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Experimental investigation of magnetic-field-induced aggregation kinetics
in nonaqueous ferrofluids
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We investigate the influence of field ramp rate on the kinetics of magnetic dipole-dipole induced chainlike
structure formation in a nonaqueous nanoparticle dispersion using light scattering studies. With increase in
magnetic field, at a constant ramp rate, the transmitted light intensity diminishes and the transmitted light spot
is transformed to a diffused ring due to scattering from the self-assembled linear aggregates. The decay rate of
transmitted intensity increases up to an optimum ramp rate, above which the trend becomes reverse. At an
optimum ramp rate, the minimum time for initial aggregation coincides with the exposure time where the
intensity decay is fastest. The variation of transmitted intensity at different ramp rate is explained on the basis
of initial aggregation time that depends on Brownian motion, dipolar magnetic attraction and multibody
hydrodynamic interactions. The slope of the transmitted light intensity after the removal of magnetic field
depends on the time required for dissociation of ordered linear structures. Disappearance of the ring pattern and
the reappearance of original light spot, upon removal of the magnetic field, confirm the perfect reversibility of
the linear aggregates. The observed concentration dependant decay rates are in good agreement with aggrega-

tion theory.
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I. INTRODUCTION

Universality of colloidal aggregation dynamics in reaction
and diffusion limited regimes is experimentally demonstrated
almost two decades ago [1]. Since then, colloidal aggrega-
tion process has been a topic of interest for fundamental
understanding and practical applications. Dynamic behavior
of colloidal aggregation affects fundamental properties such
as rheological behavior, phase separation, gel formation, and
crystallization [2]. Among various dispersions, magnetic col-
loids offer the unique possibility of tuning the particle inter-
action by an external magnetic field that leads to interesting
physical properties [3,4]. The tunability makes the magnetic
colloidal system very appealing for fundamental understand-
ing and also significantly increases their technological poten-
tial in biosensors, smart dampers, microfluids, optical grat-
ing, switches, filters etc. [5-10]. The dipolar colloidal system
undergoes interesting structural changes under external field,
e.g., linear chains or rods along field direction at low-particle
loading and complex structures at high concentrations
[11-22]. A strong foundation for field induced linear and
lateral aggregation in superparamagnetic dispersions is laid
by the Gast [13,15,23]. Liu et al. first demonstrated the field
induced aggregation in ferrofluid emulsions and measured
the column spacing, which follows a power law dependence
on the column length [11]. Magnetic-field-induced ordering
and microphase separation of aqueous ferrofluid is elegantly
demonstrated using video microscopy [18]. With increasing
magnetic field, they have shown transitions such as needle-
like, columnar, glassy two-dimensional structure and sheet
such as striped liquids in ferrofluid. The complex structural
behavior in ferrofluid emulsion subjected to a slowly increas-
ing magnetic field is beautifully demonstrated by Ivey et al.
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[21]. Field induced forces due to dipolar interaction among
the particles in chains are examined theoretically [24]. The
increase in length and upholding the chain structures under
the influence of external field can be either reversible or ir-
reversible depending upon the experimental conditions, en-
abling the magnetic colloids excellent model system to study
the kinetics of cluster-cluster aggregation [25,26]. Different
approaches are adopted to investigate aggregation dynamics
of magnetic colloidal particles till now. Mostly, these include
the determination of parameters like dynamic cluster size
distribution, time-dependent structural evolution, aggrega-
tion rate and time. For irreversible aggregation process, usu-
ally the quantitative information about the temporal evolu-
tion is described by cluster size distribution ny(z), i.e., the
number of clusters of size s per unit volume present in the
system at time f. Several statistical variables can be calcu-
lated from n(z), e.g., number of clusters present at time ¢,
N(1), or the mean cluster size S(z) [27]. Computer simula-
tions and experiments in different magnetic colloidal systems

reveal a power-law behavior with time, given by
[13,23,25,26,28-34]
S(t) ~ £, Nt ~r~, (1)

where z and 7’ are the exponents. Most recent studies show
that dynamic scaling exponents of aggregation in nondiffu-
sion limited colloidal suspensions are not adequately de-
scribed by diffusion limited cluster aggregation models,
which expect the scaling exponents to be constant [35]. Their
studies show that the dynamic scaling exponents for 10 um
particles increase with the particle concentration and the
particle-particle free energy of interaction, where the scaling
behavior is explained in terms of the long-ranged particle-
particle interaction potential.

