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SYNOPSIS

Magnetic fluids (Ferrofluids and Ferrofluid emulsions) are stimulus responsive soft
materials whose physical properties can be strongly modified by an external magnetic
field. Such magnetic fluids have several important technological applications. Magnetic
fluids undergo interesting structural changes under an external magnetic field. Various
techniques such as small angle neutron scattering (SANS), small angle X-ray scattering
(SAXS), visible wavelength light transmission, Monte Carlo simulation, molecular
dynamics, stochastic and Brownian dynamics simulation have been employed to get
insight into the aggregation dynamics in magnetic fluids. Magnetic fluids exhibit field-
induced optical anisotropy in the presence of an external magnetic field, which leads to
many extraordinary magneto-optical properties such as static magnetic birefringence
and dichroism, magnetically tunable refractive index, photonic hall-effect, vanishing of
forward and backward scattered light and negative refractivity.

Optical studies show that magnetic fluids are ideal materials to study the scattering
phenomena in different optical regimes, as the scatterer size can be tuned from Rayleigh
regime (scatterer size << ) to geometrical regime (scatterer size >> A) via Mie regime
(scatterer size ~ A) by varying the external magnetic field. The scatterer size increases
with increasing external magnetic field due to aggregation of suspended nano-sized
magnetic particles. The field induced aggregation in these systems is mainly due to the
dipolar interaction between the dispersed nano-sized magnetic particles, which depends

on the applied magnetic field strength and particle size.



Irrespective of several studies in the past, a complete understanding of field induced
aggregation dynamics and associated magneto-optical properties in magnetic fluids is
still lacking, which is important for practical applications. The main objective of this
thesis work was to obtain better insights into the complex aggregation, disorder-order
transitions, and the intriguing magneto-optical phenomena in magnetic fluids using the
forward light scattering, backscattering, and absorption and speckle dynamics studies.
The role of aggregation parameters such as suspended nanoparticle size, volume
fraction and temperature on structural transitions and associated magneto-optical
properties in magnetic fluids are investigated. The thesis consists of nine chapters.
Chapter 1 gives a brief description of soft matter, stimulus responsive materials,
magnetic fluids and its extraordinary physical properties and literature survey on the
study of field induced structural transitions, motivation and objectives of the present
work. Chapter 2 describes the details of the samples, characterization techniques,
experimental setup and the procedure adopted for (i) capturing the scattered speckle
patterns, (ii) measuring the transmitted, (iii) backscattered light intensity, (iv)
absorption and (iv) speckle intensities as a function of magnetic field and time.
Chapter 3 presents the study of magnetic field dependent behavior of transmitted light
intensity and scattered pattern in ferrofluid and nanoemulsion. The resonances in the
total extinction efficiency and the forward anisotropy factor due to the changes in the
dimension of scatterers due to dipolar interactions and the changes in the surface
roughness of the field induced aggregates contribute to the observed variations in the
transmitted light intensity and the scattered patterns. Chapter 4 presents the study of

transmitted light speckle pattern through ferrofluid and nanoemulsion in presence of an



external magnetic field. The linear increase in speckle contrast of transmitted light spot
from ferrofluids in the presence of external magnetic field indicates a transformation
from ‘dynamic’ to ‘fully developed’ speckle pattern due to the formation of chain-like
structures by nano sized particles. The surface roughness of field induced aggregates is
found to hamper the speckle pattern from being ‘fully developed’. The transmitted
speckle correlation coefficient showed power law decay with external magnetic field. In
nanoemulsion, the angular speckle correlation coefficient decays exponentially with
measurement angles in the observation plane and the angular speckle correlation is
found to be symmetric on either side of the transmitted bright spot. Chapter 5 presents
the study of the effect of applied magnetic field on the backscattered light intensity from
a ferrofluid consisting of poly-acrylic acid coated Fe3O, nanoparticles dispersed in
water. The effect of applied magnetic field on the backscattering of light showed a
continuous evolution of backscattered speckle pattern as a function of magnetic field
strength. The speckle contrast is found to increase linearly with external magnetic field
because of the evolution from highly dynamic to static scatterers in the dispersion. The
backscattered light intensity is found to diminish with external magnetic field due to a
delay of light propagation of standing waves in the scattering medium. Chapter 6
presents the study of magnetic field dependent near infrared photon absorption in
nanoemulsion. The absorption of near infrared photons is found to be dependent on the
volume fraction and applied magnetic field because of the variation in the Mie
absorption efficiency during the field induced structural transitions of emulsion
droplets. The absorption increases linearly with the incident near infrared photon energy

up to a certain external magnetic field. The imaginary part of the refractive index of



nanoemulsion is found to vary with external magnetic field and sample volume
fractions. After a critical magnetic field, the field induced absorption of near infrared
photons decreases because of the increase in the aspect ratio of the chain like aggregates
and inter-chain spacing. Chapter 7 presents the study of the effect of hydrodynamic
particle size on the magnetic field induced light transmission and transmitted speckle
pattern in water based ferrofluids containing functionalized Fe3O4 nanoparticles. The
transmitted light intensity starts decreasing above a certain magnetic field and becomes
a minimum at another field and these two critical fields signify the onset of linear
aggregation process and zippering transitions, respectively. Both these critical fields
shift towards lower magnetic fields with increasing hydrodynamic diameter, due to
stronger magnetic dipolar interaction. The onsets of chaining and zippering transitions
were clearly evident from the time dependent transmitted light intensity. Above the first
critical field, the lobe part of the transmitted intensity and the lobe speckle contrast
values increase with increasing external magnetic field due to the reduced Brownian
motion of field induced aggregates. The speckle contrast was the highest for the
nanoparticle with the largest hydrodynamic diameter, due to reduced Brownian motion
of particles. Chapter 8 describes the temperature dependent light transmission study
which shows that the rate of extinction of normalized transmitted light intensity linearly
decreases with increasing specimen temperature, indicating a slower rate of field
induced aggregation kinetics at higher specimen temperature due to enhanced Brownian
motion of suspended particles. Chapter 9 summarizes the results obtained, conclusions

and future scopes.
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Figure 3.1

(a — g) Images of the transmitted light from ferrofluid (poly-
acrylic acid coated Fe;O,4 nanoparticles in water) at different
external magnetic field (B = 0, 62.5, 125, 187.5, 250, 375,
500G). (h) Total normalized transmitted light intensity as a
function of external magnetic field at field ramp rate ~ 2.5
G/s and sample volume fraction (¢ ) ~ 0.00916. Inset image
(i) shows the total portion of the transmitted light captured by
PMT. (j) Normalized transmitted light spot intensity as a
function of external magnetic field at field ramp rate ~ 2.5
G/s and ¢ ~ 0.00916. Inset image (k) the transmitted light

spot portion captured by PMT.

33

Figure 3.2

Images of the total transmitted light pattern at critical fields

(Bc1 and Bcy) for different volume fraction (¢) of poly-acrylic
acid coated Fe3O,4 nanoparticles in dispersion. Images (a — d)
for Bci and (e — h) for Beo. [(a),(e)- ¢ = 0.00916; (b),(f)- ¢ =

0.00603; (c),(g)- ¢ = 0.00398; (d),(h)- ¢ = 0.00298].

36

Figure 3.3

(a) Total extinction efficiency factor (Q,,,) as a function of size

parameter (ka). (c) Forward scattering anisotropy factor (
(cos@)) as a function of size parameter (ka). (e) Transport

mean free path (¢*) as a function of size parameter (ka). (b, d
& f) Enlarged views of Qex, (cos@), and ¢ within small

values of size parameter (ka).

40

Figure 3.4

Phase contrast microscopic images of nanoemulsion in
presence of external magnetic fields (B = 0, 100, 200, 275G).
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The direction of B is shown by the arrow.

Figure 3.5

(left) Schematic of the nanoemulsion at different external
magnetic field (By is the zero external field and Bi< B,< Bgj)
and (right) the corresponding transmitted light pattern

projected on a screen.

44

Figure 3.6

(a-e) & (k-0) Images of the transmitted light from
nanoemulsion with volume fraction (¢#) ~ 0.0042 in presence
of external magnetic fields (B = 0, 50, 75, 100, 125, 150, 175,
200, 250, 300G). Images (f-j) & (p-t) are their corresponding

3D surface plots.

45

Figure 3.7

(@) Transmitted light intensity as a function of external
magnetic field from nanoemulsion at volume fraction, ¢ ~
0.0070, 0.0042, 0.0022 and 0.0014. (b) The ring like structure
at external field, B = 150G and the area over which transmitted

light intensity is measured is indicated.
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Figure 3.8

Critical magnetic field (Bc) as a function of volume fraction (¢)
in nanoemulsion. B¢ follows power law decay with ¢ (Bc ~ ¢~

¥) where the exponent value is 0.41.
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Figure 3.9

(a) Intensity of a portion of the lobe as a function of external
magnetic field for nanoemulsion at volume fraction, ¢ ~
0.0070, 0.0042, 0.0022 and 0.0014. (b) The transmitted light
intensity pattern for nanoemulsion of ¢~ 0.0042 at 180G and

the area over which intensity is measured is also indicated.
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Figure 4.1

Images (a - f): Transmitted laser light spots through ferrofluid
at different external magnetic fields (B = 8.5, 46, 68.5, 135,
235, 455G). Images (g - 1): Speckle pattern of the boxed area of
the transmitted light spots (a — f). Images (m — r):  Phase
contrast microscopic images of ferrofluid in presence of
different external magnetic fields (B = 8.5, 46, 68.5, 135, 235,

455G).
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Figure 4.2

Plot of the average speckle size distribution as a function of
external magnetic fields; dx and dy are the horizontal and
vertical lengths of any speckle [Inset image (b)] on the

transmitted light spot [Inset image (a)] at external field, B =

8.5G and (%)aver is the average ratio of the horizontal and
X

vertical lengths of all speckles on the transmitted spot.

(g—y)aver follow power law decay with external magnetic field
X

dy -0.89
— ~B .
|:( dx ) aver }
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Figure 4.3

Images of the transmitted light spots from ferrofluid (volume
fraction, ¢ = 0.00916) & their corresponding 3D surface plots
for speckle intensities in presence of different external
magnetic fields. Images (a — e) & (f — j) are the spot images
and their corresponding 3D surface plots during increase of

external fields. Images (0 — k) & (t — p) are the spot images and

57
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their corresponding 3-D surface plots during decrease of

external fields . Field ramp rate ~ 2.5 G/s.

Figure 4.4

(@) and (b):Images of the speckle pattern on the transmitted
light spot at B = 135 & 455G respectively. (c) and (d)—
Schematics of light scattering by the rough surfaces of a single

and zipped nanoparticle chain , respectively.

59

Figure 4.5

(a) Percentage of depolarization (Dp%) of transmitted light
spot speckles from ferrofluid as a function of external magnetic
field (B). Images (b) & (c) Transmitted light spotsat B =0 &
135G, respectively. and (d) & (e) 3D surface plots for speckle
intensities from particular areas of transmitted light spots (b) &

(c), respectively.
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Figure 4.6

Linear variation of speckle contrast (C) of transmitted light
spot speckles with external magnetic field (B). The best fit on
the experimental data points is given by

C =m'B+s,, where, m’ (slope) = 3.685*10 and s, = 0.4065

63

Figure 4.7

Variations of speckle contrast (C) with the degree of
polarization (P) of the scattered waves. Closed circles:
Experimental data from transmitted light spot speckles at

different external magnetic fields (B). Theoretical fit:

Crreo =M'P+s; where m'=0.03456 and s,= 0.47414, are

obtained by using Eq. (4.7) where the theoretical data are

divided by 1.486.
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Figure 4.8

Variation of speckle contrast (C) with surface roughness (o7},)

of the scattering surface.
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Figure 4.9

(a) Variation of the speckle correlation coefficient (Cs) of the
transmitted light spot speckles with external magnetic field (B);
Cs ~ B®% Images (b, d, f, h) - Transmitted light spots at
different fields and Images (c, e, g, i) their corresponding 3D

surface plots for speckles intensity.
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Figure 4.10

(a) Image of the transmitted light pattern from nanoemulsion
at external magnetic field, B = 125G. (b) The speckle pattern
of the boxed region is shown. (c-g) The speckle pattern for the
same lobe part at different external magnetic fields (B = 50,
100, 150, 200, 250G) and (h-I) are their corresponding 3D

surface plots.
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Figure 4.11

Lobe speckle contrast (C.) as a function of external magnetic
fields (B) from nanoemulsion at volume fraction, ¢ ~ 0.0070,

0.0042, 0.0022 and 0.0014.
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Figure 4.12

(a) Variation of the angular speckle correlation coefficient
(Casc) as a function of observation angle (6). The best fit is
given by Casc ~ exp (-0.00796) where @ is the observation
angle. (b) Image shows the transmitted light pattern for
nanoemulsion of volume fraction, ¢ ~ 0.0042 at external field,

B=150G and the angular position of the detector.
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Figure 5.1

(a - d) Images of backscattered light from ferrofluid at
different external magnetic fields (B = 0, 100, 165, 283 G) and
corresponding (e - h) phase contrast microscopic images of

ferrofluid at the same external fields.

77

Figure 5.2

(a) Variation of speckle contrast (C) of backscattered speckles
with external magnetic fields (B). Images (b, d, f, h):
backscattered light at different external magnetic fields from
ferrofluid and images (c, e, g, i) are their corresponding 3D

surface plots.
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Figure 5.3

Variation of backscattered light intensity as a function of time
(t) from ferrofluid at different field ramp rates. Backscattered

angle, 6, = 179.8°, ¢~ 0.00816.
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Figure 5.4

Backscattered efficiency (Qp) as a function of size parameter (
ka). Inset figure shows the magnified view of variation of Qp

within small values of ka.
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Figure 5.5

Angular variation of backscattered light intensity from
ferrofluid in presence of external magnetic field at a ramp rate

of 1 G/s.
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Figure 5.6

Plot of backscattered phase function p(6,) and backscattered
light intensity with A6, from 6, = 180°. p () varies as  (AGy)
284 \with size parameter, ka = 1000.The variation of normalized
backscattered light intensity from ferrofluid with A8, from 6

=180° is measured at B = 472G.

84

Xi




Figure 5.7

Tunable backscattering of light from ferrofluid in presence of
external magnetic fields with 6, = 179.8° and field ramp rate 8

GIs.
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Figure 6.1

Phase contrast microscopic images of nanoemulsion at

different external magnetic fields (B = 0, 70, 100, 160, 220G).

89

Figure 6.2

(a) Near infrared (NIR) photon absorption (A) with photon
energy (E, in eV) at zero external field by nanoemulsion with
different volume fraction, ¢ = 0.0067, 0.0022, 0.0019,
0.0014. Solid lines correspond to linear regression analysis of
the experimental data. (b) Absorption coefficient (a) as a
function of photon energy at different ¢ = 0.0067, 0.0022,
0.0019, 0.0014 of nanoemulsion. Solid lines correspond to

linear regression analysis of the calculated data from (a).
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Figure 6.3

Absorption (A) as a function of incident photon energy (E, in
eV) at different external magnetic fields (B) by nanoemulsion
(¢~ 0.0019). (a) B varies from 0 to 65G, (b) B varies from 70
to 250G, and (c) A vs. E plot for B = 0, 45, 50, 60G and best

linear fit.
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Figure 6.4

(a) Absorption of different energy (E = 1.55, 1.50, 1.46, 1.42,
and 1.38 eV) NIR photons as a function of external magnetic
field (B) by nanoemulsion (¢ = 0.0019). (b) The continuous

change of external field induced absorption of NIR photons
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with energies E = 1.55, 1.46, and 1.38 eV.

