phase M 9 and out-of-phase M %) components of the magnetization,a
expectation values of the direction cosines of the magnetic moment in the rotati )

M—:hsin cos (i = W;(; [)sin®? cos ,dd @

S 0 0
MOO ZZZ

M—= hsin sin i

W;(; )sin® sin ,dd

(v25)
s 0 o0

e 5\
The constructed W, is rst normalized to ensure W,d =1 ,theqw rals@umerlcally

evaluated after constructing W, from the solved coe cients on t)

Fokker-Planck Simulation vs. Analytical Model (xi = 0.5) Fokker-Plagfck

In-Phase and Out-of-Phase Components

® FPSolver (M) 0.8
® FPSolver (M") 0.7
—— Analytical (M")
= Analytical (M")

® FP Solver (M)
® FP Solver (M")
—— Analytical (M)
—— Analytical (M")

0.150

0.125

M,

£ 0.100

0.075

MM, M

0.050
0.025

0.000 01 oeeesetQRL" N o T OTTTTeee i T

Magnetization Amplitude and Phase Lag

0.150

@
3

0.125

@
2z

o Amplitl 60

FP)
— Anf de’ lytical)
. ase W (F
palytical)

@é F%: EFM vs Full FP Solver.

We plot the results»f bg oels, for comparison purposes we assume Brownian-only relax-
ation fWP’solver o] b'g. 11 conrms the expected behavior: at low drive amplitudes

the EFM m&ghes th Iver closely. As the eld strength grows the deterministic torque
severely distorts Vi ( generating higher-order harmonic modes the EFM cannot capture.

e

e Amplitude (FP)

— Amplitude (Analytical)
® Phase Lag (FP) 20
—— Phase Lag (Analytical)

., 0-100

MM,

0.075

IS
S

seag diag (degrees)

0.050

Phase lag ¢1a, (degrees)

N
S

0.025

O;t
a;
o 9 o <
o kN

0.000

)

({;)v

'S(
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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 coné
centrations ( 30%and 60%). The results are shown below.

= EFM (Brownian-only)
== = FP Solver (Dual Relaxation)
& Experimental Data

60

=

Phase Lag (degrees)
8

200 800 1000

(Hz)
Figure 12: Phase Spe@ 0@ Glycerin Solution.

or 3
ol
EFM \&J Solver Actual
0 356 3.34

Fit 0.972 -

e QO.%
Both models reprodu ow freyency rise of the phase in the near linear regime, but they
diverge systemat a@'freque Increases. The EFM progressivetyerpredicts the phase
beyond 480%!1%@&5 emQ solver with N@el relaxation captures the earlier onset of satura-
tion and trgcks the mea vature more closely across the upper band as shown in Fig2.
Consist ith®hes the viscosity inferred by EFM is lower than that from the FP
solver, w}w the F giving a viscosity value closer to reality and a quantitatively better
I|ty.Ph)‘S|ca Y, higher viscosity lengthens g, and a fraction of the polydisperse en-
app? the measurement timescale; the FP framework has the added N@el channel

%ountm sidual dispersion and includes mild eld nonlinearity of Brownian rotation,

q,

reby r ucmg systematic residuals at high frequency.

Atr () concentration, the contrast between models is stronger. The EFMovershoots the
expemMmental phase earlier than for 30% glycerin. In comparison, the FP solver with NQdel
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

17
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= EFM (Brownian-only)
— = FP Solver (Dual Relaxation)
70 @ Experimental Data

g

Phase Lag (degrees)
=

<]

1000
Frequency (Hz)

Figure 13: Phase Spectrum for 6 lution.