Using video-microscopy technique, the kinetic exponents
at different field strength and concentration for several mag-
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netic colloidal systems such as sulfonated polystyrene par-
ticles with iron oxide in water [26], superparamagnetic mi-
croparticles, made of magnetite grains randomly dispersed in
a polymer matrix [13,23,29,30], paramagnetic nanoparticles
[31,32] etc. are studied. Earlier, light scattering is used to
measure the kinetic exponents in electrorheological fluids
[33]. Similarly, other techniques such as scattering dichroism
[34] and computer simulations [28] are also employed to
obtain insight into kinetic exponents for different magnetic
colloidal systems. Time-dependent structural evolution in
magnetic colloidal system is also studied by molecular and
stochastic dynamics simulation [36,37], Brownian dynamics
[38], simulation based on a developed computer model [39],
Raman spectroscopy [40], optical microscopy with digital
image analysis [23,41], light scattering with electron micros-
copy [42], time resolved small angle neutron scattering [43].
Even though the aggregation times are estimated for various
colloidal systems, they are not applicable in magnetic col-
loids as the aggregation mechanism is different [44]. Re-
cently, we have shown that for very small particles i.e.,
a<<\, where « is the particle radius and \ is the wavelength
of incident light; there is significant increase in the scattering
due to increasing size of the aggregates under external field
[45]. The, formation of field induced structures are studied
by measuring the transmitted light and the scattered pattern.
Also, such magnetic colloidal systems are excellent model
system to study the scattering phenomena in different optical
regimes because the scatterers’ sizes can be tuned from Ray-
leigh regime (a<<\) at low field to Mie regime (a ~\) in the
intermediate field range and finally to the geometrical regime
(a>N\) at high-magnetic field. Though the measurement of
transmitted and scattered light is established as a good tech-
nique to study the field aggregation process in dispersion of
magnetic nanoparticles, the kinetics of the aggregation pro-
cess is not studied earlier. Proper understanding of the pa-
rameters influencing aggregation kinetics in magnetic col-
loids is important from both fundamental and practical
application point of view. Some of the interesting applica-
tions of field induced structures in ferrofluids and films are
discussed [46,47]. Light scattering technique is used to probe
the aggregation kinetics of magnetic colloidal systems. Ag-
gregation times at different external fields are elegantly
probed from the variation of forward scattered light and scat-
tered pattern [48]. Also, aggregation rate at different external
magnetic fields is found by measuring both the scattered
light at small angle [49] and transmitted light [50]. Trrespec-
tive of some systematic studies of aggregation time in mag-
netic colloids, understanding of the underlying mechanism
for aggregation time is still in an infancy [23].

In all the aggregation kinetics studies discussed above,
both theoretical and experimental, the aggregation process is
only studied as a function of time for different external field
strength or concentration of the colloidal system
[13,23,26,28—-34,36—-43,48-50]. But the influence of external
field exposure time and viscous force that competes with the
one arising from dipolar interaction between the magnetic
particles is not systematically studied. When the size of mag-
netic colloidal particles are in the nanorange (¢ <5 nm); the
challenge in studying aggregation kinetics under external
field increases manifold because of the limited experimental

PHYSICAL REVIEW E 82, 021402 (2010)

Solenoid
P ccob
ﬂzsampie o 'ﬁ: Current
(_He-Ne Laser LU ] @— amplifier
U H,—

16 bit

= |ADC

Programmable

Readout
Power supply

FIG. 1. Schematic of the experimental setup. The direction of
the applied magnetic field is along the direction of propagation of
the beam. P-polarizer and IF-interference filter.

tools and the requirement of nanoparticles dispersions with
good monodispersity and stability. We have shown that the
variation of the transmitted light intensity and scattered pat-
tern is a measure of the field induced aggregation process
[45]. In ionic ferrofluids, the electrostatic interaction plays a
major role in the aggregation process and aggregated struc-
tures are irreversible at high field strength. To avoid com-
plexities originating from the electrostatic interactions, we
chose a nonaqueous nanofluid of Fe;O, nanoparticles for our
study [51]. Due to steric stabilization, the aggregation pro-
cess is perfectly reversible on removal of magnetic field and
the system goes back to initial dispersed condition. In this
paper, using light scattering technique, we study the kinetics
of aggregation and deaggregation in a stable dispersion of
iron oxide nanoparticles by systematically varying the ramp
rate of the applied magnetic field.