Figure 6.5

Imaginary part of refractive index (ki) of nanoemulsion as a
function of external magnetic fields for different volume

fraction, ¢ = 0.0014, 0.0019, 0.0022, 0.0067. Inset: k; as a

function of ¢at zero field.
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Figure 6.6

Variation of the calculated values of kywith theoretical values
obtained using Eq. 6.2. Slope of the linear fit is~ 0.90+0.07 .

Volume fractions, ¢ ~ 0.0014, 0.0019, 0.0022 and 0.0067.
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Figure 6.7

ki as a function of ¢ at (a) zero B, (b) 45G, (c) 50G, (d) 60G.
ky follows power law (k; ~ ¢ °) dependence with ¢ for
different B, where the exponents (p) are 0.70, 0.58, 0.53, 0.48

at 0, 45, 50, 60G, respectively.

99

Figure 6.8

Exponent (p) values as a function of external magnetic fields

(B). Solid line corresponds to linear regression analysis.
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Figure 6.9

Absorption efficiency (Qaps) as a function of size parameter
(kap) for different photon energy (E = 1.55, 1.46, and 1.38
eV). Inset: Magnified view of the continuous variation of Qaps

with ka; for E = 1.55, 1.46, and 1.38 eV.
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Figure 7.1

Transmitted light intensity projected on a screen from three
different ferrofluids at different external magnetic fields (B =
0, 100, 200, 300, 400G). (a-e) PAA coated Fe304
nanoparticles. (f-j) TMAOH coated Fe3O, nanoparticles. (k-0)

Phosphate coated Fe3O, nanoparticles. In all cases volume
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fraction, ¢ = 0.00916.

Figure 7.2

Normalized transmitted light intensity as a function of external
magnetic field from three different ferrofluids in the same
dispersion (water) but with different particle hydrodynamic
diameters (d, = 46, 30, 15 nm) and surface coating agents
(PAA, TMAOH, Phosphate). ¢ is 0.00916 and the field ramp
rate ~2.5 G/s in all the three systems. Inset image shows the

transmitted light pattern from a ferrofluid at 430G.
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Figure 7.3

Critical magnetic fields (Bc; and Bcgy) as a function of
hydrodynamic diameter (dp). Bci and B, follow power law
decay with dy (Bc ~ dn”) where the exponents are 0.41and

0.44, respectively.
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Figure 7.4

(a—c) The schematic of the aggregation process (left), the
transmitted light pattern (centre) and the intensity profile of the
scattered pattern across the length (right), at B = 0, B > B¢y, B

> Beo.
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Figure 7.5

Normalized transmitted light intensity as a function of time at
critical magnetic fields 382, 478, 632 G for three different

ferrofluids.
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Figure 7.6

Lobe intensity as a function of external magnetic field from
three different ferrofluids. (Inset) The transmitted light is from

a ferrofluid at 400G. The arrows indicate the lobe critical

115

Xiv




fields.

Figure 7.7

Lobe speckle contrast (C.) as a function of external magnetic
field (B) in three different ferrofluids. Solid lines correspond to
linear regression analysis of the experimental data. Inset image
(a) the scattered pattern from ferrofluid (phosphate coated
FesO4 nanoparticles in water) at B = 300 G and image (b) the
3D surface plot for intensities of speckles on small portion of

the scattered lobe part at B = 300 G.
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Figure 8.1

Light transmission as a function of light wavelength (1) at
different external magnetic fields (B = 0, 62, 130, 196, 264 G)
in a ferrofluid. Range of 1 is 675-750 nm and specimen

temperature (T) was kept constant at 278 K.
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Figure 8.2

Qex as a function of ka at different A ~ 675, 700, 725, 750 nm.

Variation of Qe is shown at lower values of ka.
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Figure 8.3

Normalized transmitted light intensity as a function of external
magnetic field (B) at different sample temperature (T= 278,
288, 298, 303, 318K) in ferrofluid. Light wavelength, A = 700
nm. Solid lines correspond to the linear regression analyses of
the experimental data. The adjusted R? for the linear
regression analyses are 0.97, 0.99, 0.99, 0.99 and 0.96 for T =

278, 288, 298, 303 and 318K, respectively.
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Figure 8.4

Rate of extinction of normalized transmitted light intensity

(Ryrans) as a function of sample temperature (T). Solid line
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corresponds to linear regression analysis of the experimental

data and adjusted R? is 0.96.

Figure 8.5

Coupling constant (Acoup) as a function of sample temperature
(T) at three different external magnetic fields (B = 100, 150,

200 G). (Inset) Diffusion coefficient (D) as a function of T.
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Figure 8.6

Light transmission as a function of incident wavelength (1) at
different sample temperature (T = 278, 288, 303, and 318 K)

for the ferrofluids. Here, external field, B =130 G.
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Chapter-I I Introduction

1.1 Introduction

The world is full of hidden knowledge that cries out for explanations. The essence of science is
the observation and exploration of the world around us. Proper scientific observations enabled
us to understand the phenomena behind the colors of rainbows and soap bubbles, the vapor
trails of high-flying aircraft, the transformation of liquid water into ice, lightning and thunder,
the beautiful hexagonal symmetry of small snowflakes etc. Physics provides the knowledge of
the fundamental and unifying principles of nature.

Condensed matter physics deals with the many-body interactions and collective phenomena in
the “condensed” phases of material [1-5]. The physical properties of condensed matter systems
cannot be understood by considering single particles in isolation. Solids and liquids are
collectively referred as condensed phase matters which are characterized by strong inter-
molecular forces. However, in liquid the intermolecular forces are not as strong as in solids,
which provide liquid to flow and change its shape. The condensed phases have low
compressibility, i.e. the volume change per unit pressure change, compared to gases. Research
activities in condensed matter gave birth to many interesting breakthroughs and enabled the

production of several novel materials with superior physical properties.

1.2 Soft Matter

‘Soft matter’ is easily deformable and covers a large variety of systems, from polymers to
colloids, from liquid crystals to surfactants, and from soap bubbles to solutions of
macromolecules, granular matter etc. Unlike solids, soft materials have no crystalline

symmetry and their behavior is different from fluids which have a uniform disorder. Soft
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matter can move in unprecedented ways and thereby confer unique flow properties that
distinguish them qualitatively from simple fluids.

Therefore, soft materials occupy a position between the two extremes: liquid and ideal solid
state. As the soft matter is situated at the interface between chemistry, biology, and condensed
matter physics, it is studied by physicist, chemists, chemical engineers and biologists [6-9].
Soft materials are highly sensitive to temperature and external pressure and generally
structured on many length scales, leading to relaxation processes with timescales spanning
many decades [10]. Its main physical behaviors occur at an energy scale comparable to room
temperature and therefore can easily be deformed by thermal stresses or thermal fluctuations
[11-14]. So the interactions that govern the behavior of soft materials are often weak and
comparable in strength to thermal fluctuations. A minute change in molecular interaction may
sometimes lead to a massive change of the macroscopic properties of soft matter systems.
Also, soft materials are characterized by the viscoelastic behavior i.e. a fluid-like response on
long time scales but solid like on shorter time scales and their mechanical response is strongly
dependent on loading rate and time [15-19]. Self-organization, an irreversible growth process
in thermal equilibrium, is one of the important properties in soft matter systems [20-23].
Through self assembly, soft matter can mimic living matter and can serve as model systems for
biological systems and bio-inspired materials. Soft matter is a "mesoscopic matter" since the
size of the basic constituents’ ranges from a few nano-meters to about one micro-meters [24-
26]. In particular, the ‘soft’ name, to a large extent, is attributed to a delicate interplay between
energy and entropy on the atomistic scale, giving rise to nontrivial mesoscopic structure, and
the interactions between effective units on the mesoscopic scale are often entropic in origin
[14, 24]. Understanding the mesoscale structure and the effective interactions is the key to

improvement of properties of soft materials. One of the fundamental reasons for the intense



Chapter I
research activities in soft matter systems is that they are highly dynamic and responsive to a
range of different stimuli, making them ideal for a wide range of applications [27-29]. The
intriguing optical properties of polymers and liquid crystals are extensively used to develop
modern devices [13, 30-32]. The negative Poisson’s ratio (auxetic) soft materials have huge
applications in materials science and technology [33-36].
Soft matter is one of the ideal model systems to study the fundamental physical phenomena
such as symmetry breaking and low energy excitations [6, 37, 38], topological defects [39],
phase transition behavior [40-42], glass transition [41, 43-45], interparticle forces [46], and
crystallization process [47]. By utilizing the theoretical concepts such as scaling,
renormalization group etc., several authors studied the fundamental aspects like phase
transition and critical phenomena [6, 48, 49]. Nikkhou et al. [50] demonstrated the creation
and manipulation of precisely light controlled topological charges in nematic liquid crystals.
The low energy optical spatial solitons (OSS) have been observed in soft matters such as liquid
crystals, and these OSS can measure the fractal dimensions of the aggregates in soft matter
systems [51].
Soft materials have gathered increasing interest over the past few decades due to the broad
range of possible applications in environmental, biological, biomedical, pharmaceutical and
clinical research [52-56]. One of the major reasons for the growing interest in soft matter is
because of its ability to deliver poorly water soluble drug molecules in drug targeting [57, 58].
1.3 Magnetic Fluids
Magnetic fluids also known as ‘Ferrofluids’, ‘Magnetic nanofluids’, ‘Ferrofluid emulsion or
Nanoemulsion’ are special category of magnetic soft materials consisting of nano-sized
magnetic particles or droplets with super-paramagnetic nanoparticles dispersed in a carrier

liquid [59-65]. ‘Ferrofluids’ consist of colloidal suspension of single domain ferro- or ferri-
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magnetic nanoparticles stabilized by surfactants and dispersed in a carrier liquid, whereas
‘Nanoemulsion’ is a dispersion of oil droplets in water where each oil droplet contains
magnetite nanoparticles and the nano-sized oil droplets are often electrostatically stabilized by
an ionic surfactant like sodium dodecyle sulphate (SDS). These magnetic fluids offer the
unique possibility of remotely tuning the particle interaction by external magnetic field [66,
67].

The first reported work, in this domain, was in 1779 by Gowan Knight [61, 68], who made
suspension of iron filling in water, where the suspension was unstable. In 1930, Bitter [69]
prepared a ferrofluid which was a colloidal solution of micron sized y-Fe,O3 particles in ethyl
ethanoate, but it was only stable under gravity but not under external magnetic field. In 1938
Elmore [70] prepared a ferrofluid with 20 nm size Fe;O,4 particles, and this approach was later
adopted by many researchers. The first modern day magnetic fluids was developed by
NASA’s Lewis Research Centre in the mid of 1960’s, where Papell [59] prepared a dispersion
of iron oxide nanoparticles suitable for dispersing in liquid propellant fuel, with an idea of
filling the weightless fuel by an external magnetic field in the gravity free environment .

Later, magnetic fluids were produced with long term stability [59, 61]. To ensure the stability
of magnetic fluids, the thermal motion of nano-sized magnetic particles has to overcome
gravitational force and magnetic field gradients. To avoid this irreversible agglomeration, the
nano-sized magnetic particles are coated with surfactant molecules.

1.3.1 Tunable Interparticle Interactions

Stimulus responsive materials undergo dynamic and reversible conformational changes under
the action of external stimuli such as magnetic field, electric field, temperature, pH, and ionic
strength [71-73]. Such materials have a wide range of applications in environmental,

biomedical sciences, drug delivery, self-healing and fabrication of modern devices [74-77].
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Magnetic fluids are a new class of stimulus responsive soft material because they possess
tunable physical properties [78-80]. The nature of interacting force and interparticle interaction
under different conditions are very important for achieving the tunable physical properties. The
magnetic properties of magnetic fluids depends on the interparticle interaction, which have
been studied both experimentally and theoretically [81]. The two mechanisms that are
responsible for magnetic relaxation in ferrofluids are ‘Brownian relaxation’ and ‘Néel
relaxation’ [59, 82]. Interparticle interactions influence the relaxation mechanisms which in
turn can affect the magnetic dynamics in magnetic fluid. The relaxation mechanisms have been
studied experimentally by static magnetic birefringence [83]. Room temperature ferromagnetic
resonance was used to investigate particle-particle interaction in magnetic fluids [84]. The
external magnetic field dependent magnetization of ferrofluid was evaluated theoretically by
considering the Born-Mayer technique and expansion of dipolar coupling strength [85].
The interparticle correlations and its effect on magnetic properties of dense magnetic fluids
was elucidated through a statistical model [86]. Experimental techniques were also developed
to directly measure the forces between tiny colloidal particles [87, 88]. The dependence of
interparticle interaction on frequency of applied ac magnetic field was studied, by floating the
two microspheres on glycerin [89]. The unique tunable interparticle interaction has a dominent
impact on the physical properties of magnetic fluids and hence such fluids were used to reduce
the strength of magnetic field required to orient the nematic liquid crystals [90]. A glassy
behavior was observed in frozen ferrofluids due to dipolar interactions [91]. The spin glass
dynamics was observed in concentrated frozen ferrofluid, whereas the dilute system showed

isolated particle dynamics [92].
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1.3.2 Interesting Properties of Magnetic Fluids
Magnetic fluid consists of super-paramagnetic nanoparticles, which have become increasingly
important in various technological applications [59, 93, 94]. The super-paramagnetic
nanoparticles are distinguished from ferromagnetic nanoparticles by their material properties,
small size and single magnetic domain. Their extreme magnetic susceptibility is due to the
relatively miniscule size of the particles. Magnetic anisotropy of superparamagnetic
nanoparticles has been analyzed by others techniques such as Mossbauer spectroscopy and
ferromagnetic resonance (FMR) [95, 96]. Magnetic fluids possess structural anisotropy in the
presence of an external magnetic field [60, 91]. The ’Neel relaxation’ is caused by the
reorientation of the magnetization vector inside the magnetic core against anisotropy energy
barrier. ‘Brownian relaxation’ is due to rotational diffusion of particle as a whole in the carrier
liquid. The time constant of Neel relaxation depends much stronger on the particle diameter
than the Brownian relaxation time. The effective relaxation time is dominated by the faster
relaxation process [59-61].
The measurement of dynamic magnetic behavior of magnetic fluid at low temperatures showed
a hysteresis loop in the magnetization curve due to Neel relaxation processes, unlike the super-
paramagnetic behavior at room temperature [97]. The magnetic properties of ferrofluid
consisting of a mixture of micro and nano-magnetite particles has shown that the increase of
nano-magnetite in suspensions induces a substantial increase in both the weak field
susceptibility and coercivity of suspensions [98]. It has also been found that the saturation
magnetization increases with the volume fraction of nanomagnetite. Using forced Rayleigh
scattering technique, the periodic spatial modulation of an absorbing grating was studied [99,
100]. Here, the characteristic relaxation time of the pattern is found to be directly related to the

cooperative diffusion coefficient of particles.
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The measurement of complex susceptibility and permittivity of magnetic fluids by different
techniques revealed the presence of a resonance in susceptibility profile over some frequency
range, which was indicated by a transition of susceptibility from positive to negative value,
where the permittivity was approximately constant over the measured frequency range [101,
102]. A new experimental method for the determination of the Landau—Lifshitz damping
parameter in magnetic fluids was developed, which was based on the measurements of the
frequency and field dependence of the complex magnetic susceptibility [103]. Jonsson et al.
[104] experimentally verified the divergent behavior of the nonlinear field dependent AC
susceptibility of interacting magnetic nanoparticles in a concentrated frozen ferrofluid using
static scaling analysis of the nonlinear susceptibility data. Fannin et al. [105] observed an
apparent super-diamagnetic effect in ferrofluid containing non-magnetic polystyrene beads
due to the formation of holes with an apparent induced diamagnetic moment. Study of spin
dynamics in a ferrofluid using a ‘Selective Excitation Double Mdssbauer (SEDM)’
experimental technique has led to the understanding of static disorder, collective excitations
and super-paramagnetic spin flips [106].
Magnetic fluids have an ability to change their rheological properties under the action of
external magnetic field [107, 108]. They exhibit field-dependent viscosity, special adhesion
properties, and a non-Newtonian behavior [109, 110]. Experimental studies in ferrofluids under
shear flow have shown a magneto-viscous effect [60, 110]. The role of dipolar interactions on
the viscosity of magnetic fluids under magnetic field was studied by molecular simulations and
dynamical mean-field theory [111]. Measurement of magneto-rhelogical properties in inverse
ferrofluid and various other magnetic fluid systems with and without additives were also