Viscosity (mPas)
Fit R? Value

sample. As the higher V|sc05|ty es the ro nian time further, e ects of NQJel relaxation
are more pronounced and t rel t|on time is able to provide a better characteristic

timescale for our FP solverg P, pergity amMi es this e ect (the larger-dy, tail has even longer
8), and a nite NQGel contrio®§on f of the ensemble further reduces incremental phase
increase at highf . Ov alMhe FR+NOWI framework provides parameter estimates that track
concentration-de e |sco delivers systematically smaller high-frequency residuals
than EFM, whi ier plateau on physical grounds. We can safely conclude
that this FP numeri aI S fr mework provides greater predictive power and accuracy for

more viscgus sglutlo

18



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

O

Equation 9 presupposes a homogeneous particle ensemble where all particles can undﬁ\bbth
relaxation modes concurrently, and we consider both mechanisms in parallel to det

e ective relaxation time. However, when unconventional non-Newtonian uids ar,

existing models may not be adequate in describing scenarios characterized by p ical mh@

5 Further Applications

5.1 Weighted-Average Model

geneity, something we observed in our own test samples. Such condltlons en a
of the MNPs are physically immobilized, when samples of certain uids li Whl e pr
have gelated, or the MNPs have aggregated into large clusters. We wj re hot %nanos
in more detail below. To quantitatively interpret the phase spectra oposed 2\' ry own
Weighted-Average (WA) Model that explicitly accounts for t e |stenc o distinct
MNP populations within the egg white solution, particularly d S traf to a gel
The model combines the complex magnetic susceptibility ¢ Ps that are free
to physically rotate (Brownian relaxation) and those tha ave ili#ed by the forming
protein matrix (N@el relaxation). The total phase Iag function ngular frequency,! ,
is derived from these contributions: &
rm 90 MY
an )= g %iz:m @)
Here, r is the crucial tting parameter r ntlng t on of nanoparticles that remain
free to undergo Brownian motion. The |n- seM d out-of-phase,M ¢! ), components
for the Brownian mechanism are g n the r ular Debye model [7]:
M Brown ( d |VIBrown( ) = ! MSL( ) (27)

1+(! 2)?

For the immobilized pa es, the N&)mponents are (derivation in Appendix C):

M 2
! O %B and MNeeI( ) Kk TYCBN (28)

where K, oeX B% are the magnetic anisotropy constant, saturation magne-
tization, Néel rd | tlme respectively, as de ned above. This WA approach is more

physicallysound % bing the gelation process we subsequently studied than our other the-
fwameworks e standard Fokker-Planck solver, while fundamentally rigorous, would
st@ to re ?&vt the bimodal state of a partially formed gel without immense mathemat-
@I com ity to the assumption of a homogeneous particle ensemble where all particles
(‘/ dergo Poth relaxation modes concurrently. This strength of our new model lies in its concep-
Q tu ¥city and physical transparency, allowing us to bypass computational challenges while
cting intuitive and meaningful parameters (r and ) that directly correspond to the
% underlylng phenomena of particle immobilization and matrix sti ening.

19



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

5.2 Gelation of Proteins

The thermal denaturation and subsequent gelation of an egg white proteih solution were in-
vestigated. The tubes were lled with 1ml of egg white solution and 50 | of MNP suspensi
was added. The starting sample was then measured at 25C. Subsequently, the sam ere
immersed in a constant temperature water bath for 10 minutes to allow for the sam@heat

up, after which they are cooled down and inserted back into the MIS. v Q
> g \
<

60 4

50 4

m

@ 40

3 e 25Cdata 80C data
z — 25Cfit 80C fit
2 e 50Cdata e 90C data
2] — 50Cfit 90C fit
wn

(1]

—

o

]
o
L

10

260 360 460 560 660
V4 Frequency (Hz)
O_J? 4

re 15: % Spectrum for Egg White solution after being heated to various temperatures.

e e@n of the phase spectra with temperature, shown in Fig. 15 (error bars omitted

Wfor visualization), provides a clear signature of the underlying physical transformation.
Q Inivgllypdhe sample behaves as a viscous uid, with phase lag curves already indicating the
% presence of trapped particles that undergo N@el 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 @felation . This pro le

1egg white is composed of ovalbumin, ovotransferrin, ovomucoid, ovomucin, and a few other proteins.

20
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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 gelb
hence the magnetic response becomes dominated by the much faster NGel relaxation w
independent of the surrounding matrix. To quantify these observations, we use the WA

to tthe phase spectra using micro-viscosity ( ) and the fraction of freely rotating par@

hN 4
0.09
-8~ Experimental Data Experimental Data

0.80
Gelation Onset Q
0.75 N W
*
0.70 \

0.031 Gelation Onset

Micro-viscosity (n) [Pa-s]
g
Ratio of Freely Rotating Particles (r)

30 40 50 60 70 80 90 70 80 90

40 50
Temperature (°C) P

emperature (°C)

Figure 16: Plots of how andr & n e indica 4@ PElation.