II. MATERIAL AND EXPERIMENTAL METHOD

The experiments are performed in a stable colloidal sys-
tem of magnetite (Fe;0,4) particles coated with oleic acid and
dispersed in a hydrocarbon carrier fluid. Average diameter of
the particles and organic layer thickness around the particles
are 6.5 and 1.5 nm, respectively. We eliminate the complexi-
ties originating from electrostatic interactions between the
nanoparticles by using a nonaqueous nanofluid. Transmitted
light intensity and the scattered pattern are acquired as a
function of magnetic field to study the aggregation process
using a fully automated light scattering setup shown in Fig.
1. An amplitude and frequency stabilized polarized He-Ne
laser (spectra-physics) of wavelength (A) 632.8 nm with an
output power 1 mW is used as a light source. The propaga-
tion wave vector of incident light is parallel to the external
field direction. To study the influence of rate of increase in
the external field on the aggregation kinetics, the transmitted
light and scattered patterns are acquired at different ramp
rates. Ramp rate of the applied field is varied by using a
programmable current source and a solenoid, in which the
sample is placed in a sealed a quartz cuvette. Transmitted
light intensity is measured using a photomultiplier tube
(PMT Oriel) and its output is fed to readout through a current
amplifier with variable gain. The analog output from the
readout is connected to a 16 bit analog-to-digital converter
(ADC) that is interfaced with a computer. The scattered pat-
tern, observed on a screen is recorded using a charge-coupled
device (CCD) camera.

III. THEORETICAL BACKGROUND

The nanoparticles in magnetic colloids are in random
thermal Brownian motion in the absence of external mag-
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netic field. On application of external magnetic field, each
individual particle acquire dipole moment of the magnitude
given by

4
m= 577513)(H0, (2)

where a the radius of the particle is, y is the magnetic sus-
ceptibility and H, is the magnitude of external magnetic
field. This causes the moments of the particles to align along
the field direction and also increases the anisotropic interac-
tion energy between two such particles, given by [19]

m2ILL0< 1-3 COS2 011)

3
4T i

Uij(rijv Hij) = (3)

r
where r;; is the position vector of ith particle relative to the
Jjth particle and 6; is the angle between the external field and
the position vector. As the particles are in Brownian motion,
the effective interaction between them can be described by a
coupling constant (A) which is the ratio of the maximum
magnitude interaction energy to the thermal energy (kz7) in
the system

_ Wﬂod3X2H(2J

4
72kyT @

Here, kjp is the Boltzmann constant, 7 is the temperature and
d is the diameter of the particle. When A=1, the particles in
the dispersion self-assemble to form one dimensional chain
like structures along the field direction. Magnetic force be-
tween two particles having induced moment m is given by

F=-VU. (3)

Initial time (z,.) for two particles to aggregate is derived using
the magnetic potential given by Eq. (2), Stokes drag law and
Eq. (4) and is given as [52]

6 5
=2 Wﬂn{(i) _1}. (6)
S5 Frax L\2a

Where magnetic force between particles at contact is given

by F max:f—ﬁ%, r is the initial separation distance between
the particles and 7 is the viscosity of the carrier liquid. The
initial separation distance r between two particles is consid-
ered as the average antiparticle spacing for a given concen-
tration. Considering the particles as spherical, the interpar-
ticle spacing (IPS) for a colloidal dispersion of monodisperse

particles is given by [53]

1/3
IPS=2a{(%>/ —1]. (7)

Where ¢ is the particle volume fraction and ¢,, is the maxi-
mum particle packing fraction which is 0.63 for random
dense packing.

IV. RESULTS AND DISCUSSIONS

Figure 2 shows the variation of normalized transmitted
intensity when the magnetic field is increased at different
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FIG. 2. (Color online) Normalized transmitted spot intensity as
function of the external magnetic field (during increase) for differ-
ent ramp rates for volume fraction @=0.006 49 of Fe;0,.

ramp rates for a dispersion of volume fraction (¢) 0.006 49.
For all rates, the transmitted intensity decreases with the in-
crease in magnetic field. For the slowest ramp rate i.e., 0.6
G/s, the rate of decay in transmitted intensity is also slow. On
increasing the ramp rate, the transmitted intensity decays
faster. When the rate is increased further, i.e., above 2.5 G/s,
the transmitted intensity shows a reverse trend with a slower
decay of transmitted intensity with decrease in field. Figure
2(B) shows that the higher the ramp rate the slower is the
rate of decrease of transmitted intensity. Another important
observation from the Figs. 2(A) and 2(B) is that all the
curves overlap each other up to a magnetic field of 70 G,
above which the slope of transmitted intensity curves differs.