studied [112-116].
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Demouchy et al. measured the nanoparticle-diffusion coefficient and the Soret coefficient in
ferrofluid by using two dimensional forced Rayleigh-scattering apparatus [117]. Bulk flow of
a ferrofluid in a uniform rotating magnetic field was studied by using the ultrasonic velocity
profile method [118].
Studies showed that dipolar chains of nonmagnetic particles in a suspension of ferrofluid
fluctuate under the effect of Brownian noise at equilibrium, and these dipolar chains roughen
dynamically on sudden decrease in external magnetic field [119]. On studying the time and
size scaling of chain fluctuationsand the equilibrium and out of equilibrium behavior, it was
shown that a non-Markovian anomalous diffusion process of particles contributes to such
interesting effects.
Magnetic fluids exhibit several kinds of instabilities under magnetic field, gravity and
temperature [59, 120-122]. The types of instabilities depend on the rheological parameters of
magnetic fluids too. The Benard-Marangoni instability, a surface tension driven instability
originates due to temperature variations inside magnetic fluids, depends on the rheological
parameters of magnetic fluids [123]. Rayleigh-Taylor (RT) instability, a gravitational
instability that occurs when a dense fluid lies above a less dense fluid causing fingering at the
interface between the fluids when one of the fluids has magnetorheological property [124-126].
When a ferrofluid layer wass subjected to a uniform and vertically oriented magnetic field, an
interfacial instability, called as the ‘normal field instability’, occured above a critical value of
the magnetic field, giving rise to a hexagonal array (pattern) of peaks [127-129]. The instability
mechanism was attributed to the presence of a vertical magnetic field, where the perturbations
of the ferrofluid surface concentrate the magnetic flux. The resulting magnetic force tends to
drive the perturbation further, while surface tension and gravitational forces have a stabilizing

influence. When the magnetic force exceeds the stabilizing forces an instability develops [130].
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The sedimentation instability, due to the Kelvin force is larger in areas with higher
concentration of magnetic particles. Amplified concentration fluctuations can also lead to
instability. When a ferrofluid droplet is confined in a Hell-Shaw cell (effectively 2D geometry)
in the presence of a uniform magnetic field, a branched structure evolves which was called as
labyrinthine instability [59, 121, 131, 132].
In presence of static normal and parallel external magnetic fields, wave turbulence was
observed in magnetic fluid surfaces [133, 134]. Stable soliton-like structure was observed on
the surface of magnetic fluid, generated by a local perturbation in the hysteretic regime of the
Rosensweig instability [135].
In presence of DC axial magnetic field, a ferrofluid drop in Hele-Shaw cell forms the familiar
labyrinth pattern [59]. With subsequent application of a rotating uniform magnetic field,
smooth spirals form. If the rotating magnetic field is applied first, the drop holds together for
low dc-axial magnetic fields and no labyrinth pattern develops. Motion of droplet on a planar
surface is one of the vital studies in droplet based lab on a chip technology [136]. Nguyen et al.
experimentally investigated the magneto-wetting effect of a ferrofluid droplet on a planar
homogeneous surface [137]. In presence of a uniform magnetic field, ferrofluid droplet on a
superhydrophobic surface deformed in nonlinear pattern and increasing the magnetic flux
density increases the droplet width and decreases the droplet height [138].
Enhancement and tunability of thermal conductivity in ferrofluids along the external magnetic
fieldwas observed recently [78, 139]. Also, magnetic fluids were shown to be a model system
to investigate thermal ratcheting behavior [140]. Under horizontal sinusoidal vibrations, a
transition from an ordered solid-like phase to a disordered liquid-like phase of spikes on a
ferrofluid surface was reported [141]. The melting transition occurs for a critical spike

displacement which was found to follow the Lindemann criterion, for two different lattice
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topologies (hexagonal and square) and over a wide range of lattice wavelengths. This
dissipative out-of-equilibrium system was shown to exhibit strong similarities with 2D melting
in solid-state physics.The zero-field birefringence of magnetic fluids have been studied both
experimentally and theoretically [142, 143]. The laser self-induced tunable birefringence and
thermo-optical effects in a magnetic fluid were also studied recently [143, 144].

1.3.3 Applications of Magnetic Fluids

Applications of magnetically tunable soft matters are increasing day by day in various fields
e.g. mechanical engineering, optical engineering, and biotechnology. [61, 145]. Magnetic
fluids are being used in micro robot [146], hydrostatic bearing [147], liquid seal [148], defect
detection [149, 150], optical grating [151], optical limiter [152], actuator [153], optical fiber
modulator [154, 155], magneto optical waveguide [156], magneto optical wavelength filter
[157], optical switches [158], tunable optical capacitors [159], optical sensors [160, 161], weak
molecular force probes [162], miniature smart cooling [163] etc.

Magnetic fluids have several applications in biomedical research fields [164] e.g. biosensors
[165], microfluidic devices [166], hyperthermia treatment [167, 168], tumor treatment[169],

cell toxicity study[170], and magnetic resonance imaging based drug targeting [171] etc.

1.3.4 Probing of Internal Structures in Magnetic Fluids

In the presence of external magnetic field, the nano-sized particles in magnetic fluids
experience attractive force along the field direction and a repulsive force normal to it [172].
The randomly oriented dispersed Brownian nano-sized particles undergo head to tail
aggregation, thereby forming chain-like structures aligned along the magnetic field direction.
Due to the lateral coalescence of the chains, they form thick columns by undergoing secondary

aggregation [61, 63, 173].

10
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Various experimental and theoretical studies have been employed to get insight into the
magnetic field induced aggregation dynamics and structural transitions in magnetic fluids. The
experimental techniques used are small angle neutron scattering (SANS) [174-178], time-
resolved stroboscopic small angle aeutron scattering (SANS) [179], X-ray scattering [180,
181], small angle X-ray scattering (SAXS) [177, 182], visible wavelength light transmission
[183, 184], infrared light transmission [185], THz time-domain spectroscopy [186], raman
spectroscopy [187, 188], scattering dichroism [189], cryo transmission electron microscopy
(Cryo-TEM) [190-192], confocal microscopy [193], optical microscopy [194, 195], ultrasound
wave propagation [196-198], and holographic optical tweezer [199]. The computational
techniques used are Monte carlo simulation [200-204], molecular dynamics simulation [205-
207], Brownian dynamics simulation [208], stochastic dynamics simulation [209], and dipolar
hard-sphere model [210].
1.3.5 Structural Transitions in Magnetic Fluids
Besides the field induced structural transitions in magnetic fluids, several interesting optical
phenomena were also observed that have caught up the imagination of physicists [63, 184,
211-217]. The magnetic field induced optical anisotropy in magnetic fluids lead to many
extraordinary magneto-optical properties such as static magnetic birefringence, linear
dichroism, Faraday rotation, Faraday ellipticity, circular dichroism, etc. [218-222]. The
refractive index in magnetic fluids increases with increase in external magnetic field [63, 223].
Yang et. al. [224] reported the magnetic field dependent behavior of refractive index of
magnetic fluid films. With increasing sample temperature the value of the refractive index of
magnetic fluid films was found to decrease in the presence of an external field. The refractive
index increases with increasing film thickness or field strength, but was found to be

independent of the sweep rate of the field.
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Pinheiro et al. [225] studied the light scattering by magnetic spheres and vanishing of energy
transport velocity in disordered magnetic particles. They have also studied the influence of
magnetic scatterers on single and multiple scattering of light, and their implications in the
coherent backscattering effect and localization parameter [226]. In the small-particle limit,
single scattering exhibits not only a forward-backward spatial asymmetry, but also an unusual
resonance effect. Recently, Hem Bhatt et al. [227] have studied the magnetic field dependent
resonant behavior, forward-backward anisotropy factor, light diffusion constant, and energy
transport velocity in bidispersed magnetic colloids consisting of micrometer size magnetic
spheres dispersed in a nonmagnetic liquid carrier. Lacoste et al. [228] experimentally and
theoretically studied the Photonic Hall Effect (PHE) in ferrofluids which originates due to
orientation of the magnetic moments of the suspended nanoparticles. The PHE was found to
depend on the concentration of the scatterers, external magnetic field, and the polarization of
the incident light.
Laskar et al. [229] reported the tunable enhanced light transmission with a Fano-like profile in
a magnetically polarizable nanoemulsion. Optical negative refraction was reported in
ferrofluids containing isotropic FesO4 nanoparticles, each having an isotropic silver (Ag) shell,
in the presence of an external DC magnetic field [215]. The all-angle broadband optical
negative refraction, controllable by external magnetic field, was found to arise from the field
induced chains or columns.
The dielectric and magneto-optical effects of ferrofluids were investigated using THz time-
domain spectroscopy [186]. The refractive index and absorption coefficient of ferrofluid for
THz waves were found to increase with the increase of nanoparticle concentration in
ferrofluid, which makes the ferrofluid a promising magneto-optical material in the THz

regime with potential applications in THz functional devices for THz sensing, modulation,
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phase retardation, and polarization control. Shalaby et al. [230] demonstrated a high magneto-
optical figure of merit (FOM) Faraday rotation in ferrofluids in THz optical frequency region.
They observed that ferrofluids shows high transparency in the THz regime that in turn leads to
a high FOM. Pinzon et al. [231] experimentally demonstrated a tunable polarized induced
light transmission in ferrofluids loaded with carbon nanotubes in the presence of a uniform
magnetic field.

The non-linear optical properties of coated magnetite nanoparticles were investigated due to
their potential applications in nonlinear optical devices [232, 233]. Vivacqua et al. [234]
experimentally investigated the occurrence of the optical Kerr effect and two-photon
absorption when an oil-based magnetic Fe3O, nanoparticles suspension subjected to a high
intensity femto second laser pulse.

1.4 Motivation

The magnetic field induced optical properties of magnetic fluids make them ideal materials
to study the scattering phenomena in different optical regimes as the scatterer size can be tuned
from Rayleigh regime (scatterer size << A) at low field to Mie regime (scatterer size ~ A) in the
intermediate field range and finally to the geometrical regime (scatterer size >> L) at high
magnetic field, where 1 is the incident light wavelength [172]. Also, when the size of the
magnetic particles is small (in nano range), the challenge in studying field induced structural
transitions and aggregation dynamics increases manifold because of the limited available
experimental tools. This is one of the reasons to utilize light scattering and speckle correlation
in studying the field induced structural transitions and their kinetics in magnetic fluids. For
very small particles with their size much less than the incident light wavelength, the turbidity

of colloidal suspension increases substantially due to aggregation. Though this particular
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aspect has been exploited to measure the colloidal aggregation rate and the stability in non
magnetic systems, it is not used for the magnetic ones to the best of our knowledge.

The field induced aggregation process in magnetic fluids is mainly due to dipolar interaction
between the dispersed nano-sized magnetic particles, which depends on the applied magnetic
field strength and particle size [235]. Though many studies were carried out to probe the
effects of dipolar interaction on field induced aggregation and de-aggregation and associated
magneto-optical properties in these systems [111, 119, 205, 236-244], a complete
understanding of field induced aggregation dynamics in magnetic fluids is lacking. A proper
understanding of the field induced optical properties of magnetic fluids can results in the better
utilization of these materials for various technological applications, especially in photonic and

opto-fluidic devices. This was the motivation to undertake the present work.

1.5 Objectives

The main objective of this work is to obtain better insight into the complex field induced
aggregation, disorder-order transitions, and the intriguing magneto-optical phenomena in
magnetic fluids using the forward light scattering, backscattering, and absorption and the
speckle pattern studies. Further, the role of suspended nanoparticle size and temperature on

aggregation process are also investigated systematically.

1.6 Overview of the Thesis

The thesis contains nine chapters. The summary of each chapter is given below:

Chapter 1 gives a brief description of soft matter and its importance for fundamental research
and industrial applications. A brief introduction on stimulus responsive materials and magnetic
fluids is also provided. The variations of physical properties of magnetic fluids are presented.

A detailed literature survey on the study of field induced structural transitions in magnetic
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fluids by various techniques is provided in this chapter. The effect of field induced structural
transition on light propagation and the optical properties are also discussed in detail.

Chapter 2 describes the details of the samples, characterization techniques, experimental setup
and the procedure adopted for (i) capturing the scattered speckle patterns, (ii) measuring the
transmitted, (iii) backscattered light intensity, (iv) absorption and (v) speckle intensities as a
function of magnetic field and time. Chapter 3 presents the study of magnetic field dependent
behavior of transmitted light intensity and scattered pattern in ferrofluid and nanoemulsion.

Chapter 4 presents the study of transmitted light speckle pattern through ferrofluid and
nanoemulsion in presence of an external magnetic field. Chapter 5 presents the study of the
effect of applied magnetic field on the backscattering light intensity from a ferrofluid
consisting of poly-acrylic acid coated Fe;O, nanoparticles dispersed in water. Chapter 6
presents the study of magnetic field dependent near infrared photon absorption in
nanoemulsion. Chapter 7 presents the study of the effect of hydrodynamic particle size on the
magnetic field induced light transmission and transmitted speckle pattern in water based
ferrofluids containing functionalized Fe;O, nanoparticles. Three water-based ferrofluids,
containing Fe3O4 nanoparticles functionalized with poly-acrylic acid (PAA), tetra-methyl
ammonium hydroxide (TMAOH) and phosphate are used in this study. Chapter 8 presents
the study of the influence of temperature on the magnetic field induced light transmission in a
kerosene based ferrofluid where the direction of propagation of light is parallel to the direction
of the external magnetic field. Chapter 9 provides the summary of the results obtained,

conclusions and future scopes.
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Chapter 11 Materials & Experimental Details

2.1 Introduction

This chapter describes the details of ferrofluid and ferrofluid emulsion used, experimental
setup and the procedure adopted for studying the field induced structural transitions,
aggregation dynamics and speckle patterns. The bare iron oxide nanoparticles of average
diameter ~10 nm dispersed in water or kerosene is used for ferrofluids The iron oxide
nanoparticles are synthesized by co-precipitation method [245, 246]. For ferrofluid emulsion,
the average oil droplet size was ~ 220nm. Ferrofluid emulsions are prepared using an
emulsification protocol [64, 247]. The nanoparticle samples are characterized by X-ray
diffraction, optical microscopy, transmission electron microscopy, thermo gravimetric analysis
and dynamic light scattering techniques to get detailed information about the size, shape,
coating thickness, hydrodynamic size etc. [246, 248, 249]. The details of the samples used are
discussed in section 2.2. Measurement of forward and backscattered light intensity and
recording of the scattered pattern as a function of external magnetic field (B) and time (t) are
carried out using the experimental set up are discussed in section 2.3. Besides, the
measurement of transmittance and absorption spectra as a function of incident light
wavelength, temperature and external magnetic field are also carried out to understand the field
induced structural transitions. The experimental setups designed to carry out these studies are

discussed in section 2.3.

