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Chain formation in magnetic fluid has been observed under the influence of a rotating magnetic field.
The influence on the chain flexibility and its rupture was studied by varying the frequency of rotation
(1-5 Hz) of the magnetic field of a fixed magnitude (50 Gauss). Micrometer sized FesO4 particles and non-
magnetic expancel spheres of fixed concentration were later suspended in the magnetic fluid separately
and their effect on the chain rotation dynamics was studied. It was observed that the critical frequency for
the chain breakage was higher in the presence of larger magnetic particles compared to magnetic fluid
alone. Non-magnetic particles formed chain structures in the presence of a static field but did not show any
response to the rotation of the magnetic field. The established theory of magnetic chain formation was used
to study and discuss the results by comparing the magnetic forces and viscous forces. The study may be
useful for controlling chain length and flexibility in microfluidics.
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1. INTRODUCTION

An externally applied magnetic field is an effective
tool for controlling magnetic particles in superpara-
magnetic colloids. Hence, investigation of colloidal
aggregation under the influence of uniform/non-
uniform external magnetic force is the quest for both
practical and fundamental reasons. Induced structu-
ration in these delicate self-assembled nanostructures
in the presence of inhibited external magnetic field has
created massive opportunities in the exploration of
novel magnetic materials for many applications in
together with fields as diverse as biotechnology or
waste removal [1]. The magnetophoretic effect of a non-
uniform magnetic field enables the motion of magnetic
nanoparticles towards a stronger magnetic field which
is exploited in magnetic separation at a great extent
[2]. In biological applications like protein isolation, cell
separation, drug delivery, and biocatalysis, superpara-
magnetic colloids can be functionalized with appropri-
ate chemical groups to bind with specific targets and
can be removed using magnetic field gradients [3].
Observed density gradient inside magnetic fluid ena-
bles levitation of non-magnetic materials in it which
provides several contact-free manipulation methodolo-
gies in the broad areas of chemistry, materials science,
and biochemistry [4].

The formation of self-assembled chain structures
under the influence of a uniform magnetic field is per-
formed as magnetic devices in micro-magnetofluidics
and successfully operated as artificial swimmers or
active fluid mixers [5]. Several recent, theoretical stud-
ies have focused on the study of the kinetics and equi-
librium of chain growth under an external homogenous
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and constant magnetic field [6].

The superparamagnetic particles of ferrofluid be
likely to align in the direction of external magnetic field
[7] but due to a finite temperature of the ferrofluid, the
nanoparticles' thermal agitation competes with the
applied magnetization force. Experimental studies of
equilibrium state of chain formation of ferrofluids in a
uniform/non uniform fields were done [8-14].

Experimental and theoretical studies on the effect
of rotating magnetic field on linear chain formations for
different particles has been done before [15-17]. The
elongated chains can be used as magnetic stirrers [18,
19] or to realize biomimetic structures such as artificial
cilia [20, 21] and the controlled motion of such struc-
tures have potential applications in micro/nanofluidics.
The reliability of such structures in these applications
demands a detailed study of their strength and flexibil-
ity [22]. The effect of presence of non-magnetic particles
on the chain formation and their properties needs to be
studied. This applies to the vast variety of magnetic
fluids and other colloidal systems.

Here, the experiments carried out to study the
chain formation, their flexibility and strength under
the influence of a rotating magnetic field has been dis-
cussed. First the effect of rotation of magnetic field on
the chain formation in kerosene based magnetic fluid
was studied. The same experiment was repeated with 1)
micrometer sized flake shaped magnetic particles and
1) micrometer sized spherical non-magnetic particles
suspended in magnetic fluid. The effect of presence of
these magnetic as well as non-magnetic particles in
magnetic fluid were studied in terms of chain formation
and rotation.
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2. EXPERIMENTAL

Kerosene based ferrofluid utilized in the present
work was synthesized using well known chemical co
precipitation technique and elaborative discussion
regarding the same has been given in our earlier pub-
lished studies [23,24]. The primary structural and
magnetic parameters of the used ferrofluid have been
reiterated here for reference information. The hydrody-
namic particle size was measured using by dynamic
light scattering (ZS-90, Malvern Zeta Sizer) which was
found 13 nm (Fig. 1). Further the particle size distribu-
tion has been also confirmed by TEM measurements
employed in imaging mode [24]. The obtained value of
saturation magnetization field (Ms) was 25 Gauss (us-
ing search coil method), diameter (Dm) of the magnetic
nanoparticles was 13 nm and domain magnetization
(Md) is 320 emu/cc. The rheological parameters like
density and zero field viscosity of the fluid were meas-
ured using Magneto Rheometer (Anton Paar MCR302)
at 30 °C and subsequently the obtain parameters are
0.8919 gm/cc and 2 cP.
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Fig. 1 — Hydrodynamic particles size of 15 nm obtained from
DLS measurement at 25 °C

The aim of the present study was to analyze chain
structures under the influence of a uniform rotating
magnetic field at different frequencies. For this, an in-
house arrangement was made for the application of an
external magnetic field parallel (in plane) to the sub-
strate which could be rotated in the plane of the sub-
strate.