The scattered patterns at four different magnetic fields of
0, 150, 250, and 300 G, for three different ramp rates of 0.6,
10, and 20 G/s are shown in Fig. 3. In the absence of any
field, only a diffused spot is observed for all the ramp rates.
But as the field is increased, the observed scattered patterns
show different features. Figure 3(A)-3(D) shows the scat-
tered pattern for a ramp rate of 0.6 G/s. As the field in-
creases, the spot is transformed to a diffused plume which in
turn changes to a diffused ring with the transmitted light spot
appearing on the circumference of the ring at high-magnetic
field. Since the chain like structures are formed along the
field direction, the reason for the formation of ring structure
on the scattered pattern can be explained by considering scat-
tering of light by a cylinder [45,54]. The observed pattern
can be understood by evaluating the scattered electromag-
netic field when an infinite right circular cylinder of radius a
is illuminated by a plane homogeneous wave E;=Ee/é*
propagating in the direction €;=—sin {€,—cos {€,, where { is
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FIG. 3. (Color online) Light Scattered patterns at different mag-
netic field values (during increase) on a screen placed perpendicular
to the field direction of incident light for ramp rates 0.6 G/s (A-D),
2.5 G/s (E-H), and 20 Gf/s (I-L).

the angle between the incident wave and the cylinder axis. It
is inferred from the derived expressions of scattered field that
the surfaces of constant phase, or wave fronts, of the scat-
tered wave are the points which satisfy

S, y,z2)=rsin {—zcos {=C. (8)

Therefore, the wave fronts are cones of half-angle ¢ with
their apexes at
C
== )

cos ¢

The propagation of the scattered wave can be visualized as a
cone that is sliding down the cylinder. The direction of
propagation at any point on the cone, or wave normal €ég is

é,= Vf=sin 6, — cos [e,. (10)

The Poynting vector is therefore, in the direction €.

It is clear from Egs. (9) and (10) that if a screen perpen-
dicular to the incident beam, is placed at some distance from
the cylinder, the resulting scattered patterns that form on the
screen will be cross section of cones or conic sections. When
light is incident at zero degree to the cylinder axis ({=0°),
the scattered pattern is a circle. For angles of incidence less
than 45°, ellipses appear on the screen. At 45° the pattern is
a parabola and for more than 45°, the succession of hyper-
bolas is traced out. When the incident light is normal to the
cylinder axis, the pattern becomes a straight line. The forma-
tion of the ring clearly establishes the formation of such
chainlike structures along the direction of propagation of the
light when the coupling constant A =1.

Sharpness of the ring increases as the external field is
increased and reaches its maximum at high field value. When
the field is increased at a higher ramp rate of 2.5 G/s, the
diffused plume of scattered light is again formed at an inter-
mediate field value but with higher intensity as shown in
Figs. 3(F) and 3(G). At these intermediate fields (i.e., 150~
250 G); the spot on the circumference was less intense com-
pared to the previous rate (0.6 G/s) that is also evident from
the corresponding intensity curves in Fig. 2(A). Hardly any
change is observed in the intermediate fields when the ramp
rate is very high i.e., 20 G/s. Here, no ring structure in the
scattered pattern is formed even at high field strength. Only a
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FIG. 4. (Color online) Normalized transmitted spot intensity as
function of the external magnetic field (during decrease) at different
ramp rates for volume fraction @=0.006 49 of Fe;0,.

diffused plume with less brightness is seen [Fig. 3(L)].

After increasing the magnetic field at a particular ramp
rate to the highest value i.e., 300 G, the field is again de-
creased to the lowest value i.e., 0 G with the same ramp rate.
This is repeated for three different ramp rates of 0.6, 10, and
20 Gfs. Figure 4 shows the variation of transmitted intensity
as a function of magnetic field for different ramp rates during
the decrease in the field. It is observed that the transmitted
intensity increases with the decrease in the magnetic field for
all ramp rates. When the ramp rate is very high i.e., 20 G/s,
the transmitted intensity starts to rise sharply as the magnetic
field is decreased below 100 G. As the ramp rate is lowered,
the rise in the transmitted intensity with decrease in the field
becomes smoother. For lower ramp rate during the decrease
in the field, the transmitted intensity rise is faster. There is
not much variation in the transmitted intensity when the
ramp rate is below 0.86 G/s. Another important observation
is that the transmitted intensity is maximum for the entire
magnetic field range for the lowest rate i.e., 0.6 G/s.