2.2 Magnetic Fluid Samples
2.2.1 Ferrofluid (or Magnetic Nanofluid)
Magnetic nanofluid, commonly known as ferrofluid used in the present work is a stable

colloidal dispersion of magnetite (FesO,4) nanoparticles [61, 248]. Two types of ferrofluids are
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used water based and kerosene based ferrofluids. The coating materials used for water based
ferrofluids are poly-acrylic acid (PAA), tetra-methyl ammonium hydroxide (TMAOH) and
phosphate. The hydrodynamic size of the nanoparticles ranges from ~15 — 48 nm. For kerosene
based ferrofluid, average crystallite diameter of nanoparticle (d) was ~6.5 nm, and was coated
with oleic acid. The organic layer thickness of oleic acid around the particles is about 1.5 nm.
The hydrodynamic size and polydispersity index is measured by dynamic light scattering using
Zetasizer-Nano (Malvern Instrument). The PDI (polydispersity index) of the ferrofluids sample
used in the present study is 0.092. A dispersion with a PDI value lower than 0.1 is considered
as fairly monodisperse. The dispersions used in the experiments had excellent long term
stability even after prolonged application of very strong magnetic fields. Figure 2.1 shows the

schematic of a ferrofluid sample.

+ .
Fe;0,
nanoparticle

Surfactant
Coated nanoparticle

Coated nanoparticles
Base fluid

Fig. 2.1 Schematic of ferrofluid sample.
2.2.2 Ferrofluid Emulsion (or Nanoemulsion)
Ferrofluid emulsion or nanoemulsion (here after referred as nanoemulsion), used in the
experiment, is a dispersion of octane oil droplets (average diameter di ~ 220 nm,

polydispersity <5 %) in water. Each of these oil droplets contains oleic acid coated magnetic
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(FesO4) nanoparticles. The oil droplets are electrostatically stabilized with an anionic surfactant
of sodium dodecyl sulphate (SDS) which has a chemical formula of (CH3z (CH2)10CH2SO,4

Na®"). Figure 2.2 shows the schematic of the ferrofluid emulsion sample [64, 250].

Oleic acid coated Fez0s

e e W
| |log®

B=20

Fig. 2.2 Schematic of ferrofluid emulsion (or nanoemulsion) sample. B — External Magnetic

field, SDS — Sodium dodecyl sulphate.
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2.3 Measurement of Scattered Light Intensity and the Scattered Pattern

2.3.1 Experimental Setup

Figures 2.3 and 2.4 show the schematics of the experimental setup used to measure the
transmitted and backscattered light intensity as a function of external magnetic field and time.

Figure 2.5 shows the photograph of the experimental set-up.

Solenoid
Power supply
M

P, % IF

SC .. -
He.Ne Laser ﬂ , : ‘e PMT Current
u lB Te | amplifier

ﬁ E O.

] ”H“ |||IIH| l \ 12bit ADC Readout

CCD Camera

Programmable
Power supply

Fig. 2.3 The schematic of the experimental setup for measuring the transmitted light intensity
and scattered pattern; P, — Polarizer, SC — Sample cuvette, IF — Interference filter, M — Mirror,

PMT — Photomultiplier tube, ADC — Analog to digital converter.
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Fig. 2.4 Schematics of experimental setup to measure backscattered light intensity and the

scattered pattern in the presence of an external magnetic field.
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T HeNelsser | ADC | PMT readout Laser power
L supply
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Acquiring Spectra on
Computer
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Fig. 2.5 Photographs of the experimental set up (a) for measuring the transmitted intensity and
scattered pattern as a function of external magnetic field and time, (b) of the data acquisition

system, (c) of the software for programmable control of the power supply and acquiring light
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intensity data, (d) of the software for data acquisition of light transmission and absorption, (e)
for measuring the transmittance and absorption spectra as a function of external magnetic field,
(f) for measuring sample temperature, (g) of the sample cuvette holder for temperature
dependent study in presence of external magnetic field, (h) for capturing field induced images

by phase contrast optical microscope.

Here P, SC, PMT, ADC and IF are the polarizer, sample cuvette, photomultiplier tube, analog
to digital converter and interference filter, respectively. The sample is taken in a cuvette of path
length L=1 mm and then placed inside a solenoid. The magnetic field inside the solenoid is
varied by changing the current passing through its coil using a programmable DC power
supply, which is interfaced with a computer. The software has a provision to allow magnetic
field ramping up or down at different rates with appropriate steps or delays. The direction of
the external field is made perpendicular or along the direction of propagation of the incident
light. An amplitude and frequency stabilized He-Ne laser (Spectra-physics, USA, model- 117
A) of wavelength, A ~ 632.8 nm with an output power 4.5 mW is used as a light source. The
variation in the magnetic field within the sample was + 2%. However, the variation within the
laser spot diameter was less than 1%.

2.3.2 Transmitted and backscattered Intensity Data Acquisition System

For the transmitted and backscattered light intensity measurement a ‘Oriel-Newport, model-
77265 photomultiplier tube (PMT) is used. A PMT is a vacuum tube consisting of an input
window, a photocathode, focusing electrodes, an electron multiplier and an anode unusually
sealed in an evacuated glass tube [251, 252].

A power supply (model: 70705, Oriel instruments) is used to provide highly regulated voltage
to the PMT. This power supply has a voltage range of -200 to 2000 Volts. The output of the
PMT is fed to a readout (model: 70701, Oriel instruments) through a current pre-amplifier
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(model: 70710, Oriel instruments) with variable gain. The 70701 readout has a 3 %2 digit LED
display for the calibrated output signal. The input voltage can be varied from = 0.1 to 10 times,
and has an offset range from 0 to 100 %. The 70710 Current Pre-amplifier is designed for use
with current source as photomultiplier tube and is a low noise current-to-voltage amplifier. It
converts the low current output from PMT to a voltage signal for the 70701 readout. It has six
switchable amplification options: 10%, 10°, 10° 10, 10°, and 10° volts per ampere. The analog
output from the 70701 readout is connected to a 12 bit analog to digital converter (ADC, 200
kS/s, 12 bit, 16-ch Multifunction USB Module, model: 4716, Advantech) that is interfaced
with a computer through a USB port. The transmitted intensity data is acquired and saved in a
personal computer.
2.3.3 Recording of Scattered Pattern
For recording of the scattered light pattern, the scattered light from the sample is projected on a
screen as shown in Figs. 2.3 and 2.4, and the pattern is recorded using a CCD camera (digital
video camera recorder, DCR SR 45 E, Sony Corporation, Japan).
2.4 Measurement of Magnetic Field and Temperature dependent Transmittance and

Absorption Spectra

Figure 2.6 shows the schematics of the experimental setup used to measure the transmittance

and absorption of light as a function of external magnetic field and temperature.
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Fig. 2.6 Schematic of experimental set up to study the external magnetic field induced light
transmission and absorption.

The sample is taken in a cuvette which is kept inside the cuvette holder. The cuvette holder
is placed inside a solenoid in such a way that the direction of the light passing through the
sample is along the direction of the external magnetic field. The magnetic field is varied by
changing the current passing through the coil using a DC programmable power supply. A
standard fiber optic spectrometer (AvaSpec-2048, Avantes, USA), with a tungsten halogen
light source, is used to record the absorption spectra. The spectrometer has a usable
wavelength (1) range of 200-1100 nm. The detector is a CCD linear array with 2048 pixels,
with a signal to noise ratio of 200:1. The resolution of the spectrometer is 0.04 nm. The
integration time and ramp rate are optimized to record the exact spectrum for each external
magnetic field. For temperature dependent study the cuvette is kept inside a peltier based
temperature controlled cuvette holder. The sample temperature is varied using a

programmable temperature controller.
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2.5 Dynamic Light Scattering
Dynamic light scattering (DLS) is a well established technique for measuring the size of
particles typically in the sub micron region. DLS measures Brownian motion and relates this to
the size of the particles. Brownian motion is the random movement of particles dispersed in a
liquid or gaseous medium. DLS is a noninvasive technique that measures a large population of
particles in a very short time period. Because of the sensitivity to trace amounts of aggregates
and the ability to resolve multiple particle sizes, DLS is ideally suited for dispersion and
macromolecular applications at low sample concentration and volume[253].
Accurate and stable values of specimen temperature and medium viscosity are essential for
DLS measurements. DLS technique measures the time dependent fluctuations in the intensity
of scattered light that occurs because of the Brownian motion of particles. Analysis of this
intensity fluctuation allows the determination of the translational diffusion coefficient of
particles[253, 254].
The particles in the dispersion are in constant, random Brownian motion and hence, the

intensity of scattered light fluctuates as a function of time. The correlator used in a DLS

instrument provides the correlation function G (r) of the scattered intensity:

G(r)=<| (t)-1 (t+2')> (2.1)
where, 7 is the correlator time delay and I(t) is the light intensity.
For a large number of monodisperse particles in Brownian motion, the correlation function,
G(z) is an exponential decaying function of the correlator time delay 7 :
G(r)=A 1+ pexp(-2I'7)] (2.2)
where, A; is the baseline of the correlation function, £ is the intercept of the correlation

function. The decay rate is given by the following expression.
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=D k? (2.3)
where, D+ is the translational diffusion coefficient and k is the wave-vector and is given by
k = (42n/2)sin(6/2) (2.4)
where, n is the refractive index of dispersant, ¢ is the scattering angle.

For polydisperse samples, the equation (2.2) can be written as:

G(r) = AL+ B9, (2)°] (2.5)
where, g, (z)is the sum of all the exponential decays contained in the correlation function and
is given by

0,(7) =exp(—2I'7) = exp(—2D; k27) (2.6)
The hydrodynamic diameter is defined as the diameter of a hard sphere that diffuses at the
same rate as the particle under examination. The size of a particle (hydrodynamic diameter) is
calculated from the translational diffusion coefficient by using the Stokes-Einstein equation:

37Dy

dy, (2.7)

where, d, is the hydrodynamic diameter, Dt is the translational diffusion coefficient, kg is the

Boltzmann’s constant, T is the absolute temperature, 7is the viscosity of the medium.

Size is obtained from the correlation function by using different algorithms. There are two
commonly used approaches: (1) By fitting a single exponential to the correlation function to
obtain the mean size (z-average diameter) and an estimate of the width of the distribution
(polydispersity index) using Cumulants analysis or (2) By fitting a multiple exponential to the
correlation function to obtain the distribution of particle sizes using Non-negative least squares.
The size distribution obtained is a plot of the relative intensity of light scattered by particles in
various size classes and is therefore known as an intensity size distribution.
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A typical DLS system comprises of six main components. A laser is used as a light source to
illuminate the sample within a cell. Most of the laser beam passes straight through the sample,
but some are scattered by the particles in the sample. A detector is used to measure the
intensity of the scattered light. As particles scatter light in all directions, it is possible to place
the detector in any position and it will still detect the scattering. The intensity of the scattered
light must be within a specific range for the detector to measure successfully. If too much light
Is detected, the detector will become saturated. To overcome this, an attenuator is used to
reduce the intensity of the laser and hence the intensity of scattering. For samples that do not
scatter much light, such as very small particles or samples of low concentration, the amount of
scattered light must be increased. For samples that scatter more light, such as large particles or
sample of higher concentration, the amount of scattered light must be decreased. The scattering
light signal from the detector is then passed to a digital signal processing board called
correlator. The correlator derives the rate at which intensity is varying. This correlator
information is then passed to a computer, where the analysis of the data using suitable

algorithms provides information of the particle size and distribution.
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Fig. 2.7 Schematic diagram of dynamic light scattering (DLS) set up.
The major advantages of non-invasive backscattering geometry used in DLS are as follows: (i)
as the backscattered intensity is measured, the incident beam does not have to travel through
the entire sample. Therefore, higher concentrations of sample can be used; (ii) not prone to
multiple scattering; (iii) contaminants such as dust particles within the dispersant are typically
large compared to sample size and mainly scatter the light in forward direction. Therefore by
measuring the backscatter, the effect of contaminants is greatly reduced.
2.6 Phase Contrast Optical Microscope
Phase contrast microscopy, has been utilized to produce high contrast images of transparent
specimens such as living cells, microorganisms, colloidal particles, lithographic patterns and
sub-cellular particles (such as nuclei and other organelles). Phase contrast microscopy is an
optical microscopy technique that converts phase shifts in light passing through a transparent
specimen to brightness changes in the image [255]. Phase shifts themselves are invisible, but
become visible when shown as brightness variations. When light waves travel through a
medium other than vacuum, interaction with the medium causes the wave amplitude and phase

to change in a manner dependent on properties of the medium.
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Fig. 2.8 Phase contrast optical microscopy and its working principle.

In a phase contrast microscope, partially coherent illumination produced by the tungsten-
halogen lamp is directed through a collector lens and focused on a specialized annulus
positioned in the sub stage condenser front focal plane. The basic principle to make phase
changes visible in phase contrast microscopy is to separate the illuminating background light
from the specimen scattered light, which make up the foreground details, and to manipulate
these differently. The ring shaped illuminating light (green) that passes the condenser annulus
is focused on the specimen by the condenser. Some of the illuminating light is scattered by the
specimen (yellow). The remaining light is unaffected by the specimen and forms the
background light (red). When observing unstained specimen, the scattered light is weak and

typically phase shifted by -90° relative to the background light.
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Thus the foreground (blue vector) and the backgrounds (red vector) nearly have the same
intensity, resulting in a low image contrast (a).
In a phase contrast microscope, the image contrast is improved in two steps. The background
light is phase shifted -90° by passing it through a phase shift ring. This eliminates the phase
difference between the background and the scattered light, leading to an increased intensity
difference between foreground and background (b). To further increase contrast, the
background is dimmed by a gray filter ring (c). Some of the scattered light will be phase
shifted and dimmed by the rings. However, the background light is affected to a much greater
extent, which creates the phase contrast effect. The above describes negative phase contrast. In
its positive form, the background light is instead phase shifted by +90°. The background light
will thus be 180° out of phase relative to the scattered light. This results in that the scattered
light will be subtracted from the background light in (b) to form an image where the
foreground is darker than the background.
In the present study, the microstructure of magnetic fluids (ferrofluid & nanoemulsion) in
presence of external magnetic field is studied using a Leica Inverted microscope equipped with
a digital camera (JVC) and frame grabber card. The obtained images are processed using

‘Leica Win’ software.
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Chapter 111 Probing the Magnetic Field Induced Nano-structures in
Magnetic Fluids by Light Transmission

3.1 Introduction

Scattering and propagation of light through mesoscopic and low dimensional objects is a
fundamental problem which dates back to Lord Rayleigh [256, 257]. It has been a subject of
intense activity during the last few decades due to scientific curiosity and more importantly due
to their practical applications [184, 185, 199, 258-260]. Aggregation of solid particles (sizes
varying from nm to um) in colloids alter the propagation pathways of light waves and
generates many new phenomena [215, 228, 261, 262]. Opto-fluidics refers to manipulation and
controlling of light in fluids on the micro to nanometer scale where fluids give adaptability,
mobility and accessibility to nano-scale photonic devices [263-265].

Magnetic fluids are unique material as they offer the possibility of tuning the particle
interaction by external magnetic field that makes them ideal candidates for fundamental
research and potential technological applications [63, 266-269]. The field induced aggregation
and de-aggregation process of magnetic nanoparticles in magnetic fluids can alter the
propagation of light waves that gives rise to exciting optical phenomena which are of
fundamental interests and have enormous applications [150, 215, 229]. These magnetic fluids
are excellent model systems to study light scattering phenomena because the scatterers’ sizes
can be tuned from Rayleigh regime to Mie regime and finally to the geometrical regime by
simply changing the external magnetic field [63, 270].

The aim of this chapter is to investigate the effect of external magnetic field on the transmitted
light intensity and scattered pattern in ferrofluid and nanoemulsion during structural transition
of nano-sized magnetic particles in dispersion. First, the behavior of light transmission in
ferrofluid as a function of external magnetic field and volume fraction is analyzed.

