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ARTICLE INFO ABSTRACT

Keywords: Magnetic self-assembly of nanoparticles is a well-known technique for creating thin-film array-patterned func-
Spin Cof“ing tional microstructures. However, an uncontrollable hierarchical assembly formation of magnetically stimulated
Magnetism particles has hindered the desired formation of free-standing two-dimensional (2D) array patterns in thin-film
Chain thickness . :1s . . . . .

Chain gap layers. In this study, we proposed a fluidic shearing effect from spin coating to reduce the magnetically stimu-

lated particles’ disarrayed and complex chain formations. This would thus promote linear array formations, even
as the film becomes thinner. A series of tests were conducted on a gold-pickering ferrofluid emulsion (GPFE)
dispersed in 15.2 mPas aqueous polyvinyl alcohol (PVAh) under varying spin speeds and magnetic setups such as
single (SI), compound (CC), and concentric (CR). These setups were chosen to observe the influence of magnetic
field strength and distribution on the generated pattern profile from microscopic binary images of the resulting
thin films. The aim was to quantify the formed chain thickness (ChT), chain gaps (ChG), and chain lengths (ChL)
to capture the morphology and geometrical features of the formed patterns. Our results showed that the
quantified values of these profiles and their dimensionless relationships were significantly influenced by the ratio
between the applied magnetic packing energy and the centrifugally controlled fluidic energy, Qpp. This inves-
tigation showed that ChT/ChG for a corresponding Qpp value is 98.6% the same for all configurations, and CR
was the best setup going forward, as it yielded the lowest array quality defectivity of 14%. Therefore, we assert
that this fabrication method offers flexibility, cost-effectiveness, and expandability in generating linear array
patterns that contain graduating variability in grating order dimensions within a single cast that can serve
efficiently as a substrate for biomolecules under enhanced Raman and Infrared spectroscopies.

Energy ratio
Pickering emulsion

1. Introduction leading to the creation of linear arrays of chain structures. As the angle

between opposing particles decreases from 90 degrees to approximately

Magnetic manipulation of particles is a phenomenon where materials
that respond to magnetic fields are aligned in response to the force and
direction of an existing magnetic field. The method is known as
magnetic-stimulated self-assembly, which is a non-intrusive, fast, cost-
effective, and orientational means of forming linear array patterns
[1-3]. However, the effectiveness of this stimulation is primarily ach-
ieved using magnetically responsive materials, including paramagnetic,
ferromagnetic, ferrimagnetic, and diamagnetic materials [4,5]. Ferri-
magnetic materials, when exposed to a magnetic field, tend to form a
chain-like particle structure with a "head-to-tail’ dipole-dipole config-
uration due to their crystal structure. These materials also exhibit
perpendicular repulsion between particles with opposing alignment,

* Corresponding authors.

54 degrees, the repulsion between them decreases [3]. Ferrimagnetic
particles possess a unique magnetism characteristic that has been used
for stimulated-directed self-assembly (SDSA) techniques to create sub-
micron/micron scale patterns. Linear array patterns formed through
SDSA allow for the diffraction of electromagnetic waves or the slowing
down of different wavebands of the electromagnetic wave, which is
similar to the grating order of SDSA array formation. Other researchers
have conducted and reported on the manipulation of electromagnetic
waves, such as photonic band gaps, using magnetic methods [3,6,7]. The
changes in bandgap depend on the intensity of the magnetic field
applied. These changes in bandgap play a crucial role in the develop-
ment of structures for opto-conversion applications, particularly for
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materials that have fast decay rates due to electron and hole collisions in
the case of semiconductors (such as iron oxide) or electron collisions in
the case of metals (like gold) [8-10].

It has been observed that applying magnetic stimulation can
temporarily alter the linear dipole-dipole and particle-particle patterns.
This, in turn, can lead to the formation of complex 3D units [11,12]. This
issue is particularly noticeable in situations where the magnetic field is
excessively strong in a specific area. Such occurrences have been pre-
viously studied in ferrofluids within D20 emulsion systems, with vary-
ing strengths of magnetic fields. Studies have been conducted to
understand the phenomenon better [13,14]. In comparison to solid
magnetic spheres or iron oxide nanoparticles, the ferrofluid droplet
containing iron oxide particles is able to move freely and orient itself,
allowing it to undergo a combined Neel rotation and Brownian motion.
This makes it a suitable material for forming dipole-dipole translational
chain order in the study being conducted [15,16]. Its oil-based interface
could potentially play a role in picking gold nanoparticles, as studied
and executed in a conventional gold-pickering oil/water emulsion sys-
tem [17-20]. The formation of 3D hierarchical complexes in magnetized
droplets can be prevented by introducing a spin-coating (fluidic)
method. This generates fluid inertia with shear stress on the droplets and
can potentially stretch the structure into linear patterns. Previous at-
tempts to combine the magnetic field and spin coating to prepare a film
using a Helmholtz coil system (illustrated in Fig. 1) resulted in a series of
more complex 3D hierarchical structures [21-24]. The observed for-
mation is a phenomenon that can be explained by the interaction be-
tween the magnetic field direction generated by the Helmholtz coil and
the circumferentially driven particles on the spinning substrate. The
stationary magnetic flux, the radial vector force caused by the fluid
inertia, and the circumferential vector of the spinning substrate work
together to create a unique experience for the magnetic particles, which
is commonly known as 'Flux Switching’ [21,22].

In this study, some modifications were made to their experimental
setup by placing a permanent magnet underneath the substrate to
immobilize the magnetic colloidal suspension. Then a spin coater was
used to coat the substrate surface with colloidal material [25,27]. This
arrangement helped eliminate the *flux switch’ problem and reduced it
to a two-dimensional force problem involving radial-directional fluid
inertia and radial magnetic force gradient. To estimate the extent of the
magnetic effect on colloids, a relationship like the ratio of magnetic and
other forms of countering forces, such as the Hartmann number, thermal
stability number, dipole number, and packing number was considered
[26]. This was carried out by analyzing the pattern morphology through
optical image analysis, they were able to relatively quantify the impact
of the contending forces between the magnetic and inertial forces.

Previous studies have employed image analysis of magnetised

Magnetic field
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Helmboltz coils
generating uniform
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coating assembly and —

holding colloidal LT v 1]
solution — :

Fig. 1. Illustration of field lines generated by the Helmholtz coil across the
spin-rotated substrate.
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colloidal patterns. Such images were pre-processed into grayscale, and
the resolution of the chain thicknesses and chain gaps were quantified
[11,12]. From such image analysis outcome, in combination with esti-
mated fluidic and magnetic energy ratios (or number), a relational map
can hereby be created to observe the influence of physical parameters on
structural partterning of Pickering emulsions.

This study is significant as it identifies an exemplary magnetic
configuration and spin speeds that can be utilized to control the pro-
duction of multi-dimensional micron-patterned structural assembly of
ferromagnetic and paramagnetic colloids, which is an advancement
from previous SDSA studies [25,27]. This self-assembly technique is
quick and cost-effective, making it useful in producing structured sur-
face components for low-end optoelectronic applications such as Surface
Enhanced Raman Spectroscopy (SERS) and Surface Enhanced Infrared
Absorption (SEIRA), as has been previously conducted [27].