The trends of these tted parameters again erat
pelling quantitative narrative that perfe ains tpeyshciral changes. The initial slight
decrease in viscosity from 25 to 70 C cora@Spond @ e uid thinning, while the dramatic
crossover event between 80 and QN?ﬂe viscgsity Begins to increase exponentially, con rms
the gelation onset. This is mizro rfectly b harp drop in the fraction of free particles
r from 0.807 to 0.619, whic t evidence that a large portion of the MNP have
become trapped within th ge az&he value of r can be referred to as theporosity
of the gel. We note thagthis Yalue not tend to zero most likely due to uid- lled cavi-
ties within the gel [10I\t J® impoMgnt tO acknowledge that the ts of the WA model to the
raw spectral dataga perfe S is an expected outcome, as our model is intentionally
simpli ed to dia% com% enomena such as the polydispersity of the MNPs or the non-
Newtonian viscoelastic s of the forming gel, which would require much more elaborate
models S|gn| cal (1( r computation times to capture perfectly [11]. Despite these sim-

Iotted in Fig. 16, provide a com-

pli catlons t |s approach is undeniable. The WA model successfully deconvolves
th Iex Qha tra into intuitive physical parameters that provide profound qualitative
a ntltat |g t into the biophysical process of gelation. These ndings demonstrate
hat magnetlc INpedance spectroscopy can serve as a highly sensitivig, situ probe to monitor

plex tructural transitions in soft matter and biological systems. This technique o ers a

Q(‘/LmlqueXndow into the micro-rheological environment, capturing the transition from a simple

%complex motion-restricted gel network in a way that bulk rheology alone cannot [12].

21
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5.3 Characterization of MNPs

The other scenario in which MNPs can become immobilised is due to aggregation. We noticé

this phenomenon after we ran out of commercial MNPs and tried to synthesize our own

netite MNPs by co-precipitation. 4 g of K30 PVP was dissolved in 100 mL of 2% a

while stirring at 700 rpm at 25 C. A precursor mix of 50 mL iron salts (1M FeSQOy

FeCl3) was addeddropwise under continuous stirring; the solution turned black

indicating magnetite formation. Stirring was continued brie y, then a permanent ?aet wal

used to collect the particles. The supernatant was decanted and replace

washing step was repeated four times to remove excess PVP, ammoni p cts F|-

nally, ethanol was exchanged for deionized water and the dispersion iliz

sodium citrate to yield a puri ed aqueous suspension. @
A\
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Figure 1 %’e spect or homemade vs commercial MNPs in distilled water.
“" Homemade Commercial
(nm) 102 70
r value 0.03 1.00
L 4
char ization, the homemade and commercial MNPs were each dispersed in dis-
tilled water heI t the veri ed viscosity of 0:95mPa s (logged at room temperature). For this

qum together with the mobility fraction r. The homemade sample exhibited a spectrum
Q wi eep low-frequency rise followed by an early plateau, consistent with a N@el-dominated
% respOwSe. 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, rpew = 0:03, and a much larger hydrodynamic diameterd, 102nm

(‘/f/ t, viscRsity was xed to this standard value for the WA model and we tted hydrodynamic
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©
® LN

Figure 18: lllustration of aggregation of homemade MNPs during synt @oce s

We attributed this peculiar behavior to aggregation of our homemad hek nopar-
ticle suspension is well dispersed, it stays evenly cloudy for a Io Ies are tiny,
Brownian motion keeps them mixed, and they are too light tQ or ou Ie containing
homemade MNPs (Fig.18), a clear top layer and a dark ar ft ew hours. This
is characteristic of aggregation particles stick togethe to ger c which are heavier

and fall to the bottom, leaving the liquid above clear
surface coating of PVP (polyvinylpyrrolidone) is ov
way this alludes to a poorly controlled synthesjs
the aggregation explanation and is consiste our
fraction and more NQel-like (trapped) these ndings reinforce the role
of the heuristic WA model as a practica™fegtriptor cgmplex samples in which a subset of
particles is mechanically hindered.J r gelation € imentsy (T) decreased as a percolated
network formed; here, aggregatio%es the phenomenology: 1 and an inated Vi
capture the loss of whole-par, &\ n gghout requiring additional ad hoc parameters. Op-
erationally, tting fVy;rg yit isc si&d to a distilled-water standard could possibly
provide a rapid quality-contrOhyeadogl: garge inferred V;, together with small r ags agglom-
eration, whereas sma% and lgrgerw indicate a predominantly Brownian, well-dispersed
suspension.