Subsequently, the variation of transmitted light intensity as a function of particle volume
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fraction and external magnetic field during structural transitions of nanoemulsion droplets in
water is explained.

3.2 Experimental Details

The ferrofluid and nanoemulsion samples used in this study are disordered magnetic media as
explained in Chapter Il (section 2.2). The transmitted light intensity is measured as a function
of B using the experimental set up shown in Figure 2.3. In the case of nanoemulsion, the
direction of incident light is parallel to the direction of B, whereas it is perpendicular to the
direction of B in the case of ferrofluid. The detailed procedure for acquiring the transmitted
light intensity through the samples and the scattered light as a function of B are explained in

Chapter Il (section 2.3).
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3.3 Results and Discussions

3.3.1 Magnetic Field Induced Light Transmission in Ferrofluid
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Fig.3.1. (a — g) Images of the transmitted light from ferrofluid (poly-acrylic acid coated Fe;O,4
nanoparticles in water) at different external magnetic field (B = 0, 62.5, 125, 187.5, 250, 375,
500 G). (h) Total normalized transmitted light intensity as a function of external magnetic field at
field ramp rate ~ 2.5 G/s and sample volume fraction (¢ ) ~ 0.00916. Inset image (i) shows the
total portion of the transmitted light captured by PMT. (j) Normalized transmitted light spot
intensity as a function of external magnetic field at field ramp rate ~ 2.5 G/s and ¢ ~ 0.00916.

Inset image (k) the transmitted light spot portion captured by PMT.
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Figure 3.1(a - g) show the images of the transmitted laser light from ferrofluid (poly-acrylic
acid coated Fe3O,4 nanoparticles in water) at different B (= 0, 62.5, 125, 187.5, 250, 375, 500
G). The particle volume fraction of the sample is ¢ ~ 0.00916. Here, B is increased at a ramp
rate of 2.5 G/s and the direction of B is kept perpendicular to the direction of the incident light.
The transmitted circular light spot was transformed into a straight line at 187.5 G. The spot
intensity above 250 G was fully redistributed within the straight line lobe. The observed
transformation of the transmitted light spot into straight line [Fig.3.1 (d) — (g)] is attributed to
the scattering of light from the field induced cylindrical structures whose axes are
perpendicular to the incident light. Figures 3.1(h) and 3.1(j) shows the normalized transmitted
total (liotar) @and the spot intensities (lspor), respectively from ferrofluid as a function of B. The
inset images (i) and (k) of Figures 3.1(h) and 3.1(j) show the transmitted total and spot
intensity, respectively. Both the Il and Ispor intensities start decreasing after a certain external
field [Figs. 3.1(h) and 3.1(j)], called the first critical magnetic field (Bci), and become
minimum at a second critical magnetic field (Bcz). The appearance of the B¢y and B, depends

on the particle volume fraction (¢ ) [271]. Experimental measurement on four different ¢
shows that both Bc; and Bc, follow power law decay with ¢ (B; ~ @) where the exponents

are 0.39 and 0.56, respectively. Scaling analysis predicts such power law dependence where
the exponents can vary from 0.25 to 0.75, due to structural transitions of magnetic
nanoparticles into chainlike structure in dispersion [183, 272]. The values of the B¢; and Bc; at

different ¢ are shown in the table 3.1
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¢ Bc1 Bc2
1. 0.00298 162.5 665
2. 0.00398 145 567.5
3. 0.00603 122.5 437.5
4. 0.00913 105 360
y=0.39 y =0.56

Table 3.1 B¢y & B at different ¢ and the y values for B¢y & Beo.

¢ =0.00916 ¢=0.00603 ¢=0.00398 ¢ =0.00298
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Fig. 3.2 Images of the total transmitted light pattern at critical fields (B¢, and Bcy) for different
volume fraction (¢) of poly-acrylic acid coated Fe;O, nanoparticles in dispersion. Images (a —
d) for Bcy and (e — h) for Bes. [(a),(e)- ¢ = 0.00916; (b),(f)- ¢ = 0.00603; (c),(g)- ¢ = 0.00398;

(d),(h)- 4= 0.00298].

Figures 3.2 shows the images of the scattered pattern at the two critical magnetic fields i.e.,
Figures 3.2 (a — d) at B¢y and Figures 3.2 (e — h) at B¢, for ¢ = 0.00916, 0.00603, 0.00398,

0.00298, respectively. The spot and total intensities are distinct for different ¢.

3.3.2 Possible Reasons for Enhancement and Extinction of Light in Ferrofluid
Figures 3.1(h) and 3.1(j) show that before B¢, the normalized intensities liot and lspor increase
with B and above Bc; they decrease with increasing B. In the absence of B, the magnetic

nanoparticles are dispersed in base fluid with their moments oriented in random directions. In
presence of B (B =, H, where x,is the magnetic permeability of free space and H is the

magnitude of the field strength), the magnitude of the induced dipole moment of an individual
nanoparticle is [183, 273]

m:%d3 H (3.1)
where, dis the diameter of the nanoparticles and yis the effective susceptibility of an
individual nanoparticle. The anisotropic interaction energy U jj between two identical, parallel,

point dipoles with magnitude m is given by [59, 274]

m2u, 1—3cos? 6
o 2229 (3.2)

ij

Uj (1, 65) = in .
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where, fis the magnetic permeability of free space, Fjis the magnitude of the vector
describing the distance between the centers of i" and ™ nanoparticles, and g; is the angle

between the vector Iy and the external field vector. The magnetic coupling constant between

two nanoparticles is defined as the ratio of the anisotropic interaction energy (Ujj) between

them to the thermal energy of the system and is given by [235]

_7z,uod3;(2H2

Acowp = 72k T

(3.3)

When the coupling constant is much greater than one (A, >>1), the magnetic nanoparticles

form chain-like structures along the field direction. As B is increased in steps, the moments of
the nano-particles start to align themselves along the field direction which forms doublets,
triplets and short chains like structures inside the base fluid. Such external field induced
aggregations of magnetic nanoparticles in dispersion have been earlier confirmed
experimentally and by using computer simulation techniques [190, 266, 275-277]. The

enhancement of the normalized transmitted intensity up to Bc; can be explained by the

evolution of the field dependent structure factor, S(K) = 1(k)/1,(K) , where k(= 2%) denotes

the wave vector, 1(k) is the scattered intensity of the sample and | (K) stands for the scattered

intensity of the ‘ideal’ sample, i.e. the system without any inter-particle correlations [278].

Camp et al. has shown by Monte Carlo Simulation that in low K region, up tokd ~3, S(k)
increases rapidly and shows asymmetric peaks in the region0.001< p* <0.45, where
o (=Nd 3/V) is the reduced particle number density, N is the number of particles and V is
the volume [202, 279]. For 0.005< p* <0.06 and N =256, S(k) showed a power-law behavior
in the range 1<kd <7as S(k) ~ k" where Dy is the fractal dimension of scatterers. For
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large values of the size parameter (ka), S(k) is almost constant. In our case, for volume

fraction, ¢ = 0.00916, nanoparticle diameter, d ~15nm, IPS [235] value is ~ 93 nm,

therefore, at B=0, ka = 0.074431, N =7.726136x10% and p" =26.07571 and ka value

gradually increases with B. So, below B, for smallkd, S(k)has a large value consisting of

asymmetric peaks, which indicates the enhancement of the scattered intensity in ferrofluid.

After Bcy, Figure 3.1(h) & 3.1(j) show the decrease in normalized transmitted light intensities
(lotar & lspor) UpoON increasing the B. The extinction of light transmission in ferrofluid in
presence of an external field can be due to absorption or scattering or both. Optical absorption
studies shows no absorption peaks in the visible region in presence of weak external field,
which ruled out the possibilities of absorption induced extinction of light transmission [183].

With increasing the B, the size of the scatterers increases due to dipolar attractions that can

result in the enhancement of the transport mean free path (¢*)[271]. It was reported that the

localization parameter (k¢*) has an oscillatory dependence on scatterers magnetic permeability

(1), where, (" = , here 7 is the photon mean free path and <cos 0) is the forward

1—(cos 6)
anisotropy factor which depends on the Mie scattering parameters (&, ,b,) and for the lowest

. . . Re(a;b;)
order terms in the size parameter (ka), the forward anisotropy factor, <cos ¢9>=ﬁ
(|a1| +|bl| )
[226]. The Mie scattering parameters (@,,b,) depend on the refractive index of the scattering

medium [227]. In ferrofluid, the dielectric constant (&, ) and refractive index (Mye =/ &ye )

increase with B, which changes the Mie scattering parameters [224]. Recent studies on forward

light scattering in ferrofluid show that the total extinction efficiency factor,
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Qext:ﬁ§(2n+l)Re(an+bn)and (cos®) changes with the field dependent size
a)” n=l

parameter (ka) [183, 227]. At some critical fields, the scatterer sizes are such that resonances
occur in the<cos 0) and Q.. A theoretical analysis by Hem Bhatt et al. [227] on magnetic

field dependent resonant behavior in bi-dispersed magnetic colloid composed of micrometer
size magnetic spheres dispersed in a nonmagnetic liquid carrier shows that the magnetic Mie
resonances and reduction in energy transport velocity can cause a delay in the field dependent
resonant light transport. The field dependent resonant behavior causes the building up of
standing waves inside the scatterer and results in an extra delay in light transmission in
ferrofluid. These magnetic resonances should have caused the extinction of transmitted light

intensity (Ispot OF liotar) in ferrofluid.
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Fig. 3.3. (a) Total extinction efficiency factor (Q,,;) as a function of size parameter (ka). (c)

Forward scattering anisotropy factor ((cos@)) as a function of size parameter (ka). (e)

Transport mean free path (¢*) as a function of size parameter (ka). (b, d & f) Enlarge views of

Qext, (cos @), and ¢ within small values of size parameter (ka).

Figure 3.3(a) shows the variation of the total extinction efficiency (Qex) with the size
parameter (ka) and Fig. 3.3(b) shows the zoomed view of the Qe at lower ka values. The Qe
shows the resonant behavior with increasing the ka. Figures 3.3 (c & e) shows the variation of

the forward anisotropy factor (< cos @ >) and the transport mean free path
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(0" =¢/(1— < cos @ >)) with size parameter (ka). Figures 3.3 (d) & (f) show the zoomed view at
lower ka. Both <cos@ > and ¢”show resonant behaviors with increasing the ka.
Rikken & Tiggelen [280] showed that the normalized magneto-transverse light current (J ),

perpendicular to both the light direction and external field direction, is proportional to the mean

free path (¢ ) along the direction of J, . The magneto-transverse mean free path (/) is given
by [280, 281]

3n,n V. BA?

= 3.4
(nZ —n?)(n? +2n%) z* (34)

L

Here, V¢ is the Verdet constant, n and Ng are the refractive indices of the matrix and the

scatterer, respectively. The dielectric constant and refractive index of ferrofluid increase with
the increase of B [224]. From Eq. (3.4) it is evident that the magneto-transverse mean free path
as well as the normalized magneto-transverse light intensity increases with B in ferrofluid.
Therefore, the light intensity (magneto-transverse light intensity) perpendicular to the
directions of incident light and B should increase with external field and can lead to an
extinction of light.

When an incident light gets scattered from a cylindrical surface, the scattered pattern forms the
shape of a cone. The intersection of the cone of the scattered light on the observation screen
gives the scattered pattern, the shape of which depends on the angle between the incident light
and the cylinder axis [282]. When the angle with the cylinder axis is 90°, the scattered pattern
takes the shape of a straight line with a spot at the centre, and when the angle with the cylinder
axis is 0°, the scattered pattern takes the shape of a ring with a spot on the circumference [282].
Therefore, the observed scattered pattern under an applied magnetic field consisting of a
straight line with a laser spot at the centre (Figures 3.1c - g & 3.2), is due to the scattering of
light from the linear chainlike aggregates of nanoparticles (cylinders). Interaction of light with
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such chainlike structures in magnetic fluids, with their axis parallel to the direction of the
incident light, gives rise to a ring like pattern in the transmitted light intensity with speckles
[229]. When the incident light is normal to the cylinder axis, the scattered light forms a straight
line pattern with a laser light spot at the center. If there is only one scattering cylinder, then the
incident laser spot contains a diffraction pattern. However, under an applied field, large
number of cylindrical aggregates of magnetic nanoparticles is formed in the ferrofluid, which
results in multiple light scattering from the cylinders inside the nanofluid. The maxima and
minima of the diffraction pattern from different cylinders overlap each other, resulting in a
diffused pattern, which is a cumulative effect of light scattering from many cylindrical
surfaces. Therefore, the observed scattered straight light pattern is a surface scattering
phenomenon that depends only on the incident angle and does not contain information

regarding the detailed internal structures of the ferrofluid.

3.3.3 Magnetic Field Induced Light Transmission in Nanoemulsion

Fig.3.4. Phase contrast microscopic images of nanoemulsion in presence of external magnetic

fields (B =0, 100, 200, 275 G). The direction of B is shown by the arrow.

Figure 3.4 (a — d) shows the phase contrast microscopic images of the nanoemulsion at
different B (= 0, 100, 200 and 275 G) where the direction of B is indicated by an arrow in Fig.

3.4c. The ¢ of the nanoemulsion used is ~ 0.0042. In the absence of B, the nanoemulsion
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droplets are randomly dispersed in water (Fig. 3.4a). When magnetic field is applied, the
magnetic moments of the individual magnetic grains inside the emulsion droplets are oriented

along the external field direction. The dipolar interaction strength between the droplets is also

expressed by Eq. (3.3) where d = d; is the diameter of the oil droplet. AtAg,, >>1, the

dispersed nanoemulsion droplets undergo a disorder-order transition, leading to the formation
of linear chain-like structures due to head-on aggregation along the direction of B. Figure 3.5a
shows the schematic of the random orientation of the nanoemulsion droplets (inside the box) in
absence of B. The formation of chainlike structures by nanoemulsion droplets at different B is
shown in Figures 3.5(b — d). Such external field induced aggregation of magnetic
nanoemulsion droplets have been earlier confirmed experimentally [172, 283, 284] and using
computer simulation [275]. The interaction of light with such chainlike structures, with their
axis parallel to the direction of the incident light, gives rise to a ring like pattern in the
transmitted light intensity with speckles. The formation of the ring like pattern at different B is

shown in Figures 3.5 (b —d). Figure 3.5(a) shows no ring like pattern at zero B (= By).
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Fig.3.5. (left) Schematic of the nanoemulsion at different external magnetic field (B is the

zero external field and B;< B,< Bgs) and (right) the corresponding transmitted light pattern

projected on a screen.
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Fig.3.6. (a-e) & (k-0) Images of the transmitted light from nanoemulsion with volume fraction
(¢ ~ 0.0042 in presence of external magnetic fields (B = 0, 50, 75, 100, 125, 150, 175, 200,

250 and 300 G). Images (f-j) & (p-t) are their corresponding 3D surface plots.

Figures 3.6(a - ) & 3.6 (k — 0) show the images of transmitted light pattern from the
nanoemulsion of ¢ ~ 0.0042 at various B = 0, 50, 75, 100, 125, 150, 175, 200, 250 and 300 G.
Figures 3.6 (f — j) & 3.6 (p — t) show the corresponding speckle intensity distributions. In the
absence of magentic field, no transmitted ring like pattern and speckles are observed (Figs.
3.6a and 3.6f, respectively). Below B ~ 50 G, the nanoemulsion remains opaque but above 50
G it becomes transparent. With increasing B, the intensity of the transmitted light also

increases.
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Fig.3.7. (a) Transmitted light intensity as a function of external magnetic field from
nanoemulsion at volume fraction, ¢ ~ 0.0070, 0.0042, 0.0022 and 0.0014. (b) The ring like
structure at external field, B = 150 G and the area over which transmitted light intensity is

measured is indicated by the bracket.