2. Materials and methods
2.1. Materials

Iron powder (fine), cis-cyclooctene (Mw 110.2 g/mol), HCL acid
(37 % w/w molar concentration), NH4OH (30 % wt. ammonia in water),
H505 (30 % w/w in water), polyvinyl alcohol (PVA) (Mw 88000 g/mol),
oleic acid (Mw 282.46 g/mol), gold (III) chloride (30 wt% HCI — Mw
339.79 g/mol), sodium methacrylate (Mw 108.07 g/mol) and poly-
ethylene glycol 40 stearate (PEG 40S) were purchased from Sigma-
—Aldrich. De-ionized water (DI) with 18 MQ resistivity, Whatman glass
microfiber filter paper (GF/A), and a a p-type,—boron dopant,
<110 > double side polished silicon wafers were purchased from Pi-Kem
[28]. They possess properties such as a crystal growth-float zone of-
prime grade type with 4 in diameter, and a roughness of less than 2 A,
resistivity of 10,000 Q-cm, thickness of 525 pm, and flatness (TTV) of
less than 1 pm. These were based on Pi-kem web documentation [29].
The silicon wafer was cut into sizes with dimensions 27.5 mm x 40 mm.

2.2. Preparation

To create a thin film of the gold Pickering ferrofluid emulsion (GPFE)
in polyvinyl alcohol (PVAh), a method previously reported in the liter-
ature [27,28] was employed. This process utilized magnetic and spin
coating techniques under the specific conditions outlined in Table 1.
Magnetizing the GPFE within the PVAh solution was anticipated to
cause the emulsion to migrate towards areas with stronger magnetic
fields, thus forming dense dipole-dipole clusters and chains [30]. To
facilitate this, a setup was designed as depicted in Fig. 2, with the
magnet positioned approximately 5 mm below the substrate surface,
providing a cross-sectional view of the arrangement.

The Neodymium permanent magnets configurations were varied, as
schematised in Fig. 3, showing;

e A single square (SI) — a 3 mm x 3 mm x 3 mm square Neodymium
Magnets.

e A cylinder on cylinder-compound (CC) — consists of a 6 mm diam-
eter, 0.5 mm thick disc-type, and 3 mm diameter, 2 mm thick cy-
lindrical Neodymium Magnet.

Table 1
Sample setup and process parameters at room temperature. The approach
determined the density [31].

Weight Density Viscosity Surface Centrifugal Time
per cent (kg/ms) mPa.s Tension speed (rev/ (sec)
PVAh (mN/m) min)
3.3% 1011 15.2 51.72 2000, 2500, 60
3000, 3500.
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Fig. 2. Schematic of cross-section dimensions of the experimental setup with droplet interaction in the magnetised ferrofluid-polymer emulsion.
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Fig. 3. Permanent magnet configurations and respective average measured magnetic field strength (B mT) profiles along the radius (r mm) (below) for; (a) Single-
Square (SI), r = 20 mm (b) Cylinder-Cylinder-Compound (CC), r = 13 mm, and (c¢) Cylinder-Ring-Concentric (CR), r = 20 mm. The 'N’ represents the North pole, and

'S’ represents the South pole of the magnet.

e A cylinder-ring-concentric (CR) — a combination of a 3 mm diameter,
2 mm thick cylindrical, and a 25 mm OD, 15 mm ID and 5 mm thick
ring-type Neodymium Magnets.

All magnets were purchased from First4magnets® UK. The empty
substrate was ground at a resolution of 1 mm. Three radial directions
were scanned using a VTSYIQI® probe-type gaussmeter (0 to 2000mT,
resolution of 0.1mT, and accuracy of 1 %) to obtain the average radial
magnetic field distribution (mT) for each magnetic configuration [28].
These different setups were selected to observe the influence of the
combined magnetic field strength and distribution on the pattern profile

and geometry. The B (mT) vs. r (mm) profiles in Fig. 3 show the mean
magnetic field strength between the middle of the substrate and
approximately zero field strength.

The experimental procedure utilised the SCS™ 6800 spin coating
series equipment, programmed to operate at variable speeds over a
specified duration. The process was divided into three phases: (1) an
acceleration phase from 0 rpm to the maximum speed lasting 1 s, (2) a
constant maximum speed phase lasting 54 s, and (3) a deceleration
phase lasting 5 s. Table 1 details the experimental protocols employed. A
slide with an attached magnet was placed on the spin coater’s chuck.
The substrate support comprised an 8 mm thick machined acrylic layer,
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topped with 0.2 mm double-sided adhesive tape. The glass substrate was
subsequently affixed to the setup using the same adhesive tape.

GPFE was synthesized in an aqueous PVAh solution (3.3 wt%)
following the methodology outlined in [27,28]. To investigate varia-
tions in the geometric morphology of the thin film pattern, different spin
speeds were employed (as detailed in Table 1). The spin coating process
consisted of an acceleration phase to the maximum speed over 1 s, a
constant speed phase for 54 s, and a deceleration phase lasting 5 s. The
outcomes of these experiments are summarized in Table 1.

Prior to spin coating, 0.5 ml of the GPFE in PVAh solution was
deposited onto the substrate and allowed to settle for 60 s. This interval
enabled the droplets to interact with the magnetic field and form chain
clusters based on prior research by Femigar and Gast [32] and Nowak
and Co. [33]. Following 60 s of spinning, the thin film coating was dried.
It is critical to achieve sufficiently high spin speeds to ensure adequate
evaporation of the water solvent, as both experimental and theoretical
evidence confirm that the evaporation rate is directly proportional to the
square root of the spin speed and the solute concentration in the solvent
[34]. Incomplete drying results in the disassembly of the GPFE droplet
clusters upon removal from the setup. Consequently, drying the Pick-
ering emulsion film at high speeds (>700 rpm) is essential to maintain
the GPFE array structure within the dried PVAh film post-spin-coating.

2.3. Film analysis procedure

The coated samples were imaged using an Olympus® BX41 Darkfield
microscope and subsequently processed into a binary format using
Image J®. Image processing involved converting the images to eight
bits, enhancing profile sharpness and edges, and increasing contrast by
10 %. Subsequently, binary values were assigned based on pixel in-
tensity, where black was represented as 0 and white as 255, using the
plot profile tool [35,36]. This method facilitated clear differentiation of
the GPFE droplet assembly profile from the background across the film.

For higher magnification images beyond the tens of micron field of
view, a Quanta 650 FEG Scanning Electron Microscope (SEM) was uti-
lized. The SEM operated under a low-pressure vacuum of 0.825 Torr,
with an accelerating voltage (HV) of 20 kV, and a consistent working
distance of 10 + 1 pm for all point scans, adjusted according to the
required magnification.

Darkfield microscopy images were utilised for chain profile analysis
due to their larger field of view and contrast between the Pickering
droplets and substrate (background). SEM, on the other hand, provides
detail on inter-droplet interaction but has a much lower field of view.
Therefore Darkfield microscopy image provides average values of chain
profiles across multiple scanned points. This saves time, and results are
much more easily estimated.

2.4. Energy ratio relationship

The pattern induced by the combined magnetic and spin-coating
processes displays distinct characteristics. Close to the substrate cen-
ter, the magnetic force predominates over the centrifugal force gener-
ated by inertia. Moving outward from the center, centrifugal forces
progressively outweigh the magnetic force, as evidenced in the pre-
ceding analysis. To understand the influence of these forces on the two-
dimensional linear arrangement of particles within the thin film and its
overall resolution, a structural resolution map was generated based on
dimensionless quantities and ratios.