Fig. 2 shows schematic diagram of the assembled
set up. Two pairs of Helmholtz coils were prepared with
a fixed power supply, giving a uniform magnetic field of
50 Gauss in the central region. The power supply was
passed through a function generator which generated
separate sine wave signals for the two coil pairs. A
phase lag of 90 degrees was applied between the input
signals of the two coils, creating an effective rotating
magnetic with a frequency range 0-5 Hz. During the
experiment, ferrofluid drop of = 50 pul. was placed on a
clean glass substrate and covered by a cover slip to
prevent evaporation. To observe and record the dynam-
ics of particle chain formation, the coil setup was inte-
grated with an optical microscope attached with a CCD
camera to the eye piece of the microscope.

The chain rotation dynamics has been observed in
three different kind of fluid samples. Initially, (i) mag-
netic fluid of 1 % volume fraction was subjected to rotat-
ing magnetic field and dynamics observed under micro-
scope. Later as separate experiments, ferrofluid sample
mixed with (i) micron sized flake shaped iron oxide
particles (~ 100 um, Tata Steel) of 0.1 % volume fraction
and (iii)) non-magnetic expancel microspheres of 0.1 %
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volume fraction were observed under similar conditions
of rotating magnetic field. Since the study was intended
to understand only the influence of frequency, the vol-
ume fraction of magnetic fluid (1 %), flake shaped parti-
cles (0.1 %), expancel microspheres (0.1 %) were not
varied and magnetic field intensity was also kept con-
stant (50G) throughout the experiments. The response
of chains for different frequencies (between 1-5 Hz) in
the rotating magnetic fields were ob-
served/photographed and length of chains were meas-
ured using Imaged software.
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2 axis Magnetic field
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Power Function
I Supply Generator
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Fig. 2 — Schematic diagram of external magnetic field applied
parallel to the substrate. After the formation of chains, the
magnetic field was rotated in the plane of the substrate

3. RESULTS AND DISCUSSION

After optimization of the direction of easy axis of
magnetization of the chains along that of the applied
field, magnetic fluid chains then subjected to the rota-
tional magnetic field. Fig. 3 and Fig. 4 show the micro-
scopic images of magnetic fluid chains at different fre-
quencies. During rotation, the chains seemed rigid at
lower frequency but with increasing frequency, a bend-
ing in the chains was observed.

Chain formation occurs due to dipole-dipole attrac-
tion between two neighboring particles. The magnitude
of a particle’s magnetic dipole moment under the influ-
ence of an external magnetic field is expressed as

u=VyuH, 1)

Fig. 3 — Nanoparticle chains in magnetic colloid with rotating
magnetic field. (a-d) shows frequencies of 0.58, 0.78, 1.25 and
1.75 Hz respectively. Scale bar shows 20 pm
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where Ho is the applied magnetic field, y is the particle
susceptibility, o is permeability of vacuum, and volume
of the particle V= md3/6, where d is particle diameter.
Two nearby particles with their dipole moments aligned,
will have an interaction energy expressed by [25]:

2 (1- 3cosza)
_ M (
U, (1:00) = e, 3 ; 2)

where r is distance between particle centers and « is
the angle between the particle centers and the applied
field. The strength of the inter-particle interaction can
be characterized by the magnetic coupling parameter
given by the equation:

2
r=_tols ®)
272d kT

Based on the value of I' which is 5, it can be clearly
seen that the magnetic forces are strong enough to over-
come the thermal agitation. This leaves us with only one
competitive force i.e., the viscous force, which comes into
effect during rotation. The rotational motion of a chain is
governed by the balance between the applied magnetic
torque and the viscous torque generated by the motion of
the chain through the carrier medium. The magnetic
torque generated on the chain is given by [25]:

=[iXH, (4)

which induces rotational motion in the chains. Since
there is a competition between the magnetic torque and
the viscous forces, the ratio of viscous to magnetic forc-
es on the chain can be a useful quantity which is known
as the Mason number [25]:

M, -2 ®

uox H

Here 7 is viscosity and o is frequency of rotation. As
the magnitude of viscous forces increases, the value of M,
increases. With increasing frequency of rotation of the
chains, the viscous forces start dominating. This results in
the changing shape of the chains; the chains were seen to
bend in the shape of the letter "S". In Fig. 3 and Fig. 4 it
can be seen that the magnetic fluid chains bend with
increasing frequency and at a frequency greater than
2 Hz, the chains break into smaller chains, or the chains
ruptured into smaller fragments of chains.
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Fig. 4 — Nanoparticle chains in magnetic colloid with rotating
magnetic field. (a-f) shows frequencies of 0.34, 0.44, 0.71, 1.14,
1.75, 2.5 Hz respectively. Scale bar shows 50 pm
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To investigate the effect of micron sized magnetic
particles on chain formation and its rotational dynam-
ics, flake shaped FesOs particles, having an average
size of 30 um, were suspended in the magnetic fluid
medium. Fig. 5 shows the chain formation of two differ-
ent size range magnetic particles in same fluid system.
At frequency lower than 0.1 Hz, the head to tail attrac-
tion among neighboring chains resulted in longer chain
formation. With increasing frequency, bending in the
chains was observed and at frequency greater than
4 Hz very minute chains rotating at high speeds were
observed which indicates rupture of chains.

Due to two different size range, this can be consid-
ered as a bi-dispersed system. The magnetic fluid sur-
rounds the large particles and so considering it as a
continuous medium (both hydrodynamically as well as
magnetically), the magnetic permeability of micron-
sized particles dispersed in ferrofluid can be estimated
by the Maxwell-Garnett theory. The governing equa-
tion is [17]

Fig. 5 — Chains of micron size magnetic particles dispersed in
magnetic colloid. (a-e) show magnetic field rotating with in-
creasing frequencies. Scale bar shows 200 pm

1+ ZCDﬂ
=My 1 @ﬂ (6)
where g = M, M is the relative permeability of
Hyp + 2l

bidispersed fluid, uy is the relative permeability of
magnetic fluid, up is relative permeabilityof micron-
size magnetite particles dispersed in magnetic fluid,
and fis the magnetic contrast factor. In this situation,
the chain formation happens in a slightly different way.
The nanoparticles tend to fit themselves in the gaps
and microcavities inside the large chains or at the ends
of the chains. During rotation, these chains also tend to
bend in "S" shape but at a lower frequency compared to
chains of nanoparticles alone (in a pure ferrofluid). The
equation for magnetic force (Fu) on a dipole is given by
[17]:

F,=m(VH), (7

where m is magnetic dipole moment. The general ex-
pression of particle motion under the influence of a
rotating magnetic field is [17]:

dx

;/d——F WA F + Fy (8)

where x is the position of particle, Fq is the dipolar
magnetic force, F; is the repulsive force, Fp is the
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Brownian force, and y’=67znd. Consequently, under
rotating magnetic field, the large and small magnetic
particle respond differently. The fragment of larger
particle chains will orient in the direction of applied
field more quickly compared to the smaller particles. In
addition, due to Brownian movement of nanoparticles
the probability of breakage of larger particle chains
increases, and subsequently nanoparticles lag behind
the rotation of larger particle chains. Due to lagging,
the bending and increased flexibility of the chains are
observed. Fig. 6 shows the microscopic image of bend-
ing of a single chain in bi-dispersed fluid. Nanoparticles
are seen to be the connecting bridge between two large
particles, forming a chain. Increasing frequency in-
creases the lagging of nanoparticles inside this chain
resulting in more twisting of the chain.

a it b i
0.49 Hz 0.77 Hz

200pm

Fig. 6 — a-b show the increased twist in the chain with in-
creased frequency. This later leads to the breakage of the
chain into two parts. Scale bar indicates 200 pm

In the case of pure magnetic fluid, the chains had
only the viscous forces in competition with the rota-
tional magnetic forces whereas in bi-disperse fluid the
lagging in magnetic response of nanoparticles during
rotation was an additional factor along with the viscous
forces for the bending of chains. Comparing the critical
frequency for rupture of the chains, in the case of na-
noparticles alone, the chains break at a frequency near
2 Hz while in the case of bi-disperse system, the rup-
ture occurs at double frequency (4 Hz). Figure 7 and
Figure 8 show the length of the rotating chains meas-
ured from the snapshots of microscopic images versus
frequency of magnetic field. It is clearly seen that there
is a sudden drop in the chain length in both cases
which indicates the breaking of the chains into smaller
fragments. This means that the inclusion of micrometer
sized particles in ferrofluid increases the critical fre-
quency for breaking of the chains. Hence the bi-
disperse fluid chains were more flexible compared to
magnetic fluid chains. In biological or microfluidic ap-
plications where active control over the size of chains is
required, larger particles can be mixed with nanoparti-
cles to create a bi-dispersed fluid to achieve better con-
trol over the size of chains.