plng of s can happen if the
and Igles sitck together. Either
s, and t dimentation we see supports

esults, which show a small mobile

This technique$ ﬁ; r manufacturers to quantify the magnetic properties of their
h

MNPs o& Qn top 0 ze distribution of the MNPs as shown in Appendix B.
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Appendices

Appendix A: MNP Speci cations &6

Y4
* o
InNr ghodeYi hydrodynamic volume V;, was not taken directly from the manufacturer’s
ecl cation sh&et, as prior studies have shown thatv;, can vary signi cantly between di erent

(‘/ vent eRvironments due to changes in the bound solvent layer and interfacial e ects [15]. To
d

etermx an appropriate V;, for our experimental conditions, we performed a calibration run
us reference sample of distilled water with a veri ed viscosity 0of0:95 mPas. We tted
the sMgle free parameter of shell thickness 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: N@el Response of Immobilized Particles (Derivation for the WA

model)

We consider a dilute ensemble of uniaxial, single-domain MNPs with isotropically distribu
easy-axis directions. The particles are assumed to be immobilized and driven by a sm -
soidal eld B(t) = Bsin!t . We work in the linear, small-tilt regime. Demagnetizin |
interparticle interactions, and eld-induced barrier lowering beyond rst order are§~ ed.

Let the angle be the small tilt of the magnetic moment from the easy a@n r e?@ 2

From torque balance in a uniaxial anisotropy well, the geometry leads to

MsB sin’ () N(l/(29)

2K cos’ + M¢B cos’
*
whereK is the anisotropy energy density and’ is the angle belvG& eI?LQ easy axis.

In the low eld, small angle limit ( B K=M g, 1), %
M¢B sin’
= = 30
2K \ (30)

The in phase magnetisation increment is obtained ®;ragin

Z Z
MO = Mg (')sin’d&ﬂs &Sinz’d’ (32)
0

Thus the trapped, in phase contribution @n the ym

tan =

Il easy axis orientations:

@

The equation for out-of-ph@al ggginatestfrom N@el switching over the barridkV , where
V is the core volume of ¢he p ticle.Qoltzmann theory the switching rate is the product of
the attempt frequency NamM the égem s factor:

! @ : = fe E=keT (32)
In a weakgeld, Lhe forw‘q?d backward barriers are E = KV MgV B (taking B along
the easy aXW. Expa e corresponding rates and summing the two directions gives
MsVB)=ke T o (KV +M5VB)=kBTI

% 3 fw
<o y;”:k” ¢ e e KVHeT = pfe KvakeTMsVB (55

* N

ks T

(\/in smgeld limit (<< 1). Averaging over random orientations of the easy-axis introduces a
Q fadtoN]=2,

ﬂ

yielding the working form

(1/ _ e KT MsVB _ 1 MVB a4
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The thermal switching produces a time derivative of the magnetisation proportional to

an O

-— =M 3

@t ( K
which is valid in the high-frequency limit ! n 1, while the magnetization vector canno %’
up to the external sinusoidal eld B(t) = B sin!t . The out-of-phase part of the res thus

scales as
M 00 — M S . \
-
u§‘|

Substituting  above and writing V.V, as the core volume gives the C@Q resplt n

our WA model: ‘l/
00 M2V, B Q Y
Megel (!) = ——
ks T! N . @
i

These two expressions provide, respectively, an in phase co hon an quadrature
contribution for the immobilised N@el particles. In the WA , the o cynbined with the
Brownian branch of freely rotating particles, whose Debé like m€ak sy e complementary

frequency dependence needed for robust separatio e free frattion and micro-viscosity

during gelation. O
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