Key parameters defining the dimensions of linear arrays of metal
heterostructures included chain length (ChL), chain thickness (ChT),
and array gap (ChG). These parameters were expressed as ratios ChL/
ChT and ChT/ChG. The dimensionless approach facilitated a relative
assessment of metal heterostructures in linear arrays compared to the
traditional grating order. This approach drew inspiration from previous
studies that varied the thickness or width of gold strips while main-
taining a constant grating order, revealing noticeable changes in
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absorption wavelengths due to surface plasmons [28,37,38].

In our study, we explore the effects of ChL/ChT and ChT/ChG pa-
rameters, which describe how chain length varies relative to chain
thickness and array gap, respectively. Higher magnetic field strengths
led to the formation of thicker columns or labyrinths, characterized by
irregular, closely packed structures that disrupt the uniformity of long
dipole-dipole chains. Strong magnetic fields promoted tight aggregation
of GPFE droplets with minimal interstitial spacing, whereas weaker
magnetic fields resulted in more pronounced gaps between droplets.
Consequently, the ratios ChL/ChT and ChT/ChG reflect the balance
between magnetic energy and the energy of a fluid on a spinning disc.

The presence of a magnetic field has an impact on the behaviour of
GPFE droplets in a mixture that contains different substances. When
exposed to a magnetic field, the GPFE droplets tend to come together
and form chains or columns on the surface of the substrate. The size and
shape of these aggregates depend on the strength of the magnetic field
and their location on the substrate. The energy formula that determines
the packing of GPFE droplets into aggregates has been studied and
established [28,39]:

Eyp =mpp @B 1]

where B is the magnetic field strength in (kg.A'l.s’z) at a particular
location on the substrate surface and mpp is the droplet dipole moment
of interaction (A.mz), given as Eq. (2) [40].

d,*\ /M, B
Mmpp = (ﬂ6P> <%’uo> <2**MPDde) )
Ho

In this study, d, represents the droplet diameter, Mpp denotes the
magnetization (A m 1) of the Pickering droplets, and y, is the free space
magnetic permeability, valued at 4 7 x 107 Henry.m!. The demag-
netization factor Dy, is assumed to be 0.333 due to the spherical shape of
the droplets [41]. The equivalent magnetization Mpp = 0.06 x M(H) of a
Pickering droplet comprises magnetized magnetite nanoparticles, as
depicted in the M(H) curve shown in Supplementary S1.1.

When a cluster of Pickering droplets undergoes spin coating under
centrifugal forces, the generated energy deforms the aggregates and
disperses the droplets. The magnetic packing energy Eyp (as defined in
Equation 1) and the fluid inertia energy E; are characterised as follows
[28]:

1
Ep = if)pw Vpdlla2 3

where Vpq is the volume of the spherical ferrofluid droplet, u, is the
velocity of aqueous PVAh from centrifugal action, p,,, is the density of
aqueous PVAh, and

By definition, the velocity of a thin liquid over a spinning disc is
given by Equation [4]:

ZRhZ
U, = Wi" 4)
"
3
TT
Vot = %’ ®)

Ep = pipvfw“hg sz ﬂpg (6)
u? 2 6

where o is the top spin speed (rpm), R is the radial distance from the

centre of the spinning substrate, and h, is the initial liquid height from

the surface of the substrate.

To investigate and correlate the influence of energies on the reso-
lution of patterns in a thin film, the energy ratio of Eyp/Ep was
employed. This ratio assesses the force competition between the driving
fluid and the local magnetic dipole-dipole forces, which arise from the
shear stress exerted by the fluid between the magnetized droplets.
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Assuming the droplets behave as hard spheres, this shear stress may lead
to the fragmentation of chain lengths, reduction in chain widths, and an
increase in gaps between droplets. To analyze particle displacement,
an x, y coordinate system was utilized, with the characteristic chain
length measured radially from the center. The liquid inertia was
considered to be dependent on the characteristic height of the liquid
relative to the substrate surface [28].

The characteristic height used for this study was h; (m), which is the
new film height after t (s) spinning at the top spin speed (w rpm) from
the initial height h, (m). The h, was estimated from the optical images
shown in Supplementary S.1.3. The density of the PVAh used in this
study was 1.011 g/ml (or 1011 kg/m%), which gave an equivalent film
initial height (h,) of 0.48 mm. Thus, h; was determined by applying Eq.
(7) while ignoring the evaporation rate [42].

4ppmw2h§t
h,-fho/ﬂlJrT @

The thinning of the film following the spin coating model h; and radial
position 'R’ after spin time ’t’ led to the film’s boundary condition,
which can be represented by the ratio, Ec; = h;/R, defined as the thin
film parameter [43,44]. When used to divide the ratio, Eyp/Epy provides
a dimensionless parameter, Qpp (Qep = EmpEgEg}). This parameter
was plotted against the ChL/ChT and ChT/ChG ratios to develop a
pattern resolution map.

3. Results and discussions

The comprehensive characterisation of GPFE can be found in pre-
vious works of Okpozo and Co. [25,27]. The size distribution of gold
pickering ferrofluid after ultrasonication had bimodal peaks (See Sup-
plementary Information S12). After centrifugal segregation, the size
distribution of GPFE reduced to a single peak of 200 + 30 nm. A sample
transmission electron micrograph of gold pickering ferrofluid droplet
can be seen in Fig. S11. Employing a combination of magnetic and spin
coating techniques, a patterned thin film of GPFE in 3.3 wt% PVAh so-
lution was spun at various rotational speeds. For instance, a sample
prepared at 3500 rpm is depicted in Fig. 4(a). Fig. 4(b) shows a micro-
scopic image captured using an Olympus® BX41 brightfield microscope
in reflection mode, equipped with a 5 x magnification lens (N.A. 0.1).
The samples exhibited a birefringent ring of refracted light, a result of
the density and distribution of organized GPFE droplets, consistent with
conventional magnetized nanospheres [3]. The dipole-dipole interac-
tion among GPFE droplets under a magnetic field influenced the struc-
turing of diffracting orders of linear chains and gaps, which varied
gradient-wise across the thin film. Therefore, the observed changes
qualitatively reflect the interplay between applied magnetic and fluid-
inertia energies, highlighting the tunability of pattern resolution.

3.1. Energy ratio influence on pattern geometry

The samples utilized in this investigation consisted of a Pickering

Fig. 4. (a) Magnetic-directed spin coating prepared film on the silicon wafer
substrate using the CR magnetic setup. Image (b) Section of film obtained using
Olympus brightfield microscope under reflection mode with a 5 x magnifica-
tion lens, N.A. = 0.1.
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emulsion dispersed in 3.3 wt% aqueous PVAh. Fig. 5 illustrates a
representative profile analysis from images acquired under magnetic
influence at spin speeds of 3500 rpm, with radial measurements taken at
1 mm and 3 mm distances from the centre of the substrate. The com-
bination of the aforementioned parameters yielded ratios Qpp = 14.2
and 5.7 for the binary processed images in Fig. 5(a) and (c), respectively.
Fig. 5(b) and (d) depict 3D plots of scans conducted at four equidistant
locations (designated by red lines B, D, F, and H) separated by approx-
imately 50 pm. Thicker distributions of binary plots were observed in
Fig. 5(a), whereas thinner distributions were evident in (c). Due to the
challenge in distinguishing complete lines, divisions greater than zero
were counted as droplets, while zero values were considered as gaps.
The pixel division used for analysis was set at 168 nm per pixel. A brief
sample dataset is presented in Supplementary Table S-II, detailing bi-
nary values (>0 and 0) across each 168 nm division [28]. However,
these values do not accurately represent the physical thickness of the
chains and gaps. Consequently, a code was developed (described in
Supplementary S.2.1) to categorize consistent divisions of white pixels
(>0) and black pixels (0) into counts for chain thickness (CntCT) and
chain gaps (CntGap), respectively, as demonstrated in Supplementary
Table S-1II. The calculated values were scaled by 0.168 pm to derive
dimensional estimates for chain thickness and gaps. The average values
(Av) from the profile scans were subsequently processed to determine
the ratio between chain thickness and the intervening gap using Av/(1-
Av), with detailed averages and standard deviations presented in
Table 2.