The scattered patterns and their corresponding surface
plots at different magnetic field values (during decrease) for
three different ramp rates are shown in Fig. 5 for compari-
son. For all ramp rates, on decreasing the magnetic field to
zero value, the scattered pattern finally goes back to the
original diffused spot, indicating the perfect reversibility of
the aggregation process. Figures 5(A)-5(D) and 5(M)-5(P)
shows that the sharpness of the ring structure in the scattered
pattern is maximum at 250 G, when the field is decreased at
a ramp rate of 0.6 G/s. With further decrease in the field, the
sharpness of the ring is also decreased (150 and 50 G). Es-
pecially, the left half of the ring diminishes and a diffused
spot appears as the field is reduced to zero. Similar transfor-
mation of ring like structure to a diffused spot is observed
when the field is dropped to zero at a ramp rate of 2.5 G/s as
seen in Figs. 5(E)-5(H) and 5(Q)-5(T). When the field is
decreased at a faster rate of 20 G/s, a bright diffused circular
plume of scattered light is observed at 250 G. On further
decrease in the field, both spot and total brightness of the
plume is decreased and finally transformed into a diffused
spot at zero fields. At the same time the transmitted spot
becomes brighter with the decrease in the magnetic field,
which is also evident in the intensity variation curve in
Fig. 4.
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FIG. 5. (Color online) Light Scattering patterns from the nano-
fluid at different magnetic field values (during decrease) on a screen
placed perpendicular to the field direction of incident light and their
corresponding surface plots for ramp rates 0.6 G/s (A-D and M-P),
2.5 G/s (E-H and Q-T), and 20 G/s (I-L and U-X).

Figure 6 shows the variation of transmitted intensity for
two different ramp rates as a function of magnetic field, both
during its increase and decrease. For the faster ramp rate i.e.,
20 Gfs, a large hysteresis in the transmitted intensity curves
are observed during the increase and decrease of magnetic
field. However, for a slow rate of 0.6 G/s, no hysteresis is
observed during decrease and increase in the applied mag-
netic field. Now, to have a better idea about the reversibility
of the aggregation process for different ramp rates, the area
of the gap between the two curves is calculated. This gap
area is an indicator of the reversibility of the aggregation
process and is defined as the hysteresis area. It is found that
the hysteresis area increases with the increase in the ramp
rate in a linear fashion as shown in Fig. 7. It shows that
hysteresis is large at higher ramp rates compared to the lower
ones, indicating that the irreversibility of field induced ag-
gregates increases with the increase in the ramp rate. These
observations show that ramp rate of external magnetic field
plays an important influence in the aggregation and deaggre-
gation process. The aggregation rate increases on increasing
the ramp rate up to an optimum rate (2.5 G/s). But, on further
increase of the ramp rate from 2.5 G/s, the rate of aggrega-
tion of the particles becomes slower.

Now, considering the system as a light scattering media,
the size of scatterers actually increases as the particles start
forming doublets, triplets and chains along field direction
when the coupling constant, A=1 as given by Eq. (4) on
increasing the field. This increase in the scatterers’ size can
lead to the occurrence of resonance in the scattering effi-
ciency [55]. Diffused plume of scattered light accompanied
by a decrease in the transmitted spot intensity (Figs. 2 and 3)
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FIG. 6. (Color online) Normalized transmitted spot intensity as
function of the external magnetic field (during increase and de-
crease) for volume fraction @=0.006 49 of Fe;0, at the ramp rate
of 0.6 G/s (A) and 20 G/s (B).

is due to the enhancement in the amount of light scattering.
The type of the scattered pattern, its brightness and the trans-
mitted spot intensity depends on the number, size, shape and
distribution of the scatterers. After the formation of chains,
the zippering of chains take place due to the lateral aggrega-
tion to reach the equilibrium structure if the system gets
sufficient time [15,19,20,48]. The observation of the varia-
tion of light transmission and the scattered pattern with ramp
rate clearly indicates that the number, size, shape and the
distribution of the field induced aggregates are not the same
even for the same field if the ramp rates are different.

The transmitted light through a dispersion of slab length L
is given by

=0.00649

Hysteresis Area (arb. units)

10 ' ' ' '
0 5 10 15 20

Ramp Rate (G/s)

FIG. 7. Hysteresis area of the transmitted light intensity curve as
function of the ramp rate of external field for volume fraction
@=0.006 49 of Fe;0y.
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It=10 GXP(— aextL)- (11)