To study the influence of non-magnetic micron sized
particles on the chain formation and dynamics, expan-
cel plastic microspheres of an average diameter of
100 um were mixed in magnetic fluid and magnetic
field was applied. It is a common conception that non-
magnetic particles of large size may not be affected by
inverse magnetophoretic effect. In our experiment,
these particles were seen to form linear chain struc-
tures aligned in the direction of magnetic field. Fig. 9
shows the formation of linear chain structures of ex-
pancel microspheres after the magnetic field is applied.

JJ. NANO- ELECTRON. PHYS. 15, 01016 (2023)

However, upon rotation of magnetic field, these "non-
magnetic" chains were not able to rotate, irrespective of
frequency. Fig. 10 shows the rotation of magnetic field
with red arrow.
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Fig. 7 — Chain length of nanoparticles vs frequency of magnet-
ic field. The decrease in length indicates breaking of the
chains
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Fig. 8 — Chain length of bidisperse system vs frequency of mag-
netic field. The decrease in length indicates breaking of the chains

®  a

Fig. 9 — a) Expancel microspheres in the absence of external field.
b) Formation of chains in the presence of magnetic field. Magnetic
field intensity is 50 Gauss. Scale bar indicates 200 um

Nearby magnetic fluid chains can be seen to rotate
in the direction of magnetic field but the expancel
spheres did not move. This can be explained by the
adsorption of magnetic nanoparticles on the surface of
these plastic spheres [26]. On application of magnetic
field, these adsorbed particles gain their moments
aligned in the direction of field. These surface adsorbed
nanoparticles play the role of a connecting bridge be-
tween two spheres and due to attractive force of neigh-
boring adsorbed particles, the chain formation of the
spheres was possible.
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Fig. 10 — (a-c) shows the rotating magnetic field. Here the
magnetic colloid chains are rotating along with the field but
the expancel microsphere chains are not rotating
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However, since there is no magnetic moment in the
plastic spheres, the total magnetic moment of the chain
was not sufficient for the magnetic force to generate a
significant magnetic torque. Such non-magnetic parti-
cles included in a magnetic medium can serve as a
controllable separator or valve between two regions of a
single channel. Such separations can be controlled
using magnetic field but can also stay unaffected by
rotational magnetic field. If the volume fraction of
magnetic fluid is increased, the number of particles will
increase and hence number of chain formation will be
increased. Similar results are expected if volume frac-
tion of flake shaped particles and expancel micro-
spheres is increased. Also, if the intensity of magnetic
field is increased, chain formation may occur faster. To
check these predictions in all the above experiments,
extensive study of effect of the variation in volume
fraction of magnetic fluid, flake shaped particles and
expancel microspheres along with intensity of magnetic
field will be done in future work.
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Cmocrepirajiocs yTBOpPeHHS JIAHITIOTA B MATHITHINA PIAWHI HiJ BILTUBOM 00EPTOBOIO MATHITHOIO MOJIS.
Broius Ha THYYKICTD JIAHITIOTA TA HOT0 PO3PHUB BUBYABCS IIJIAXOM 3MiHK YacToTu obepranusa (1-5 ') marwi-
THOro moJist dircoranoi Besmunau (50 I'c). Yactuukn FesO4 MikpoMeTpoBOro po3mipy Ta HEMATHITHI PO3IIN-
proBaJibHI cdepu (PiKCOBAHOI KOHITEHTPATII] M3HINTEe OKPEeMO CYCIIeHyBAJIN B MATHITHIN pinuHi. ByB BuBUe-
HUM iX BIUTAB Ha JTAHAMIKY O0EPTAHHS JIAHITIOTA. Y CTAHOBJIEHO, 10 KPUTHYHA YACTOTA PO3PUBY JIAHITIOTA
Oys1a BHIIOIO B IIPUCYTHOCTI OLIBIIMNX MATHITHUX YACTHHOK IIOPIBHSIHO 3 MATHITHOIO PignHOI okpemo. Hema-
THITHI YACTUHKY YTBOPIOBAJIU JIAHITIOTOBI CTPYKTYPH B IIPUCYTHOCT1 CTATUYHOTO [I0JIsA, ajle He pearyBajy Ha
obepraHHs MarHiTHOTO I10Jis. Teopis yTBOpeHHsT MArHITHOIO JIAHIIOra OyJia BUKOPHUCTAHA [JIsT BUBYEHHS Ta
0OTOBOpPEHHS PE3yJIbTATIB IJIAXOM ITOPIBHAHHS MATHITHUX CHJI 1 cui B’siakocti. Jlocmimskenus moske Oyt
KOPHUCHUM JIJIST KOHTPOJTIO JIOBYKWHU Ta THYYKOCT] JIAHITIOTa B MIKPOT1IPOIAHAMIIIL.

Kmiouosi cnosa: MarnithHa pinuaa, Hamouactuaku, MaruiTae mose.
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