A manual measurement procedure was executed for chain length
(green profile lines in Fig. 5(a and c¢). However, the breakage of the
dipole-dipole chain led to variations in the estimated chain lengths
following measurements using the condition of chain breakage when the
break gap was greater than 1 y m.

A manual measurement protocol was employed to determine the
chain lengths (indicated by green profile lines in Fig. 5(a) and (c)).
Variations in estimated chain lengths occurred due to the breakage of
dipole-dipole chains, defined as instances where the gap between seg-
ments exceeded 1 pm during measurement.

Supplementary Table S-V presents the average chain thickness, chain
gap, and chain length for various regions at different spin speeds (2000,
2500, 3000, and 3500 rpm), which is crucial for understanding how
pattern distribution responds to spin speed [27]. To derive non-
dimensional values and relationships, ratios such as ChT/ChG and
ChL/ChT were calculated. The ChT/ChG ratio is particularly significant
as it estimates the grating size, allowing observation of how changes in
thickness and gap correlate with variations in Qpp values. Moreover,
exploring the influence of gold strip grating order and strip thickness on
local charge density for infrared-enhanced vibrational detection of an-
alyte molecules underscores the relevance of this dimensionless ratio
[36,37]. Overall, this data and analysis are vital for advancing knowl-
edge in this area and will inform future research [36,37]. The ChL/ChT
ratio was utilized to assess the effective change between the cross-
section and length of dipole chains. As clusters of GPFE droplets
formed, the chain thickness increased progressively, resulting in vertical
columns with a higher incidence of breakage between chains. Further-
more, at sufficiently high fluid velocities, oriented Pickering droplets
were sheared and displaced, leading to breakages in chain length.

Drawing insights from previous studies [10,11], it was elucidated
how augmenting the magnetic field strength induces the formation of
thicker columns and labyrinthine structures [10,11]. Qpp was computed
to discern regions of the substrate and deposited solution experiencing
differing levels of energy dominance between magnetic and centrifugal
forces. Two logarithmic relationships were established (Fig. 6), corre-
lating ChL/ChT vs. Qpp and ChT/ChG vs. Qpp, with radial points serving
as a consistent parameter across each dimensionless ratio.

In the region denoted as A in Fig. 6, where Qp; < 1, the values for
ChT/ChG and ChL/ChT remain constant. In this domain, the fluid inertia
energy exceeds the magnetic energy, resulting in the random dispersion
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Table 2
Summary of results obtained from image analysis of a sample prepared with an SI configuration under a 3500 rpm spin speed. SD-Standard Deviation.
3500 RPM
r (m) ChG (pm) ChT (pm) ChL (pm) SD-ChG SD-ChT SD-ChL ChL/ChT ChT/ChG Qrp
0.001 2.32 2.66 42.7 0.14 0.23 5.32 16.05 1.15 13
0.0025 2.65 2.46 93 0.22 0.2 1.72 37.8 0.93 5
0.0042 2.82 2.15 209 0.5 0.07 19.0 97.2 0.73
0.0049 3.05 1.94 98 0.58 0.14 13.5 50.5 0.64 1.5
0.0057 5.03 1.215 1.21 0.32 0.076 0.34 1.0 0.24

of GPFE droplets due to centrifugal forces. This behaviour is consistent
with other magnetic dimensionless numbers such as the Magnet Bond
number, Hartman number, Magnetic Laplace number, and thermal
stability number, where the competing energy component dominates at
ratio values below unity compared to the magnetic energy [25,45-47].
This effect is particularly notable at points further from the centre of the
substrate, where the droplet concentration is lower, leading to larger
gaps between droplets. Consequently, ChG is greater than the droplet
diameter (ChT), as depicted in Fig. 7a. In region A, ChL/ChT values are
unity, corresponding to the droplet diameter.

For the energy ratio range (I < Qpp < 10), regions B and C were
analysed for ChL/ChT and ChT/ChG. In region B, an increase in mag-
netic energy surpassed fluid inertia, indicating a rapid change in chain
length compared to chain thickness. The sharp rise from ChL/ChT =1 to
ChL/ChT ~ 100 within the narrow energy ratio range (1 < Qpp < 2)
suggests an increasing number of droplet-droplet interactions forming

chains (see insert Fig. 7a). This increase was coupled with a gradual rise
in chain thickness due to droplet clustering, as ChT/ChG increased from
0.3 to 0.7. However, gaps persisted between the formed chains in region
C. At Qpp = 2, inertia energy was at least half of the magnetic energy,
corresponding to the maximum chain length (from ChL/ChT ~ 100),
where ChT/ChG = 0.5 (see Fig. 7b). The growth of thicker chains due to
increased magnetic field and lower inertia velocity in that region of the
substrate was indicated by the gentle exponential decline in ChL/ChT as
Qpp values increased towards 10. At this energy ratio, ChT/ChG = 1,
indicating high grating divisions of uniform chain thickness and gap,
with less wobbling or thickness variation due to excessive droplet
clustering within each chain, as shown in the inset of Fig. 7b (can also be
seen in Fig. S8).

In the energy ratio range 10 < Qpp < 100, the decline in ChL/ChT
continues into region D, showing a noticeable levelling from approxi-
mately QPI ~ 20 to ~ 100 (at ChL/ChT ~ 10), as depicted in Fig. 7c. A
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Fig. 6. This is a log-log plot representing the ratio between chain thickness and chain gap (ChT/ChG) and between chain length and chain thickness (ChL/ChT), all
against the Qpp ratio for SI configuration. Linear fitting for ChT/ChG is log(ChT/ChG) = —0.552 + 0.411logQpp, with R? = 0.9051.

10 pm

Fig. 7. SEM images of prepared SI configuration sample, with sections related to plots in Fig. 6; (a) shows few and randomly dispersed droplets at a location 6 mm
radius from the centre of the substrate, (b) is the structure formation at a location 4 mm radius from the centre of the substrate, (¢) at location 2 mm radius from the
centre of the substrate, and (d) Image of section at the centre of the substrate. (a) is coherent with section A of Fig. 6, (b) is coherent with data points of ChT/ChG and
ChL/ChT within the blue and green regions of C and B, respectively, in Fig. 6. The structure formation in (c) coincides with datapoints ChT/ChG and ChL/ChT within
regions D-F and E-F, respectively (100 > Qpp > 10) in Fig. 6, and (d) is equivalent to section G of Fig. 6, where dense columns of droplets dominate the struc-

ture pattern.

transition in morphology becomes evident as chain thickness increases
relative to chain gap within the range of 0.9 < ChT/ChG < 2, spanning
regions E and F. The interval (9 < ChL/ChT < 20) between regions D and
F displays a nearly linear distinction. Here, chain length is approxi-
mately ten times greater than chain thickness (Fig. 7c). In this region,
chain thickness resembles that observed within the range (6 < Qpp <
10). Shortened chain lengths result from increased column formation by
superimposed Pickering droplets. The overlay packing of GPFE droplets

due to dipole-dipole interactions near the substrate centre responds to
the nearly perpendicular magnetic field flux direction towards the
substrate surface. This induces columnar repulsion in the y-direction,
initiating misalignment, irregularities, and identifiable chain breaks in
this region.