Where I, is the incident light intensity, /; is the transmitted
intensity, a,(=nC,,) is the extinction coefficient,
n(=%77a3¢) is the number of particles per unit volume, ¢ is
the particle volume fraction, C,,(=ma’Q,,,) is the extinction
cross section of the particles due to light scattering and Q,,,
is the extinction efficiency. The extinction of light while
propagating through the dispersion of magnetic particles is
due to both absorption and scattering of light. Therefore, the
total attenuation is due to the combined effect of absorption
and scattering of light by the dispersed magnetic particles for
a given path length. It should be noted that in our case the
path length (L) is 1 mm for which the attenuation is 73% at
632 nm. In the dilute regime (¢<0.01), multiple scattering
can be neglected [56] and in our case ¢ was 0.006 49.
According to Born approximation, the weak scattering con-
dition is kI>1 where k(=2wN/N) wave vector is and
1(=2d/3¢Q,,,) is the scattering mean free path [56,57]. Here,
N is the refractive index of carrier liquid, d is particle diam-
eter. Scattering extinction efficiency (Q,,,) is calculated us-
ing Mie theory [54]. Since kI~ 9.5 X 10° in our case, contri-
bution from multiple scattering can be ignored. Studies in
Fe;0, nanoparticle dispersion in kerosene show very little
absorption at 632 nm [58]. When a <<\, there is substantial
decrease in transmitted intensity when aggregation occurs
and this aspect has been exploited to measure relative coagu-
lation rates and stability ratios [59]. By correlating transmit-
ted intensity (/,) with scattering efficiency (Q,,,), the aggre-
gate size can be found [60,61]. However, in our case the size
of aggregates increases linearly. The shape of the linear ag-
gregates at different fields is no longer spherical but cylin-
drical.

The finite cylinder scattering problem is not exactly solv-
able, only analytical expressions can be obtained for ampli-
tude scattering matrix elements in the Rayleigh-Gans ap-
proximations [54]. Since, the condition |m—1|<1 for
Rayleigh-Gans approximations is not satisfied, the above so-
lution is not valid for our system (refractive index,
m=2.33776 for Fe;0,). Using a numerical method, called
volume integral equation formalism (VIEF), the scattering
efficiency is evaluated for finite cylinder when the incident
radiation falls along the axis of the cylinder [62]. It is shown
that for a given diameter and refractive index of the cylinder,
the scattering efficiency increases as cylinder length is in-
creased in the low-wave number limit of visible range. Thus,
the basic underlying mechanism for the decrease in transmit-
ted intensity is the enhancement in light scattering due to the
increase in length of the cylindrical aggregates.

Depending on three transport mechanisms, different
aggregation mechanisms are defined. These are
(1) perikinetic aggregation arising from Brownian diffusion,
(2) orthokinetic aggregation arising from fluid motion, and
(3) differential sedimentation arising from settling of par-
ticles of different size or density from a suspension [63].
Aggregation times are estimated for various colloidal sys-
tems considering these aggregation mechanisms [44]. All the
above mentioned aggregation times refer to time scales for
irreversible macroscopic aggregation e.g., visible sedimenta-
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tion or gelation which takes place in unstable colloidal sys-
tems.

Unlike the above mentioned mechanisms, the aggregation
process is perfectly reversible in the present system as the
system goes back to the initial condition upon removal of
magnetic field. This is evident from the regaining of the
transmitted intensity to its original value upon removal of the
magnetic field as shown in Figs. 4 and 6.

On the application of external field, the magnetization of
the particles dispersed in the carrier liquid can relax by two
mechanisms. First, the relaxation occurs by particle rotation
in the liquid known as the Brownian relaxation with a rota-
tional diffusion time given by [64—66]

TB=3Vh77/kBT, (12)

where V), is the hydrodynamic particle volume. Second, the
relaxation is due to rotation of magnetic vector within the
particle known by Neel relaxation mechanism with a charac-
teristic time given by

1 KV, KV, \"'"? KV,
TN= TTexpl T, — —=>2 (13)
fo kT kT kgT

1 (Kv,\ KV,
=—exp|l — | — <1, (14)
fo kgT kgT

where f is the attempt frequency, K is the anisotropy con-
stant of the material and V,, is the magnetic volume of the
particle.  Considering  the  parameters f,=10° Hz,
K=44 kJ/m3, 5=0.002 kg m~' s~! for kerosene, the mag-
netic diameter d,,=6.5 nm and the hydrodynamic diameter
d,=d,+2s where s=1.5 nm being the polymeric surface
layer thickness; the Brownian and Neel relaxation times for
our system are found to be 7.12 X 1077 and 4.12X 107 sec,
respectively. Since these time scales are much faster com-
pared to our experimental observations, any role of these
kinds of relaxation processes on the decrease of transmitted
intensity i.e., on the rate of field induced aggregation process
can be safely ruled out.