Figure 3.7(a) shows the variation of transmitted light intensity as a function of B in
nanoemulsions for four different ¢ values of 0.0070, 0.0042, 0.0022 and 0.0014. Figure 3.7(b)
shows the transmitted light pattern (ring pattern) for ¢ ~ 0.0042 at 150 G, where the area over
which intensity is measured is also shown. In case of ferrofluid, the highest value of
normalized transmitted intensity is observed at zero field value and the normalized intensity
decreases with increasing B whereas, it can be seen from Figure 3.7(a) that, the transmitted
light intensity is almost zero up to 50 G in nanoemulsion. Beyond 50 G the transmitted
intensity increases with increasing B and becomes a maximum at a critical field (Bc). Above
Bc, the transmitted intensity again decreases with increasing B. It is further observed that the

position of B¢ shifts towards lower B at higher ¢. For nanoemulsion with higher ¢, the
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transmitted light intensity increases more rapidly up to a critical field, beyond which the
transmitted light intensity decreases at a faster rate compared to the lower ¢. Figure 3.8 shows

the variation of the critical magnetic field as a function of ¢ in nanoemulsion.

125} @ B,
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Fig.3.8. Critical magnetic field (Bc) as a function of volume fraction (¢) in nanoemulsion. Bc

0.0017 0.0034 0.0051 0.0068

follows a power law decay with ¢ (Bc ~ ¢ ) where the exponent value is 0.41.
Here, also the B¢ shows a power law dependence with ¢ as: Bc ~ ¢ Y where y = 0.41, and this

is due to the external field induced disorder-order type structural transitions [271].
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3.3.4 Possible Reasons for Variations of Field Induced Transmitted Intensity in

Nanoemulsion

The variation of the transmitted light intensity as a function of B can be described using Mie
scattering theory. At B = 0 G, the size of the nanoemulsion droplet (diameter ~ 220nm) is of
the same order as A (= 632.8 nm). With increasing B, the scatterer size increases due to field
induced head-on aggregation [229]. When the scatterer size is comparable or higher than A, the
scattering falls in the Mie regime. In the present case, for droplet radius (a;) ~ 110 nm, the size
parameter (ka;) at zero field is ~ 1.45 and for this ka; value, the Mie forward total extinction
efficiency(Qex) [285, 286] is very high (~2.33). This indicates that at B = 0 G, due to intense
scattering from the suspended particles, the forward light transmission becomes zero. This
explains the reason for the observed opacity of nanoemulsion. With increasing B, the size
parameter increases due to field induced aggregation of nanoemulsion droplets and Qe
decreases from the initial higher value [229]. Moreover, the inter-chain spacing increases with
external magnetic field due to the progressive aggregation and formation of chains of larger
lengths. Therefore, the effective scattering cross section decreases with increasing B, which
results in an increase in the transmitted light intensity beyond B ~ 50 G and up to B¢c. As shown
in Figure 3.7 (a), beyond B¢ the transmitted light intensity again decreases with increasing B
that can be explained as a result of the formation of tube like geometry by external field
induced chain-like structures where the tube length and diameter increases with B [229]. These
tube like structures behave like a waveguide due to the presence of @ electrons on the surface
of nanoemulsion droplets and when light propagates through such waveguides the transmitted
light intensity decreases exponentially along the waveguide as exp(-awr), where a,, and r are the
waveguide damping coefficient and waveguide length, respectively [229, 287]. The length of

the tube like structures increases with B which leads to an increase in attenuation of light and a
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decrease in the transmitted light intensity with external field beyond Bc. With increasing ¢, the

attenuation starts at a lower external field that causes the B to shift to a lower field at higher ¢.

3.3.5 Variations of Transmitted Lobe Intensity as a Function of Magnetic Field in

Nanoemulsion
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Fig. 3.9. (a) Intensity of a portion of the lobe as a function of external magnetic field for
nanoemulsion at volume fraction, ¢~ 0.0070, 0.0042, 0.0022 and 0.0014. (b) The transmitted
light intensity pattern for nanoemulsion of ¢ ~ 0.0042 at 180 G and the area over which

intensity is measured is also indicated.

In nanoemulsion, a ring like pattern is observed as the external field direction is parallel to the
incident light direction. Figure 3.9(a) shows the variation of the intensity of the lobe part (on
the scattered ring) as a function of B for nanoemulsion at four different 4. Figure 3.9(b) shows

the transmitted light pattern from nanoemulsion of ¢ ~ 0.0042 at 180 G, where the area over
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which intensity is measured is also shown. It can be seen that the lobe intensity increases with
external magnetic field and remains almost constant beyond 200 G. Similar trends were
observed in all the four volume fractions. Nevertheless, in nanoemulsions with higher ¢, it was
observed that the intensity of the lobe part increases more rapidly because of the enhanced
scattering. At higher external fields (B >200 G), most of the nanoemulsion droplets form
chains that are oriented along the direction of B and no more free droplets are available for
chain formation. Hence, the intensity of the lobe part remains almost constant at higher B.

3.4 Conclusions

The behavior of light transmission through ferrofluid and nanoemulsion in presence of an
external magnetic field is presented in this chapter. The transmitted light intensity in both the
systems strongly depends on the external magnetic field and sample volume fraction. The
resonances in the total extinction efficiency and forward anisotropy factor caused by the
changes in the dimensions of scatterers due to dipolar interaction are considered to contribute
to the variation in field induced transmitted light intensity in ferrofluid. Also in ferrofluid, the
critical magnetic fields follow power law decay with particle volume fraction due to structural
transitions of magnetic nanoparticles into chainlike structures. In nanoemulsion, up to 50 G,
due to intense scattering the sample remains opaque. Beyond 50 G, the size parameter
increases due to field induced aggregation where the Mie extinction efficiency decreases. The
intensity of the transmitted light pattern is found to increase with external magnetic field up to
a certain critical field beyond which it decreases because of the formation of waveguide like
structures. The critical field is found to shift to a lower magnetic field at higher volume fraction
and follows a power law behavior with volume fraction, indicating a disorder to order
transition. The intensity of the lobe part of the transmitted light pattern increases with external

magnetic field up to 200 G and beyond that it remains nearly constant.
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Chapter IV Probing the Field Induced Structural Transitions by
Transmitted Light Speckle Dynamics in Magnetic Fluids

4.1 Introduction

Wave propagation through disordered, random media has revealed many interesting
phenomena [223, 288-294]. Optical speckle is an interference pattern of many scattered
wavelets produced by the interaction of a coherent light beam with scatterers [295, 296]. The
study of speckle parameters such as size, intensity, contrast, polarization, correlation
coefficients etc. provides insight into scatterers because each speckle from a scattering centre is
its fingerprint [296-301]. Analysis of speckle parameters has been used to measure the surface
roughness [302, 303], assessment of biological tissue viability and burn diagnosis [304],
viscoelastic properties of tissue [305], particle aggregation dynamics in dispersion [261], and
heterodyne scattering [306]. Multi-dimensional entanglement has been studied by two photon
speckles, which are used in bi-photon interferometer [306, 307]. Multi-speckle diffusing wave
spectroscopy has been used to study the properties of colloidal particles suspended in a random
packing of glass spheres [308, 309]. The light speckle has been used to generate photo-
electromotive-force that has many practical applications [310, 311]. Speckle pattern by light
transmission through colloids provides intensity fluctuations which is analogous to universal
conductance fluctuation of mesoscopic conductors [312]. Astonishing memory effect is
observed in speckle pattern when coherent light waves are transmitted through disordered
media [313, 314]. The transverse spatial coherence of light changes when light wave
propagates through dense, multiple scattering, random dielectric media [293, 315].

Magnetic colloidal dispersions are interesting materials both from fundamental and application
point of view due to their unique optical [63, 238, 316-318], electrical [319], thermal [163] and
rheological [114] properties.  Several optical studies have been undertaken to investigate

external field induced aggregation process in magnetic fluids [320]. Laskar et al. [172] showed
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that the time dependent variations of the transmitted light intensity at several critical magnetic
fields decreases drastically due to the coarsening of the field induced linear aggregates in
ferrofluids. Also, optical speckle study is shown to be a finest technique to probe aggregation
phenomena in colloids [261]. Though many light scattering studies have been reported to probe
the structural transition in magnetic nanofluids, the effect of external magnetic field on the
transmitted speckle properties in magnetic fluids has not been studied systematically.

The aim of this work is to investigate the effect of external magnetic field on the transmitted
light speckle pattern in ferrofluid and nanoemulsion during structural transition of nano-sized
magnetic particles in dispersion. First, the behavior of transmitted light speckle pattern and
speckle parameters in ferrofluid in presence of external magnetic field are analyzed.
Subsequently, the reasons for the external field induced variation of the speckle parameters in
nanoemulsion are explained.

4.2 Experimental Details

The ferrofluid and nanoemulsion samples used in this study is a disordered magnetic medium
as described in Chapter 11 (section 2.2). The experimental set up is shown in Figure 2.3. In the
case of nanoemulsion the direction of incident light is parallel to the direction of B, whereas it
is perpendicular to the direction of B in the case of ferrofluid. The detailed procedure of
acquiring the scattered light and speckle patterns as a function of B are explained in Chapter 11

(section 2.3).
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4.3 Results and Discussions
4.3.1 Field Induced Variations of Speckle Parameters in Ferrofluid

4.3.1.1 Speckle Size and Intensity

Fig. 4.1. Images (a - f): Transmitted laser light spots through ferrofluid at different external
magnetic field (B = 8.5, 46, 68.5, 135, 235, 455 G). Images (g - |): Speckle pattern of the boxed
area of the transmitted light spots (a — f). Images (m — r): Phase contrast microscopic images of

ferrofluid in presence of different external magnetic fields (B = 8.5, 46, 68.5, 135, 235, 455 G).

Figures 4.1(a — f) shows the images of transmitted light spot from the ferrofluid at different B
(= 8.5, 46, 68.5, 135, 235, 455 G). The enlarged square regions in Figures 4.1(a — f) shows the
speckle pattern within the transmitted light spots. The scattering of light wave from magnetic

nanoparticles in water produces scattered wavelets with phase differences [244]. Interference of
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these de-phased wavelets results in the granular pattern known as speckle. The speckle pattern
in the transmitted light spot consists of a multitude of bright points where the interference has
been constructive, and dark points where the interference has been destructive, and irradiance
levels in between these extremes which has the appearance of a chaotic muddle of speckles
[296]. With increasing external field, the speckle pattern in the transmitted light spot from
ferrofluid changes along with the field induced transition into a chain-like structure from
individual magnetic nanoparticles in water. Figures 4.1 (m — r) shows the representative phase
contrast microscopic images of ferrofluid at different external fields that demonstrates
evolution of chain-like structure in presence of an external field from magnetic nanoparticles.
The propagation of light through disordered complex media like magnetic fluid provides
information about the scattering media and the analysis of speckle parameters is one of the
finest techniques for the remote measurement of the properties of scattering surfaces [295,
296, 321-323]. The speckle photographic technique is a useful to determine the displacement of
the scattering object by measuring the dimensions of speckle emerging from scatterers. The
dimension of speckles on the observation plane depends on the surface roughness and surface

curvature of scatterers. When light is scattered from any cylindrical surface, the ratio of the
length (dy , perpendicular to the cylinder axis) and the width (dX, parallel to the cylinder axis)

of a speckle on the observation plane is [324]

ﬂ: (krincident) — 1 krincident)
dx (ka)(sin@/4) "Size parameter * 'sind/4

(4.1)

here, r.

incident

is the incident light spot diameter and 6 is the scattering angle.
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Fig.4.2. Plot of the average speckle size distribution as a function of external magnetic fields;

dx and dy are the horizontal and vertical lengths of any speckle [Inset image (b)] on the
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Inset (a) and (b) of Figure 4.2 shows the images of the transmitted light spot and the speckle

pattern of a particular area [box shown in (a)] from ferrofluid at B = 8.5 G. In inset (b) of
Figure 4.2, dy and dX represents the length (perpendicular to the external field direction) and

width (parallel to the external field direction) of any speckle on the observation plane,

respectively. The plot of the average speckle size distribution vs external fields, ( Figure 4.2)

d
shows that the average speckle size distribution (d—i )follows a power law decay with the

d _
external magnetic field ((d—i)aver ~B 0'892) Under the field induced aggregation, the surface

roughness, size parameter as well as scattering cross-section of the aggregate increases with B.
Therefore, anisotropic speckle size on the transmitted light spot should decay with B because
of the enhancement of size parameter (Eq. 4.1), which is found to be in good agreement with
our experimental data.

Figures 4.3 (a — e) and 4.3 (f — j) shows the images of transmitted light spots and their
corresponding 3D intensity surface plots for the speckle intensity distribution in the presence
of B. Figures 4.3 (0 — k) and 4.3 (t — p) show the recovery of transmitted spot intensity and the
corresponding 3D surface plots for speckle intensities during the reduction in the B from
maximum to zero. It can be seen that the speckle intensities on the transmitted light spot from
ferrofluid recover their initial values during the decrease in B, which indicates the field induced

reversibility of the aggregation process.
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Fig. 4.3. Images of the transmitted light spots from ferrofluid (volume fraction, ¢ = 0.00916)
and their corresponding 3-D surface plots for speckle intensities in presence of different
external magnetic fields. Images (a — e) & (f — j) are the spot images and their corresponding
3D surface plots during the increase of external fields. Images (0 — k) & (t — p) are the spot
images and their corresponding 3-D surface plots during the decrease of external fields. Field
ramp rate ~ 2.5 G/s.
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4.3.1.2 Effect of Surface Roughness on Degree of Coherence and Percentage of

Depolarization

The speckle pattern depends on light parameters such as angle, polarization and wavelengths of

the incident light and surface profile (roughness) of the scattering objects [296, 325, 326]. The

variance of the phase fluctuations (o,,) in the scattered wavelets is related to the variance of the

4
surface height fluctuations (oy,) by —o, = (Tﬂ)ah [296]. Figures 4.4(a) and 4.4(b) shows the

speckle pattern of the transmitted light spot from ferrofluid of ¢ = 0.00916 at B = 135 and 455
G, respectively. At this field strength [B = 135 G], the scattering occurs mainly from the single

chain-like structures with certain surface height fluctuation as shown in Figure 4.4(c).

(b)
Rough surface of ‘ / /
nanoparticle chain I b
S\cattered Li,gh( B € red Ligly
B<€—
LI || ===idl ]
Chains 'ﬂfi(‘(-n' Lighl
Incident Light
© (@

58



Chapter IV
Fig. 4.4. (a) and (b)—Images of the speckle pattern on the transmitted light spot at B = 135 &
455G, respectively. (c) and (d)—Schematics of light scattering by the rough surfaces of a

single and zipped nanoparticle chain, respectively.