For Qpp > 100, there is a rapid decrease in ChL/ChT, signifying an
increase in chain thickness and a reduction in chain length with more
frequent breaks. This indicates the heightened responsiveness of
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droplets to external magnetic fields, establishing multiple directional
domains among interacting droplets. Consequently, dipole-dipole in-
teractions predominate in the z-direction, while lateral repulsions
dominate in the 0 direction. This phenomenon primarily arises from the
heterogeneous distribution of permanent magnets and their positions
beneath the substrate. The formation of thick columns with narrow gaps
between them reflects an exponential increase in ChT/ChG, approaching
a value of 5, as magnetization energy and viscous effects become 102
times greater than inertia energy. Fig. 7d illustrates this trend observed
in region G, highlighting the dominant influence of magnetic field en-
ergy, resulting in thicker columns with relatively smaller gaps [11]. This
trend persists as ChT/ChG data points increase, while ChL/ChT de-
creases, converging to the same value at ChT/ChG = ChL/ChT = 4
(where Qpp ~ 5 x 10%).

The trend data of ChT/ChG were linearly fitted from 1 to 1000 for
Qpp. The map’s ChL/ChT trend behaviour is like a parabola, which
agrees with a previous investigation on the effect of the magnetic field
strength on the particle assembly chain length [11]. At Qpp = 1 and
above, the chain length within the structure reaches its maximum peak
before declining due to an increase in magnetic field strength. If a sig-
nificant portion of the chain length is taken, a short-range existence
covered by Qpp between 1 and 10 is observed, with a minimum ChL/ChT
ratio of 10.

3.2. Optimisation by magnetic configurations

3.2.1. Compound (CC)

Following the preparation of the GPFE in PVAh using the CC
configuration at varying spin speeds, the scanned positions and corre-
sponding energy ratios were correlated with ChT/ChG and ChL/ChT
ratios. Standard deviations from their variations were quantified based
on high-resolution pattern image processing, as illustrated in Supple-
mentary Fig. S4 and detailed in Table S-VI.

When the data points from Supplementary Table S-VI were mapped
onto the constructed Fig. 6, deviations were observed from the pre-
defined ChL/ChT line (indicated by the red arrow in Fig. 8). The extent
of deviation was calculated: in region B, ChL/ChT deviated by approx-
imately 30 %, while in region D, the deviation was around 90 %. This
analysis underscores that stronger magnetic fields tend to yield longer
chains and higher resolutions in chain thickness-to-chain gap ratios
[11].

Based on the magnetic profiles examined, it was observed that thin
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yet elongated chains (up to 0.5 mm) with consistent 10 um gaps (as
depicted in Fig. 8a) are predominantly found in the Qpp range of 0.01 to
0.1. Achieving these elongated chain arrays typically requires magnetic
fields of up to 20 mT and radial speeds reaching 1.5 m/s due to cen-
trifugal action. The Qpp range investigated spanned from 1 to 100, with
a reference ChL/ChT benchmark of 10.

3.2.2. Concentric (CR)

The setup depicted in Fig. 3d was designed based on the conventional
configuration of a flux bridge with opposite poles (N-S). In this config-
uration, two magnets with opposing poles (North and South) attract
each other, establishing directional field lines from the source (North
pole) to the sink (South pole). This arrangement enhances the organi-
sation and interaction of magnetised particles along these imaginary
flux lines, akin to observations with two permanent magnets. Images
were captured using a 50 x magnification objective lens and analysed
similarly to previous setups. The experimental process involved
applying magnetic fields and varying spin speeds to quantify the energy
ratio (Qpp) across the substrate, as detailed in Supplementary Table S-
VIIL.

During the image analysis of the prepared samples, challenges arose
in measuring chain lengths due to their extension beyond the frame of
the image. Additionally, distinguishing the resolution and array struc-
ture was difficult at lower magnifications (20 x ). However, within
radial distances of 2 to 6 mm, ChL/ChT values notably exceeded the
mapped regions. Long, straight chains with clearly defined chain
thickness and gap dimensions were consistently observed over an
extended radial range of approximately 10 mm (see Supplementary
Fig. S-5(a-f)). This observation was corroborated when plotting ChL/
ChT data points against Qpp (Fig. 8b).

An intriguing phenomenon observed was the continuum-trapping
effect created by flux lines between the inner and outer magnets of
opposite polarity. This mechanism caused the droplets to behave akin to
miniature magnets with distinct polarity, fostering linear interactions.
Consequently, chain lengths extended significantly beyond the bound-
aries of the captured image frame within the radial section spanning
from 2 mm to 6 mm. As a result, the ChL/ChT ratio was estimated under
the assumption that the average chain length in this region approached
approximately 1.5 mm.

The data points on the map exhibited a notable deviation of
approximately a thousand-fold from the original trend line extending
from D to G.

(b)
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Fig. 8. (a) The calculated sets of data from Table S-VI for magnetic profile CC (b) Map showing data points for CR setup. In (a), the data was quantified from a series
of pattern images (example shown in Fig. S-4) and fitted into the pattern profile map. In (b), the data was quantified from a series of pattern images (example shown
in Fig. S-5). The ChT/ChG trend approximately followed the original ChT/ChG trend line, further establishing the physical phenomenon of the shear and drag effect
on column thickness. The ChL/ChT points between 2 mm and 6 mm are way higher (almost a thousand-fold) than the original ChL/ChT trend line. Linear fitting for
CC (ChT/ChG) is log(ChT/ChG) = —0.667 + 0.398logQpp, with R? = 0.9828, while CR (ChT/ChG) is log(ChT/ChG) = —0.64 + 0.383logQpp, with R? = 0.904.
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The ChL/ChT trends for both configurations deviated from the SS
configuration’s constructed ChL/ChT profile. The peak of the longest
chain length shifted to higher Qpp values with fairly similar shapes.
However, when considering the benchmark of ChL/ChT = 10, the range
covered by Qpp under this configuration lies between 1 and 1000.

When looking at the linear fit for ChT/ChG from Qpp = 1 to the
highest point across all configurations (SS, CC and CR), the intercept
point across all configurations averaged 2.5 + 0.421 (at Qpp = 1), the
slope across all configurations averaged 0.3973 + 0.1012. This physi-
cally means that with an estimation of a potential energy ratio Qpp at a
particular region of interest within a substrate consisting of the magnetic
mixture (GPFE), the likelihood of attaining a potential size of ChT
relative to ChG is 98.6 %, especially with a standard deviation form the
mean slope value as 0.014.

3.3. Defectivity

3.3.1. Single and compound

Expanding nanofabrication into sub-micron scales through self-
assembly presents a formidable challenge due to its impact on pattern
consistency. This challenge remains a significant barrier to industrial
implementation, particularly in accurately assessing the defectiveness of
structures produced via specific processes [48]. To tackle this challenge,
image analysis proves to be a valuable technique for defect identifica-
tion and quantification. Defect density can be quantitatively determined
as the count or size of defects per unit area within the region of interest
[49].