The time required for aggregation of the particles and
linear aggregates in a carrier liquid for a given external field
depends on two competing forces experienced by them:
First, the magnetic force due to field induced magnetic mo-
ment and second, the viscous force. The magnetic force de-
pends on the particle size, number of particles in linear ag-
gregates and external field strength whereas the viscous force
depends on the particle or aggregate size and viscosity of the
carrier liquid. Therefore, for a given sample concentration
the aggregation time changes with the external field strength.
To obtain better insight into the nature of this variation i.e.,
the kinetics of the field induced aggregation process, the ini-
tial aggregation time between the colloidal magnetic par-
ticles are estimated for different fields using Eq. (6) by con-
sidering the parameters of the experimental system i.e., the
particle radius a=3.25 nm, viscosity of the carrier liquid i.e.,
kerosene  7=0.002 kgm~'s~!, magnetic permeability
u=1.2566X 10" TmA~'. The initial separation distances r
required for the above calculation are found using Eq. (7) to
be 107.02, 72.57, 54.47 and 46.11 nm for 0.003 19, 0.006 49,
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FIG. 8. (Color online) Initial aggregation time between two
magnetic particles in dispersion as function of external magnetic
field for sample of volume fractions (@) (a) 0.014 36, (b) 0.010 79,
(c) 0.006 49, and (d) 0.003 19.

0.010 79, and 0.014 36 volume fractions of the sample re-
spectively. The magnetic field dependence of the aggregation
time for two spherical particles is shown in Figs. 8 and 9. In
the present system, even though at zero or at very low fields,
there were only spherical particles; once they start forming
doublets, triplets and chains, the length of the aggregates
increases and also their shape can be considered similar to
cylinders. With the increase in magnetic field, the shape,
size, and the aggregate separation changes. This results in
changes in the aggregation time too. To get the exact aggre-
gation time for a given field, the viscous force of two cylin-
drical aggregates of given lengths and separation should be
balanced with the magnetic force. The major contributing
term that affects the aggregation time scale in Eq. (6) is i
i.e., the ratio of particle or aggregate separation distance (r)

12
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FIG. 9. (Color online) Initial aggregation time between two
magnetic particles in a dispersion as function of volume fraction for
external magnetic field (H,) values (a) 300 G (b) 150 G (c) 100 G,
and (d) 50 G.
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and their size (here diameter 2a). With the increase in size
i.e., length of the linear aggregates, their separation distance
also increases thereby keeping the ratio ﬁ more or less the
same. There is no reason for the other terms to affect the
aggregation time significantly under the changing spatial and
geometrical scenario inside the system upon increasing the
field. Therefore, Eq. (6) can be considered to give a good
estimate of the time scale of aggregation between the aggre-
gates and its variation with magnetic field.

Figure 8 shows that the aggregation time decreases with
the increase in magnetic field, as magnetic force experienced
by the aggregates dominates the viscous force at higher field
values. Changing the ramp rate actually changes the time for
which the particles and the aggregates are exposed to differ-
ent external field values during the increase in the field. The
exposure time should be at least equal to the aggregation
time so that the aggregates can attain their maximum permis-
sible length for any given field strength. Aggregation rate is
very high when the exposure time is equal to the aggregation
time but decreases when the exposure time is either more or
less than the aggregation time.

For sample volume fraction @=0.006 49, aggregation
time is 400 s for external field Hy=75 G that decreases to 25
s for Hy=300 G as shown in Fig. 8(c).When the external
field is ramped from O to 300 G at 20 G/s, the total available
exposure time for the sample is 15 s which is even less than
the aggregation time for Hy=300 G. Therefore, the aggre-
gates cannot reach their permissible length. When the exter-
nal field is increased from O to 300 G at a very slow ramp
rate of 0.6 G/s, the total exposure time for the sample is 500
s which is more than that required for the aggregates to reach
their permissible lengths. Due to the delay in reaching the
higher field values, the aggregation rate decreases again that
is evident from slow increase in transmitted intensity for 0.6
G/s [Fig. 2(A)]. Therefore, there exists an optimum ramp rate
for which the exposure time just equals the aggregation time.
At this optimum ramp rate the aggregates reach their permis-
sible lengths in minimum time to cause fastest decrease of
transmitted intensity. For the present system, fastest aggrega-
tion i.e., fastest decrease of transmitted intensity occurs for
the ramp rate of 2.5 G/s [Figs. 2(A) and 2(B)]. Therefore, for
sample volume fraction @=0.006 49, the aggregation time is
120 s as this corresponds to an optimum ramp rate of 2.5 G/s
(for 0 to 300G). Interestingly, this time scale matches fairly
well with the reported values of the characteristic time scales
for the two competing processes-field-induced cluster forma-
tion and thermally activated dissociation, which is found to
be 100 to 150 s for an ionic ferrofluid measured from the
variation of Raman intensity on applying external magnetic
field of 150 G [40]. Therefore, the interplay between the
aggregation time and the exposure time for a given volume
fraction explains the nonmonotonic variation in the transmit-
ted light intensity. Also, the increase in sharpness and clarity
of the ring structure formed in the scattered pattern [Fig. 3] at
low-ramp rates confirms that at higher fields the particles and
aggregates in the dispersion have sufficient time to increase
the length and arrange themselves.