After the second critical field [B = 360 G for ¢ = 0.00916], zippering transition occurs [172],
which increases the scatterer surface roughness as shown schematically in Figure 4.4(d).
Therefore, the surface roughness of the aggregates increases with external field that resulted in
the variation of phase fluctuations in the scattered wavelets and the transmitted speckle pattern.
In light scattering experiment, information about the disordered soft condensed matter system
can be extracted by measuring the coherence property of the scattered wave-field [327-329]. It
is known that the transverse spatial coherence of light changes when it propagates through a
disordered, dense, multiple scattering dielectric medium [293, 328]. The degree of coherence of
photons plays a key role in determining its energy flow [330]. The speckle patterns generated
by the propagation of light through scattering media also depends on the coherence property of
the scattered light [295, 296]. When light waves scatter from rough scattering surface, the

degree of coherence of any two scattered light waves is given by [296]
- Ar 2 2
712(7) =exp [—(7) on{l-¢,} (4.2)

where, = is the relative time delay between the two light waves (1 & 2), oy, is the variance of
the surface height fluctuations of the scattering surface and rf(p is the normalized auto-

correlation function of the phases. In ferrofluid, the field induced aggregation of magnetic
nanoparticles in dispersion enhances the surface roughness (Fig. 4.4c-d). This means that the
degree of coherence of the scattered wave-fields exponentially decreases with increasing

external magnetic field [Eq. 4.2]. Therefore, the external field can affect the degree of
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coherence and variation of phase fluctuations of the scattered light waves, which is in good
agreement with our results.
Further, the propagation of polarized light wave through disordered media depolarizes the
wavelets due to interaction with many depolarizing scattering surfaces [296, 331, 332]. Tong et
al. [333] experimentally shown that the speckle contrast of a fully developed speckle pattern
can be reduced from 1 to 0.5 due to polarization changes. The speckle patterns formed by
scattering change polarization diversity between incoming and outgoing waves and the surface
roughness of the scatterer surface favors polarization diversity [296]. The percentage of
depolarization is defined as [331, 332]

Dp = % depolarization = 100 - % polarization (4.3)

s s
where, % polarization = P = o0 =l %100 (4.4)

le_o + 180
where lg_oand |3, are the speckle intensities on the transmitted light beam spot without and

with B, respectively.

Figure 4.5(a) represents the percentage of depolarization of the scattered wavelets from
ferrofluid as a function of B. The images (b) and (c) of Figure 4.5 show the transmitted light
spots at B = 0 G and B = 135 G and the images (d) and (e) of Figure 4.5 show the
corresponding 3D intensity surface plots of the speckles on the transmitted light spots for the
area shown by rectangle in (b) and (c) of Figure 4.5, respectively. Considering the speckle
intensity values of the transmitted light spots at different B and by using Equations (4.3 & 4.4),
we obtain Figure 4.5(a), where the percent of depolarization is found to decrease with the
increase of B. Egan et al. [331] experimentally demonstrated that the depolarization decreases
with the increase in the size of individual scattering particles. Our findings are found to be

consistent with the above observations.
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Fig.4.5. (a) Percentage of depolarization (Dp%) of transmitted light spot speckles from
ferrofluid as a function of external magnetic field (B). Images (b) & (c) Transmitted light spots
at B = 0 & 135G, respectivley and (d) & (e) 3D surface plots for speckle intensities from

particular areas of transmitted light spots of (b) & (c), respectively.

4.3.1.3 Speckle Contrast

The intensity fluctuations of the speckle pattern of the transmitted light spot from a nanofluid
changes with time (‘dynamic’ speckle pattern), because of the Doppler shifts of the scattered
wavelets due to the Brownian motion of dispersed nanoparticles. The level of blurring of any

speckle pattern is quantified by the Speckle Contrast (C). The speckle contrast is defined as the

ratio of the standard deviation (o) of the intensity to the mean intensity < 1° > of the speckle

pattern.[296, 321, 334]

o J< (%) >—<1° 52

<> <>

C

(4.5)
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Goodman and Parry[296, 335] showed that for static speckle pattern, the speckle contrast is
equal to unity, which is the maximum value for a fully developed speckle pattern. When
scattering objects are dynamic, the C value is less than unity and the pattern becomes blurred.
Speckle contrast depends on the scattering particle velocity and for Lorentzian velocity
distribution, which is applicable for Brownian particles, the speckle contrast is given by [296,

335]

C= T¢ 1 2Texposure 4.6
= ZT—{ —ep(-——)} (4.6)

exposure TC
where, T is the exposure time and 7.is the correlation time. Small value of C
corresponds to a small 7 (i.e. fast moving speckles) and C approaching unity corresponds to a

large 7. (i.e. for stationary speckles). By measuring the speckle intensities of the transmitted

light spot at different external magnetic fields, the speckle contrast (C)is calculated by using

Eq. (4.5).
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Fig. 4.6. Linear variation of speckle contrast (C) of transmitted light spot speckles with

external magnetic field (B). The best fit on the experimental data points is given by-

C =mB+s,, where m’(slope) = 3.685*10 and s,=0.4065.

Figure 4.6 shows a linear increase in the contrast of speckles on the transmitted light spot with
increase in B. The speckle intensity and the intensity fluctuations in the transmitted light spot
is found to decrease with the external field [Fig. 4.3] whereas the speckle contrast increases,
which signifies a transition from a dynamic to a near stationary speckle pattern by losing the
free movement of scatterers in the dispersion under external field.

We observe that the percentage of polarization of the transmitted light waves from nanofluid

increases with an increase of external magnetic field, which affects the transmitted light
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speckle pattern. For partially polarized speckle, the relation between C and the degree of

C =,/1+2P2 4.7)

Figure 4.7 shows the plot of the variation of the speckle contrast with the change of the degree

polarization (P) is given by[296]

of polarization. The theoretical plot Crneo, Vs. P is obtained by using Eq. (4.7), where the
theoretical data is divided by 1.486 to superimpose it on the experimental curve.

Applying the speckle intensity values at different external fields as shown in Figure 4.3 (3D
surface plots for speckle intensities during increase of B), the P (experimental) and Cgyp
values for different B are obtained. The plot of Cgyy vs. P (Fig. 4.7) shows that the speckle
contrast (Cex) increases with increase in the degree of polarization in presence of B, which is
in good agreement with the theory. This shows that the field induced aggregation process in
ferrofluid increases the degree of polarization of the scattered light waves as well as the speckle

contrast.
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Fig.4.7. Variation of speckle contrast (C) with the degree of polarization (P) of the scattered

waves. Closed circles: Experimental data from transmitted light spot speckles at different

external magnetic fields (B). Theoretical fit: Cy,o =m'P+5S, wherem’ =0.03456 and s; =

0.47414 , are obtained by using Eq. (4.7) where the theoretical data are divided by 1.486.

It has been shown that the speckle contrast reduces due to the Brownian motion of scattering

particles in a colloidal media [336]. Figure 4.6 shows that the speckle contrast of the
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transmitted light spot increases with the increase of B but the contrast (C) is much lower than
unity at higher field B > 250 G, though the scatterers (chain-like structure) are almost stationary
in the dispersion [Figs. 4.1 (m-r)]. Therefore, the increase in the speckle contrast value with B

indicates that the role of surface roughness is less predominant compared to the scatterer size

and other effects. The relationship between the C and the scatterer surface roughness (o},) for

light with a finite bandwidth (o) is given by [295]

1
[+ (4001

(4.8)
Figure 4.8 shows the theoretical plot of C with surface roughness by using equation (4.8),

where the scatterers o, is an increasing function of B. Figure 4.8 further shows that C

drastically decreases with increasing o},. However, the field induced chainlike structure in

ferrofluid increases the speckle contrast but the speckle contrast is less than unity due to

increased surface roughness.
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Fig.4.8. Variation of speckle contrast (C) with surface roughness (c},) of the scattering surface.

4.3.1.4 Speckle Correlation Coefficient
The speckle correlation coefficient (Cs) of the speckle intensities I, with n =(1, 2) of the two

different speckle pattern is defined as [337, 338]

S1S S S
<7l >=<1y ><1; >

T () > —< 15 SR (< (13)7 > —< 15 SA)?

Cq (4.9)
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where, 17 and I, are the intensities of two different speckle patterns and < > denotes the

average.
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Fig.4.9. (a) Variation of the Speckle correlation coefficient (Cs) of the transmitted light spot
speckles with external magnetic fields (B); Cs ~ B?. Images (b, d, f, h) : Transmitted light
spots at different fields and Images (c, e, g, i): the corresponding 3D surface plots of speckles

intensity.

Figure 4.9(a) shows the variation of the speckle correlation coefficient (Cs) with B. Here, Cs is

S

obtained from the speckle intensities 17 =15 gz and 15 =15 g5, 13 685 |5

I S
B=135"

I S
B=2351 "B=455"*
The images (b, d, f, h) & images (c, e, g, i) of Figure 4.9 are the transmitted spot images and

their corresponding 3D surface plots for speckle intensities at B = 8.5, 135, 235, 455 G,
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respectively. The Cg value is maximum (i.e. equal to unity) when 15 =15 gcandl; =15 g,
but it decreases for other 15 . Here, the speckle correlation coefficient shows a power law decay

with B(Cg =1.5858B7%%). Again, the speckle correlation coefficient depends on the surface

roughness of the scattering surface, the angle of incidence and the wave number differences of
the incident wavelengths [337, 339]. For spectral speckle correlation (SSC), where the angle of

incidence (a,)is fixed but there is a difference between the incident wave numbers

(Ak =k"—k"), the far field correlation coefficient (Clszsc) decays exponentially with increasing

surface roughness (oy) as Co° =exp[-4o? (k' —k")?cos® ,][339]. In angular speckle

correlation (ASC) where the angle of incidence is changing, at fixed incident wave-number, the

far field correlation coefficient is C5>C =exp(—o2k?sn? sin? ;) where s, =ay —ay [339].

Both SSC and ASC strongly depend on the scatterer surface roughness and the correlation
coefficients for both cases decrease with increasing surface roughness. The field induced
aggregation process leads to chain-like structures and zipped chains at higher B with larger
surface roughness, which causes a decrease in Cs with increasing B.

Studies on the propagation of light waves through optically dense colloidal suspensions by
Scheffold and Maret [260] showed a buildup of anomalous long range correlation in the
transmission speckle pattern. The speckle correlation coefficient depends on the phase shifts

between the multiple scattered wavelets in the outfield area and the transport mean free path (

¢*) of the light waves inside the scattering medium. The increase in ¢* decreases the

transmission speckle correlation. The formation of field induced aggregates in ferrofluid

increases ¢* (Chapter 111 - Figs. 3.3 e & f) which results in the decay of Cs with increase in B.
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4.3.2 Field Induced Variations of Lobe Speckle Parameters in Nanoemulsion
In the case of nanoemulsion, a ring like pattern was observed because, the field direction was
along the incident light direction. In chapter Ill, section 3.2.5 showed the variation of the
intensity in the transmitted lobe part (on the scattered ring) as a function of B in nanoemulsion.
The lobe consists of speckles whose dynamics changes with B.

4.3.2.1 Lobe Speckle Contrast

Fig.4.10. (a) Image of the transmitted light pattern from nanoemulsion at external magnetic
field, B = 125G. (b) The speckle pattern of the boxed region is shown. (c-g) The speckle pattern
for the same lobe part at different external magnetic fields (B = 50, 100, 150, 200, 250G) and

(h-1) are their corresponding 3D surface plots.

Figure 4.10 shows the transmitted light intensity at B = 125 G for nanoemulsion of ¢ ~ 0.0042

and Figure 4.10(b) shows the magnified view of the section of the lobe part of the transmitted
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light pattern with speckles. Figures 4.10 (c-g) show the images of the lobe parts at different B =
50, 100, 150, 200 and 250 G. Figures 4.10 (h-I) shows the corresponding 3D surface plots of
the speckle intensity distribution of the lobe parts under similar B values. The speckle patterns
consist of a combination of bright and dark points that correspond to maximum and minimum
intensities, respectively. It can be clearly seen that the lobe speckle intensity increases with
increase in B. With increasing B, the aggregation and formation of chain like structures
increases leading to an increase in the scattering and speckle contrast.

One of the most common ways to quantify the variation of speckle pattern is by measuring the
speckle contrast (C) [295, 321, 340]. The measurement of the lobe speckle contrast (C.) is
performed for nanoemulsion of four different ¢ = 0.0070, 0.0042, 0.0022 and 0.0014 in the
external magnetic field range of 50-360 G by using Eq. (4.5). The variation of lobe speckle
contrast as a function of B is shown in Figure 4.11. For all four volume fractions, the lobe
speckle contrast (C.) increases with increasing B up to ~ 170 G and beyond that the C, remains
nearly constant. The value of C is higher for nanoemulsion with higher ¢. The field induced
increase in C_ indicates that the random Brownian movement of the magnetic nanoemulsion
droplets decreases with increase of B. For higher B, most of the nanoemulsion droplets are

oriented along the direction of B, leading to a reduced scatterer movement.
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Fig.4.11. Lobe speckle contrast (C.) as a function of external magnetic fields (B) from

nanoemulsion at volume fraction, ¢~ 0.0070, 0.0042, 0.0022 and 0.0014.

This causes the phase of the scattered waves from the chain-like structures to constructively
interfere with reduced fluctuations and ultimately results in an increased speckle contrast.
Nevertheless, the C, value is significantly lower than unity for higher fields (B >150 G) which

is due to an increase in surface roughness of the chain like structures owing to zippering
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transitions at higher field values. The surface roughness of aggregates increases with B that

hampers the speckle pattern from being fully developed[296].

4.3.2.2 Angular Speckle Correlation Coefficient

The angular speckle correlation coefficient (Casc) between the speckle intensities at two

different angles (01 and 0) can be described by the Equation (4.9) where 17 =15 and 1; =1;,.

Casc is calculated by fixing one observation angle (¢;) and varying the other (6,). Figure 4.12

shows the variation of Casc as a function of observation angle.

10

08|

CASC

06

04F

25 50 75 100 125 150
Angle (6)

Fig.4.12. (a) Variation of the angular speckle correlation coefficient (Casc) as a function of
observation angle (#). The best fit is given by Casc ~ exp (-0.00796) where 6 is the observation
angle. (b) Image shows the transmitted light pattern for nanoemulsion of volume fraction , ¢ ~

0.0042 at external field, B=150G and the angular position of the detector.

To avoid the bright transmitted spot, forward transmission direction (0° or 360°) was not
considered in the present study. In Figure 4.12, first observation angle (6,) is fixed at 22.5° and

the second observation angle (6,) is varied from 22.5 to 157.5° in steps of 22.5°. The image in
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Figure 4.12(b) shows the ring like transmitted intensity pattern for nanoemulsion of ¢~ 0.0042
at 150 G, where the angular position of the detector is also shown. The Casc decays

exponentially with observation angle as Casc ~exp(—0.007960), where @ is the angle as

shown in Figure 4.12(b). Similarly, considering the first observation angle at 337.5° (fixed) and
varying the second observation angle from 337.5 to 202.5° in steps of 22.5°, we obtained the
Casc values as a function of 4 in the opposite direction and it was observed that Casc decays
with @ exactly in the same manner. Hence, our study shows that angular speckle correlation
distribution is symmetric on either side of the transmitted bright spot. The degree of spectral
speckle correlation coefficient depends on the surface roughness, wavelength difference,
incident angle and number of independent scattering cells in the illuminated region [337].
Figure 4.12(a) shows the angular speckle correlation coefficients calculated at a fixed external
magnetic field, where the increase in surface roughness of the scatterers is not significant.

4.4 Conclusions

The behavior of transmitted light speckle pattern from ferrofluid and nanoemulsion in presence
of an external magnetic field is presented in this chapter. The variation of transmitted light
speckle parameters with external magnetic field is attributed to the changes of dimension and
surface roughness of the field induced aggregates. The external field induced decay of degree
of coherence and variation of phase fluctuations of the scattered light waves due to the
enhancement of surface roughness greatly affects speckle pattern on the transmitted light spot
in ferrofluid. The speckle contrast of transmitted light spot (in ferrofluid) and lobe part (in
nanoemulsion) increases with external magnetic field which indicates a transformation from
dynamic to nearly static speckle pattern due to the formation of chain-like structures from nano
sized particles undergoing Brownian motion in the dispersion medium. The surface roughness

of the field induced aggregates in both the systems hampers the speckle pattern from being
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“fully developed’ (speckle contrast < 1 at higher external field). In ferrofluid, the percent of
depolarization of the scattered wave-fields decreases with an increase in the number of field
induced aggregates. Also, the transmitted speckle correlation coefficient shows a power law
decay with external magnetic field in ferrofluids. For nanoemulsion, the angular speckle
correlation coefficient decays exponentially with difference between the measurement angles in
the observation plane and the angular speckle correlation is found to be symmetric on either

side of the transmitted bright spot.
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Chapter V Magnetic Field Dependent Backscattering of Light in

Water Based PAA Covered Fe;O, Nanofluid

5.1 Introduction

Wave propagation through ordered and weakly disordered scattering media have been explored
in the paste [341-344]. Experimentally, the phenomenon of weak localization of light has been
widely studied in coherent backscattering from colloidal suspension [345], cold atom gases
[346], disordered liquid crystals [347], disordered micro cavities [348], etc. Also, the
backscattering and vanishing of energy transport velocity have been studied by Pinheiro et al
[225, 226]. The interaction of light with disordered particles provides new ways to probe
nonlinear optical effects, optical bistability, etc. which are important for the future technologies
such as bistable switching devices, neural optical computers, etc..