The quantification of defect density involves tracing lines along the
chain lengths in binary-processed images at various locations across the
substrate. As previously discussed, the profile scan data provides in-
sights into the distribution of droplets and gaps within the scanned re-
gion. Droplets appear as white pixels with values greater than zero,
while gaps appear as black with values equal to zero. Supplementary
Fig. S6(a and b) illustrates binary-processed images corresponding to
Qpp values of 17.5 for (a) and 2.28 for (b). Their respective insets depict
3-dimensional plots showcasing specific scan lines, scan line lengths
(um), and binary pixel intensities. The resolution of these binary points
is 168 nm/pixel. By analysing the plot profiles, we quantified the length
covered by gaps by counting zero-intensity binary points and multi-
plying by the resolution, using the methodology detailed in Supple-
mentary S.2.1. The defect length was calculated by dividing the total gap
length by the scan line length. Given multiple scan lines, average values
and their standard deviations were computed. Analysis of Supplemen-
tary Fig. S6 data revealed defect densities of 4.3 % with a standard de-
viation of 0.019 and 11.6 % with a standard deviation of 0.029. This
outcome aligns with expectations, as systems with higher magnetic en-
ergy exhibit denser packing with reduced interstitial spaces compared to
systems where inertial energy predominates over magnetic forces.

It is crucial to consider the chain lengths obtained from various en-
ergy ratio values when assessing defectivity. Within an array featuring
chain breaks, each gap represents a defect that must be quantified. These
gaps denoted as ChM were measured and added to the defects found
within the chains. The calculated values reflecting the final estimate of
defectivity, accounting for chain lengths, are presented in Supplemen-
tary Table S-VIIL.

The summary of results indicates that higher values of the ratio Qpp
lead to increased defectivity and structural instability. However, the
overall defectivity does not exhibit a significant difference across the
three energy ratios. On average, it amounts to 21.2 % for CC and 23 %
for SI.

3.3.2. Concentric

A study was conducted to assess the consistency of chain lengths in a
high-resolution ChT/ChG section of a sample compared to other mag-
netic system configurations. Pixel values were obtained by drawing
profile lines across each line of the binary image. Pixels with values
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greater than zero were tallied, while those equal to zero were counted
separately (refer to Supplementary Fig. S7). Defectivity was calculated
as the total gap size (number of zero pixels x 0.168 pm/pixel) divided by
the overall scan length. The results from the selected profile scans are
summarised in Supplementary Table S-IX.

The final defectivity averaged approximately 14.1 %, compared to
21 % for CC configurations. The concentric setup appears to be a su-
perior technique for achieving enhanced structural resolution compared
to single or compound magnet setups.

The occurrence of fewer defects would likely result if there were no
minor deviations in the chain alignment along adjacent imaginary flux
lines. These deviations occur at dipole points where one droplet is
significantly larger than others, leading smaller droplets to separate
from it due to mutual repulsion, thus creating noticeable gaps that
appear discontinuous in plot profiles. Microscope images taken in
reflection mode illustrate more visible droplets above the profile and
fewer below. The limitations in capturing chain continuity are evident in
the SEM image (Fig. 9) of a sample prepared using the CC setup at
3000 rpm spin speeds. A yellow straight line in the image represents an
example of a scan profile used to measure defectivity. While the chain
remains continuous, deviations from its straight path are observed
(marked by red oval circle 2), and another gap is detected due to
branching (marked by red oval 3). The impact of branching is more
apparent in yellow oval 1, where larger droplets with multiple polarities
on their surface attract multiple droplets, leading to branching at spe-
cific points.

In general, when using self-assembly techniques, defectivity is un-
avoidable, and this also applies to nanofabrication methods. However,
defectivity can be reduced or managed to some extent, which makes the
manufactured template useful in applications that do not rely entirely on
structural precision. In the method of fabrication carried out in this
work, the opposite pole concentric magnetic setup proved to be more
precise than other formations and is therefore recommended for future
use. The precision can be further improved by using monodispersed
Pickering emulsion droplets to reduce chain branching and bending
within thin films.

4. Conclusion
This work presents a modified approach on the magnetic and spin-

coating self-assembly of nanoparticles. The magnetic configuration
and spin speed manipulation on the gold-pickering ferrofluid emulsion

Fig. 9. An SEM image of chain interactions upon a silicon wafer. The yellow
oval 1 shows evidence of big droplet initiating branching of chains, The yellow
straight line 2 is an example of profile line scan for detecting defection which
the highlights its deviation due to shifting of chain from straight path in the
form of red oval 2 and 3. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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in aqueous polyvinyl alcohol revealed various degrees of chain
morphology output. An increased spin speed greater than 700 rpm was
necessary for evaporating water and drying the polymer to trap the
organised GPFE structure. The contention between magnetic packing
energy and fluid inertia energy dictates the type of chain morphology in
terms of chain thickness, length, and gaps. When the magnetic packing
energy was 100 times greater than the fluid flow energy, the chain
thickness became greater than the chain gap. When the packing energy
to fluid flow energy ratio becomes unity and below, the GPFE droplets
are randomly dispersed. CR configuration gave a better chain
morphology profile with longer chain lengths and a steady graduating
grating order among all configurations. This revealed the essence and
effect of the flux bridge between two opposite magnetic poles as a
channel for interlinking GPFE droplets with an average defectivity of
14 % (~33 % decrease from both single and compound configurations).
Beyond these optimization preferences is the realization of a new rela-
tionship where the ratio between magnetic energy and fluid inertia
energy (by spin coating) determines the ratio between magnetized chain
thickness and gaps in between them with a 98.6 % likelihood of esti-
mation. This method of submicron fabrication and its output can play a
role in utilising the variance in grating order for diffracting far-infrared/
microwave electromagnetic waves to enhance the optical performance
of the device. Like most product outputs using self-assembly techniques,
products from SDSA are probably not intended for applications that
require a high degree of accuracy because of their degree of defectivity.
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S. 1.1) Magnetic Hysteresis of Oleic coated magnetite and derived Magnetic

property
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Figure S-1: (A) Magnetic hysteresis for magnetite and Oleic coated magnetite (OCM), (b) and (c) presents a
magnified range of the hysteresis curve to obtain coercivity (H,) for both magnetite and OCM materials
respectively.

S. 1.2) Size Distribution ferrofluid emulsion
The size distribution of ferrofluid droplet after ultrasonication was determined using the Malvern

Nano Zeta sizer equipment. The size distribution is bimodal in representation in Figure S-2.
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Figure S-2: Size distribution of ultrasonicated gold pickering ferrofluid droplets in DI water
(Reproduced from ref. 28 with permission from RGU repository).

Droplet distribution was then managed by centrifugal action to separate bigger droplets from smaller
droplets, therefore reducing the broad range of size distribution. Table S-1 shows one example of how
a 200 nm size distribution was achieved using an angular (rotation) speed of 4500 rpm.

Table S-1: Size distribution data of ferrofluid in water emulsion following different 4500 rpm spin
speed and spin time (Reproduced from ref. 28 with permission from RGU repository).

(%;;/?) Time (min) 11(1;3111)1 11(1;21]1)2 fractionl fraction2 | StD1 (nm) (81?1?3
4500 0 609.7 170.4 0.804 0.196 240 15.5
4500 5 562.5 218.7 0.079 0.921 150.6 36.18
4500 10 220 1 75.7
4500 15 208.1 1 50.27
4500 20 207 1 28.62

Std1 & StD2 are standard deviations, meanl & mean?2 are means, and fractions 1 & 2 are fractions of
the bimodal peaks.