Also, the deaggregation time also depends on external
field strength. For slow ramp rate (0.6 G/s), exposure time is
more than that required for both aggregation and deaggrega-
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FIG. 10. (Color online) Normalized transmitted spot intensity as
function of the external magnetic field (during increase) at a ramp
rate of 1.67 G/s for different volume fractions of Fe;Oy.

tion. The aggregates are of same lengths at a given field, both
during the increase and decrease as they reach their maxi-
mum value. This leads to the same intensity value for the two
curves at different fields making them nearly overlap each
other. The area between the transmitted intensity curves dur-
ing “increase” and “decrease” for a given ramp rate is de-
fined as the Hysteresis area. Physically, this hysteresis area
gives an indication whether the aggregate size is same at a
given external field during its increase and decrease for a
particular ramp rate. In other words, this describes the re-
versibility of the aggregation process for a given ramp rate.
The Hysteresis area is very less for slow ramp rate of 0.6 G/s
[Fig. 6(A)].

For fast ramp rate (20 G/s), exposure time is much less
than that required for both aggregation and deaggregation.
Since the aggregates cannot reach their permissible lengths,
the transmitted intensity decreases slowly during the increase
in field [Figs. 2(A) and 6(B)]. Again, during the decrease in
field, the aggregates get very less time to decrease their
length sufficiently until the magnetic field strength of 150 G
[Figs. 4 and 6(B)]. But, on further decrease in field, the mag-
netic force between the aggregates becomes very weak to
retain the linear aggregates intact and the thermal energy due
to Brownian motion dominates the dipolar interaction energy
of the particles and aggregates. Since, the deaggregation
takes place very fast after lowering the field below 150 G,
the transmitted intensity suddenly shoots up and also inter-
sects the intensity curve that is obtained during increase in
field. This results in two distinct areas in the hysteresis curve
as shown in Fig. 6(B). Also, for low-ramp rates the decrease
in chain length by deaggregation takes place in an ordered
fashion and chain structure is retained even at very low field
that is evident from the partial ring in the scattered patterns
[Figs. 5(B) and 5(C)]. Faster deaggregation at higher ramp
rates results in linear aggregates that are randomly ordered.
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Scattering from these disordered linear aggregates results in
the diffused plume as shown in Figs. 5(J) and 5(K).

Figure 9 shows the initial aggregation time between two
magnetic particles in dispersion as function of ¢ for four
external magnetic field values of 50, 100, 150, and 300 G. To
check the dependence of initial aggregation time on the con-
centration of sample as shown in Figs. 8 and 9, the transmit-
ted intensity is measured and plotted in Fig. 10. The ¢ values
were 0.003 19, 0.006 49, 0.010 79, and 0.014 36 and the ex-
ternal field is increased at the same ramp rate of 1.67 Gfs.
The transmitted intensity is found to decay faster as the ¢ of
the sample increases. Similar observation is seen on increas-
ing the external field at other ramp rates. For the same ap-
plied field, the initial aggregation time is less for higher con-
centrations due to smaller interparticle separation distance.
This rapid formation of field induced linear chainlike struc-
tures results in faster decay of transmitted intensity in
samples with high ¢.

V. CONCLUSION

The role of external applied field ramp rate on the rate of
formation of linear aggregation in magnetic nanoparticles
dispersion is studied from transmitted intensity and scattered
pattern. The transmitted intensity decay rate increases with
ramp rate, but the trend became reversed above an optimum
ramp rate. Calculation of initial aggregation time as a func-
tion of magnetic field shows that, for ¢»=0.006 49 an optimal
ramp rate of 2.5 G/s is necessary to complete the initial ag-
gregation process where decay of transmitted intensity is
fastest. For faster ramp rate, insufficient exposure time re-
sults in the slow decay of transmitted intensity. The rate of
deaggregation of the field induced linear structures into dis-
persion is found to be dependent on the ramp rate at which
external magnetic field is decreased. The requirement of a
minimum time for deaggregation is evident from the change
in the slope of the transmitted intensity curves during the
decrease in the field. The observed scattered patterns for dif-
ferent ramp rates show the evolution of field induced struc-
tures during aggregation and deaggregation under external
field. Disappearance of the ring pattern and the reappearance
of original spot, upon removal of the magnetic field, confirm
the perfect reversibility of the aggregation process. The hys-
teresis in the aggregation process is found to decrease with
the increase in the ramp rate. The change in the decay rate
with the volume fraction of the nanoparticles is consistent
with particle aggregation theory.
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