As time increased during the centrifugal process, the bigger droplets moved to the bottom of the tube,
with the smaller droplets least mobilised. This is especially true because the ferrofluid is
approximately 1.6g/ml (denser than the dispersing liquid—water).

S. 1.3) Liquid height (ho) on a substrate

Iml of aqueous PVA was deposited on glass substrate and allowed to spread under its own weight
before taking contrast images via transmisson mode to observe the liquid height from the surface of
the flat substrate. This investigation aimed to estimate the length of dipole chains to be formed within
the liquid thickness. Figure S-1 presents images and final fitted plot for all concentrations (or density)
of tested PVA solutions.



(A) (B) .

Figure S-3: Aqueous PVA on substrate with densities with scale bar of Imm (a) 1.00529 g/ml, (b) 1.0064 g/ml, (c) 1.01068
g/ml, (d) 1.015145 g/ml, and (d) is the representative fitted plot of height vs density of polymer with fit as 39.48p —
39.37251, having an R squared of 0.9721.

S.2) Image Processing Technique

S. 2.1) Simple Code for Chain thickness and gap Profile scan

Sub CL-CT Scan()

Dim i, M, rw, CntCh, CntGap, K, L, CLl1l, CL2, d, W As Integer

'This is for estimating the chain thickness and gap from image scan
‘i is counter for number of column/lines to be scanned, M = Number
of ‘scanned ‘lines, CntCH = Chain thickness pixel counts, CntGap =

Chain ‘gap pixel ‘counts, K, CL2 = variable associated with CntCH,
L, CL1 = ‘variable ‘associated with CntGap, d = pixel count (rows -
W) .

M = Sheet3.Cells (30, 25).Value 'number of columns to be scanned
For i = 1 To M

CntCh = 0

CntGap = 0

K=1

L =1

W = Sheet3.Cells (30, 1 * 2 + 24) .Value 'number of rows per column

For d = 2 To W Step 1

If Sheet3.Cells(d, 2 * i) .Value > 0 Then
If CntCh = 0 Then

K=K+ 1

CL2 = K

Else

K = CL2

End If

CntCh = CntCh + 1

Sheet3.Cells(K + 31, i * 2 + 24) = CntCh
CntGap = 0

Else

If CntGap = 0 Then

L =1L +1

CLl = L

Else



L = CL1
End If
CntGap =

CntCh = 0
End If
Next d
Next i
End Sub

CntGap + 1
Sheet3.Cells (L + 31,

S. 2.2) Single Magnetic Setup

i * 2 + 25) =

CntGap

Table S-11: Example of scan plot profile for one of the red lines from Figure 5(b) with X as pixel divisions
(168nm/pixel) and Y as the binary pixel intensity.

Red Line (B) Red Line (D) Red Line (F) Red Line (H)
X. .. Y (pixel X. .. Y (pixel X. .. Y (pixel X. .. Y (pixel
(lelS.IOIlS— intensity) (lelS'IOIlS— intensity) (lelS.IOIlS— intensity) (lelS.IOIlS— intensity)
nm/pixel) nm/pixel) nm/pixel) nm/pixel)
0 255 0 0 0 255 0 255
168 255 168 0 168 238 168 255
337 0 337 0 337 247 337 0
505 0 505 0 505 255 505 0
673 0 673 0 673 255 673 0

Table S-111: Example of output from simple program (S.2.1) that counted number of pixels in each chain
block to identify chain thickness and chain gaps within the scanned profile. CntCL and CntGap is
number of pixel counts for a chain and gap respectively.

Scan profile B Scan Profile D Scan Profile F Scan Profile H
Total Total Total Total
No. No. No. No.
Rows 997 Rows 965 Rows 971 Rows 933
CntCL | CntGap | CntCL | CntGap | CntCL | CntGap | CntCL | CntGap
2 4 5 34 5 17 2 68
2 21 5 2 7 34 3 2
2 8 2 2 5 17 3 3
6 8 2 10 2 3 10 7




Table S-1V: Summary of results obtained from image analysis of sample prepared under 3500 rpm spin

speed.
3500 RPM
r (m) cG cT CL SD-CG | SD-CT | SD-CL | CL/CT | CT/CG Qpi
(wm) | (um) | (pm)

0.001 2.32 2.66 42.7 0.14 0.23 5.32 16.05 1.15 13
0.0025 2.65 2.46 93 0.22 0.2 1.72 37.8 0.93 5
0.0042  2.82 2.15 209 0.5 0.07 19.0 97.2 0.73 2
0.0049  3.05 1.94 98 0.58 0.14 13.5 50.5 0.64 1.5
0.0057 5.03 1.215 1.21 0.32 0.076 0.34 1.0 0.24 1

SD represents Standard deviation
Table S-V: Summary of pattern morphology image analysis for PVA 15.2mPas for SS setup

2000 RPM

R(m) | CG(um) | CT(um) | CL(um) | SD-CG | SD-CT | SD-CL | CLICT | CT/CG | Qpi
0.0001 7.26E-01 | 3.59E+00 | 11.6 0.113 0.445 2.34 7.26E+03 | 4.95E+00 | 741.6753
0.0006 1.17E+00 | 3.35E+00 | 2.50E+01 | 0.197634 | 0.331624 | 8.39374 1.95E+03 | 2.87E+00 | 121.9136
0.0028 1.77E+00 | 1.89E+00 | 2.49E+01 | 0.281709 | 0.120368 | 4.298348 | 6.32E+02 | 1.07E+00 | 21.41232
0.0055 2.85E+00 | 1.70E+00 | 6.41E+01 | 0.721376 | 0.134699 | 5.718723 | 5.19E+02 | 5.96E-01 | 6.282408
0.0061 3.41E+00 | 1.40E+00 | 5.82E+00 | 0.532055 | 0.887868 | 1.382119 | 5.59E+02 | 4.12E-01 | 4.787218
0.0096 4.08E+00 | 1.215 1.21 0.742 0.0142 0.113 4.25E+02 | 2.98E-01 | 0.821803
2500 RPM

R(m) | CG(um) | CT(um) | CL(um) | SD-CG | SD-CT | SD-CL | CLICT | CT/CG | Qpi
0.0001 1.02E+00 | 3.04E+00 | 15.3 0.125 0.743 1.84 1.02E+04 | 2.97E+00 | 379.7368
0.0009 1.45E+00 | 2.75E+00 | 2.55E+01 | 0.240141 | 0.134112 | 2.36005 1.61E+03 | 1.90E+00 | 41.03946
0.0023 2.36E+00 | 2.41E+00 | 2.76E+01 | 0.397652 | 0.190433 | 3.732972 | 1.03E+03 | 1.02E+00 | 14.24194
0.0042 2.74E+00 | 1.72E+00 | 6.90E+01 | 0.455631 | 0.09421 3.03916 6.53E+02 | 6.28E-01 | 5.728691
0.0057 3.34E+00 | 1.51E+00 | 1.54E+01 | 0.772788 | 0.052178 | 4.219714 | 5.85E+02 | 4.53E-01 | 2.939852
0.0085 4.14E+00 | 1.215 1.21 0.025 0.321 0.254 4.87E+02 | 2.94E-01 | 0.760879
3000 RPM

R(m) | CG(um) | CT(um) | CL(um) | SD-CG | SD-CT | SD-CL | CLICT | CT/CG | Qpi
0.0001 1.31E+00 | 2.82E+00 | 22.1 0.035 0.176 1.2 1.31E+04 | 2.14E+00 | 219.7548




0.0006 | 1.91E+00 | 2.77E+00 [ 3.03E+01 [ 0.700762 | 0.362586 | 0.700762 | 3.18E+03 | 1.45E+00 | 36.12242
0.0017 | 2.56E+00 | 2.62E+00 | 4.09E+01 | 0.446337 | 0.07389 | 0.446337 | 1.50E+03 | 1.03E+00 | 11.87122
0.0031 | 2.66E+00 | 2.27E+00 | 8.66E+01 | 0.64685 | 0.147469 | 0.64685 | 8.59E+02 | 8.51E-01 | 5.480763
0.0044 | 3.02E+00 | 1.68E+00 | 1.24E+02 | 0.538161 | 0.210776 | 0.538161 | 6.85E+02 | 5.56E-01 | 3.033705
0.0064 | 4.63E+00 | 1.215 121 0.453 0.075 0.325 7.23E+02 | 2.63E-01 | 1.235146
3500 RPM

R(m) | CG(um) | CT(um) | CL(um) | SD-CG |SD-CT |SD-CL |CL/ICT |CT/CG | Qpi
0.0001 | 1.70E+00 | 2.80E+00 | 28.3 0.351 0.183 0.642 1.70E+04 | 1.65E+00 | 138.3877
0.001 | 2.32E+00 | 2.66E+00 | 4.27E+01 | 1.40E-01 | 2.30E-01 | 5.32E+00 | 2.32E+03 | 1.15E+00 | 13.38585
0.0025 | 2.65E+00 | 2.46E+00 | 9.30E+01 | 0.217497 | 0.18849 | 1.721369 | 1.06E+03 | 9.29E-01 | 4.659019
0.0042 | 2.82E+00 | 2.15E+00 | 2.09E+02 | 0.522639 | 0.073206 | 19.06515 | 6.72E+02 | 7.63E-01 | 2.087711
0.0049 | 3.05E+00 | 1.94E+00 | 9.83E+01 | 0.577078 | 0.139186 | 13.47646 | 6.22E+02 | 6.36E-01 | 1.531205
0.0057 | 5.03E+00 | 1.215 121 0.321 0.076 0.342 8.83E+02 | 2.41E-01 | 1.071372




S. 2.3) Compound Magnetic Setup

Figure §-4: Binary processed image profile of (a) CCC at radius 8.2mm under speed 2000rpm (b) CCC

at radius 4.4mm from centre under speed 3500 rpm. Scalebar is 50um.

Table S-VI: Some data of the test magnetic setups, CCC and CRC showing ratios QPI against CL/CT
and CT/CG with their respective standard deviation values (SD)

Magnet Speed
Profile r (mm) (rpm) | Qpr CL/CT SD CT/CG SD
14.1 2500 1.0 1.0 0.211 0.20 0.044
8.1 2000 4.02 89.76 19.56 0.406 0.056
8 7.7 2500 3.40 108.78 12.94 0.385 0.013
N 7.4 3000 2.82 61.10 19.87 0.304 0.055
7.2 2500 6.95 84.8 22.00 0.454 0.045
7 2000 18.1 54.8 9.824 0.682 0.049
6.6 3500 4.41 132.92 24.70 0.401 0.045
Eé 6.5 3500 6.75 121 12.22 0.451 0.053
~ 6.5 3500 6.75 121 12.22 0.451 0.053
53 3000 48.1 31.9 9.98 0.972 0.017




S. 2.4) Concentric Magnetic Setup

Table S-VII: Energy ratio (QPI) determined from magnetic profile shown in Fig. 3¢ and emulsion
property from Table I and preparation angular speed 3500 rpm

r(mm) B (mT) Qpr

0.1 55 2.78E+03
1 44 889.2264
2 31 220.699
4 19 41.45283
6 14.7 16.54209
8 53 161.2756
10 105.4 5.10E+02
14 44 6.35E+01
16 10 2.87E+00
18 5.2 6.90E-01
20 0.7 1.13E-02
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Figure S-5: Thin film nanostructure profile on silicon wafer (a) SEM image 0.1mm close to the centre
of the substrate, (b)Binary image Imm from the centre of the substrate with binarized plot profile of
resolution, (c) Binary image 2mm from centre of substrate with binarized plot profile of resolution, (d)
Binary image, 4mm from middle of substrate with binarized plot profile of resolution, (e) Binary image,
6mm from middle of substrate with binarized plot profile of resolution, (f) Binary image, 10mm from
centre of substrate with SEM image insert and measurements, (g) Binary image, 15mm from centre of
substrate with binarized plot profile of resolution.



S.3) Defectivity

S. 3.5) Single and compound

Figure S-6: Defectivity trace detection for (a) QPI = 1.754 and (b) QPI = 0.0302. The inserts are
representative 3D plot profiles of 4 scan region of interest lines across varying chain length within each
image. (a) tend to have shorter chains but thicker profile bars, while (b) have longer chains but less
thicker bars. The defectivity for (a) is 4.3% with SD = 0.0193 and (b) is 11.6% with SD= 0.0285.

Table S-VIII: This is a result summary from image analysis of structured sample estimating its area
defectivity from gap between consecutive tail and head of chains along an array and short gaps within
individual chains (DEFCL).

Percent gap between | Defectivity Final Defectivity
CL head and tail of | on
Qe consecutive chain in an | individual SD DEFA SD
(um) | array chain —_— cM
(% of CM/CL) (DEFc1) LT (eM +cL)
112.8 22.1 30.1 - - 0.231253 0.036
17.5 25.5 20.58 0.043311 0.019 0.214012 0.019
2.28 124 8 0.11625 0.029 0.190324 0.029




S. 3.6) Concentric
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Figure S-7: Defectivity profile measurements of random chains with (a) Opi = 220.7 and (b)
representative binary plot profiles, (c) Opi = 41.5 and (d) representative binary plot profiles.

Table S-IX: Defectivity determination from Profile scan results from Figure S-5

Qpi Pixel Droplets Gap CL (um) Defect on Mean SD
Count pixel pixel 0.1677 Individual Defectivity
counts counts um/pixel profiles
744 702 42 124.7688 0.056452
994 895 99 166.6938 0.099598
220.7 555 471 84 93.0735 0.151351 0.13 0.0566
949 752 197 159.1473 0.207587
605 524 81 101.4585 0.133884
938 830 108 157.3026 0.115139
843 726 117 141.3711 0.13879
41.5 0.153 0.0315
924 759 165 154.9548 0.178571
804 660 144 134.8308 0.179104




S. 3.7) Scanning Electron and Transmission Electron Micrographs
The images in this section reveal detailed ferrofluid droplets dipole interaction of heat-treated
sample

Figure S-8: The enlarged image of the insert in Figure 7b

Figure S-9: The elliptical formation of ferrofluid droplet after burning of PVA film from the silicon
wafer.



Figure S-10: SEM image of ferrofluid droplet dipole cluster in building approximately 700nm thick
chain with gap in between the chains.
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Figure S-11: TEM images of gold pickering ferrofluid droplet (Reproduced from Ref 27 with
permission from the Royal Society of Chemistry).
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