In this chapter, we probe the magnetically induced changes in backscattered light intensity and
speckle profiles in ferrofluid during structural transitions. First, the external field induced
variations of backscattered speckle pattern and speckle contrast are analyzed. Then the possible
reasons for the field induced changes in the backscattered light intensity and its angular
dependence are investigated. Subsequently, the tuning behavior of backscattered light intensity
is also discussed.

5.2 Experimental Details

The details of the ferrofluid samples used in this study are explained in Chapter Il (section 2.2).
The backscattered light intensity is measured as a function of B using the experimental set up
shown in Figure 2.4. The direction of B was perpendicular to the incident light direction in
this case. The experimental details for acquiring the backscattered light intensity and speckle

patterns from the samples as a function of B are explained in Chapter Il (section 2.3).
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5.3 Results and Discussions

5.3.1 Field Induced Backscattered Speckle Dynamics in Ferrofluid

165G

Fig. 5.1. (a - d) Images of backscattered light from ferrofluid at different external magnetic
fields (B = 0, 100, 165, 283 G) and the corresponding (e - h) phase contrast microscopic

images of ferrofluid at the same external fields.

Figure 5.1 (a — d) show the images of backscattered light from ferrofluid in presence of
different magnetic field values of 0, 100, 165 and 283 G. It is observed that the light intensity
diminishes with increasing B. Figure 5.1 (e - h) shows the phase contrast microscopic images of

ferrofluid observed under similar B. In the presence of B, the magnetic nanoparticles in water

form aligned structures when the magnetic coupling constant, Ay, (Eg. 3.3 in Chapter Ill) is

much greater than one. The speckles observed in the backscattered light images are shown in

Figures 5.1 (a —d). As 4 (~ 632.8 nm) and beam width (~1mm) of the incident light are larger

than the size of the nanoparticles (diameter,d ~15nm), constructive and destructive
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interferences of the scattered light wavelets from all possible scattering trajectories produce
intensity fluctuations, which are called speckles, as shown in Figures 5.1 (a-d). The speckle
pattern resulting from a medium is its fingerprint and is being exploited in speckle imaging or
diffuse wave spectroscopy [244, 308, 309]. Piederriere et al. [349] have shown that the
backscattered speckle size (produced by strongly-scattering liquid media such as monodisperse
polystyrene microspheres in solutions, mixtures of different sized microspheres, milk, blood
and pig skin) depends on the scattering and anisotropy coefficients. The backscattered light
images [Fig. 5.1 (a-d)] from ferrofluid show that the speckle intensities diminish with

increasing B as the nanoparticles form long chains [Fig. 5.1 (e — h)].
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Fig. 5.2. (a) Variation of speckle contrast (C) of backscattered speckles with external magnetic
fields (B). Images (b, d, f, h): backscattered light at different external magnetic fields from

ferrofluid and images (c, e, g, i) are the corresponding 3D surface plots.
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Figure 5.2(a) shows the variation of C of the backscattered light with B which is calculated by
using the intensity values at different fields shown in the images (c, e, g, i) of Figure 5.2 and
by using Equation 4.5 (Chapter 1V). The linear increase in the backscattered C with B indicates
a transformation of ‘dynamic’ to nearly static speckle pattern due to the formation of chainlike
structures.
5.3.2 Field Induced Variations of Backscattered Light Intensity and Possible Reasons for

Extinction of Backscattered Light

Ramp rate (G/s) -
@ 1.00 o 1.33
@ 2.00 o 4.00

Normalized Backscattered Intensi

0 130 260 390
Time (sec)

Fig. 5.3. Variation of backscattered light intensity as a function of time (t) at different

magnetic field ramp rates. Backscattered angle, 8, = 179.8° , ¢~ 0.00816.
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Figure 5.3 shows the backscattered light intensity from ferrofluid as a function of time for
different field ramp rates, at a fixed backscattering angle(é?b =179.8°) and ¢ = 0.00816. The

backscattered light intensity decreases in presence of B and the rate of decrease is found to be
faster for higher field ramp rates. The possible reasons behind the lowering of backscattered
light intensity with B are discussed below.

In absence of B, the ferrofluid behaves as a disordered soft matter with no birefringence or
circular dichroism [61, 218]. The application of magnetic field induces magneto-optical
anisotropy such as birefringence, transmittivity, Faraday rotation and Cotton-Mouton effect
[350, 351]. Theoretical studies show that coherent backscattering is altered by Faraday rotation
and natural optical activity in a medium of inhomogeneities smaller than the wavelength [352,
353]. Experimental observation shows that the maximum Faraday shift is ~2° at B = 150 Gauss
[183]. Such shift can affect the backscattering but it does not cause such a dramatic change of
backscattered light intensity. Also, optical absorption studies in ferrofluid show the absence of
absorption peaks in the visible region and hence in the weak B (0 < B < 600 G) region,
absorption does not have a role in the extinction of backscattered light [183].

With increasing B, the size of the scatterers increases due to dipolar attractions that can result in
an increase in the length of ¢* [271]. At some critical fields, the scatterer sizes are such that
resonances occur in the anisotropy factor <cos 0) and in the extinction efficiency factor (Qgy;)

[183]. The field dependent resonant behaviors cause the building up of standing waves inside
the scatterer and results in an extra delay in light transmission through ferrofluid. Such
resonances might cause the extinction of backscattered light intensity in presence of a magnetic

field.

According to Mie scattering theory, the backscattered efficiency (Qb) is given by[286],
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LIS @n+1)1)7(, -b,) (5.1)

"~ (ka)® |=

Q

where the scattering parameters (@, andb,) are given by,

My in (M X) DX 0T = 2 OO LMy X (Mye )T (5.2)

"2 (M) XD (] — 0@ (X)[Mygr X (M X)T

_ M (M X)IX5 0 ()] = o COIMpe Xy (M X)T
" Hin (M) DX 0T = b O IMye X (MyeX)T

(5.3)

where, myr is the external magnetic field dependent refractive index of the ferrofluid [224] and
the functions J,(Z)and h'(z)=j,(z)+iy,(z)are the spherical Bessel functions of order
n(n=12,...) and of the given arguments, z = x or myg X, respectively, and primes signify

derivatives with respect to the arguments.

The size parameter (x = ka) increases with B due to aggregation of nanoparticles. Using

Equations (5.1) to (5.3), the backscattering efficiency(Qb) as a function of x = ka is calculated

and is shown in Figure (5.4). The resonant behavior of the backscattering efficiency with size
parameter is evident from Figure (5.4). The inset of Figure (5.4) shows the zoomed view at
lower ka values. Similar Mie resonances in forward-backward anisotropy factor with size
parameter have been observed earlier [183]. The external field dependent resonant states in
backscattered efficiency and forward-backward anisotropy factor that introduces a delay in
light propagation inside the medium due to the formation of standing waves would have
resulted in the observed extinction of backscattered light. As the evolution into chainlike
structures from magnetic nanoparticles becomes more rapid with increasing magneticfield

ramp rate, the rate of decrease in backscattered intensity is more [235].
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Fig. 5.4. Backscattered efficiency (Qp) as a function of size parameter (ka). Inset figure shows

the enlarged view of variation of Qy, within small values of ka.
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5.3.3 Angular Variation of Backscattered Light in Presence of External Magnetic Field
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Fig. 5.5. Angular variation of backscattered light intensity from ferrofluid in presence of

external magnetic field at a ramp rate of 1 G/s.

The field induced aggregation process in ferrofluid leads to a reduction in the backscattered
light intensity within small backscattered angular range [i.e. within (6, —A8,) <6, <(6, + A6,)
where A, is the small angular change from#, =180°]. In Figure 5.5, it is observed that a

small change in the backscattered angle leads to large changes in the backscattered intensity.

For an infinite cylinder, by using diffraction theory approximation, the phase function p(g, ¢)
which is the function of the total light scattered into a unit solid angle in a given direction (g, ¢)

is[286],

83



Chapter V

1+cosé xsin(xsin 49)]2

54
Xsin @ (54

p(0) =7 1

For backscattered light from a cylindrical surface, the backscattered phase function pP(6,)

decreases with change in the backscattered angle.
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Fig. 5.6. Plot of backscattered phase function p(6,) and backscattered light intensity with A6,
from 6, = 180°. p(6h) varies as (A6y)** with size parameter, ka = 1000. The variation of
normalized backscattered light intensity from ferrofluid with A8, from 6, = 180° is measured at

B =472G.
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Figure 5.6 shows the variation of backscattered phase function p(6,) with A6, where p(6,)
decays with A6, as—~ A@, > for fixed size parameter, x=1000. The variation of
backscattered light with change in backscattered angle (A&, ) for an external field, B = 472 G
(obtained from Figure 5.5) also shows decay behavior with Ag, , though considerable deviation
from the theoretical curve [ p(6,)vs.Ag,] is observed. Therefore, the observed decrease in the
backscattered phase function p(6,) with an increase in A8, is in reasonable agreement with

the theory. This explains the angular dependence of backscattered light intensity in presence of
B.

5.3.4 Tunability of Backscattered Light

1.008

Ramp rate - 8 G/s

0.999

Backscattered Intensity (arb. unit)

0.990 -
o 2 [ A '] A [}
0 150 300 450

External Magnetic Field (G)

Fig.5.7 Tunable backscattering of light from ferrofluid in presence of external magnetic fields

with 6, = 179.8° and field ramp rate 8 GIs.
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Figure 5.7 shows the field induced tunable behavior of backscattered light from ferrofluid.
Here, the measurements are done in presence of B on ferrofluid of ¢ = 0.00816 at fixed 6, =
179.8° and ramp rate (8 G/s). The backscattered light intensity recovers to the original level
with a small hysteresis. This result shows that the aggregation process is reversible. The area
between the intensity curves during the ‘increase’ and ‘decrease’ is defined as the hysteresis
area. Physically, the variation of hysteresis area between the ‘increase’ and ‘decrease’ of
external field is due to the difference in the aggregate size during these processes. During
‘increase’, nanoparticle aggregates are formed, which de-aggregate upon removal of the

external field because of the dominance of thermal energy due to Brownian motion. The initial

time (t;) for two particles to aggregate is t, :%?ﬂ((zr—l)f’ —1) where the magnetic force
a

max

2 . . .
_ %0 3M7 " s the initial separation

between the particles at contact is given by g
4z 8a*

max

distance between the particles and 7 is the viscosity of the carrier liquid[235, 282]. 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: the magnetic force due to
field induced magnetic moment and the viscous force. The magnetic force depends on the
particle size, number of particles in the linear aggregates 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 change of
external field strength. The dispersed magnetic particles in a carrier liquid can relax either by
particle rotation in the liquid by Brownian relaxation with a rotational diffusion time given by

g =3V, 17/kgT , where V, is the hydrodynamic particle volume and 7 is the viscosity of the

carrier liquid. The rotation of the magnetic vector within the particle by Neel relaxation
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: . o . KV KV .
mechanism occur with a characteristic time (7 ) is = iexp( M) for M <<1, where fyis
fo kgT kgT

the attempt frequency of magnetization, K is the anisotropy constant of the material, and Vy, is
the magnetic volume of the particle [59, 82, 354]. The typical Brownian and Neel relaxation
times for the dispersed particles in the present ferrofluid are about 107 and 107 s, respectively.

The value of 7, increases sharply with the size of the particle due to the exponential

dependence on V. This reversible behavior of backscattered light intensity with external
magnetic field provides a new approach to fabricate tunable photonic devices using ferrofluid.

5.4 Conclusions

The evolution of backscattered speckle pattern during field induced structural arrangements of
magnetic nanoparticle dispersion is investigated experimentally for the first time. The
backscattered speckle contrast increases towards its saturation value with external field, which
signifies a nearly static speckle pattern by losing the scatterers movement due to aggregation.
The backscattered light intensity decreases with external magnetic field due to the delay in the
light propagation inside ferrofluid owing to the formation of standing waves inside the
scatterers. It is observed that a small change in backscattered angle gives rise to a large
variation in the backscattered light intensity in the presence of an external magnetic field. The
reversibility in the backscattered light intensity offers possibilities of exploiting such ferrofluids

for photonic device applications.

87



Chapter VI | Probing the Magnetic Field Dependent Structural Transitions
in Nanoemulsion by Near Infrared Light Absorption

6.1 Introduction

Absorption is the study of interaction of waves with matter, which is probably the most
widespread and precise analytical technique used to study isolated atoms, molecules, small
clusters in gas, condensed phases, bio molecules, and the structures and dynamics of quantum
systems from atomic domain to natural proteins[355-357]. Infrared absorption spectroscopy is
a powerful technique for in-situ analysis of chemical, bio-medical and nano-fluidic systems
[358-360]. Aggregation processes of dielectric and metal nanoparticles were also studied using
infrared absorption spectroscopy [361, 362]. Saito et al. [185] measured the optical attenuation
constants of magnetic nanofluid at infrared region during field induced aggregation of
magnetic nanoparticles in dispersion.

Recently, optical properties of nanofluids have been a topic of intense research due to their
fascinating properties and interesting applications [63, 199, 222, 320, 363]. Among nanofluids,
magnetic nanocolloid possess the unique property of tunability of particle interaction by
external magnetic field, which makes it an attractive candidate for fundamental research and
has enormous applications in optical domain [150, 152, 160, 229, 271, 364, 365]. Extinction
coefficient of magnetic fluids has been studied in detail using spectral transmittance approach
and molecular dynamics simulation where it has been shown that the extinction coefficient
increases with increasing particle volume fraction and particle diameter (for a fixed volume
fraction) [366, 367]. Heterodyne interferometry technique has also been used for studying the
low magnetic field induced tiny variations in the complex refractive index for anisotropic and
opaque magnetic fluid thin film specimens [368].

In this chapter, the behavior of near infrared (NIR) photon absorption by a magnetically

polarizable oil-in-water emulsion or nanoemulsion in presence of an external magnetic field is
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studied. The near infrared absorption as a function of sample volume fraction and external

magnetic field is probed. Also, using the near infrared absorption profile in the Rayleigh
regime, the imaginary part of the refractive index (k;) of magnetic nanoemulsion, that depends

on the sample volume fraction and external magnetic field, is evaluated for the first time.

6.2 Experimental Details

The nanoemulsion samples used in this study is a disordered magnetic medium as explained in
Chapter Il (section 2.2). The detailed procedure of acquiring the absorption spectra through the
samples as a function of B is explained in Chapter Il (section 2.4). Here the direction of
incident light is parallel to the direction of B.

6.3 Results and Discussions

6.3.1 Near Infrared (NIR) Light Absorption by Nanoemulsion

Fig. 6.1. Phase contrast microscopic images of nanoemulsion at different external magnetic
fields (B = 0, 70, 100, 160, 220G).

Figure 6.1 shows the phase contrast microscopic images of the nanoemulsion observed at
different B (0 to 220 G). The direction of B is shown by the arrow. It can be seen that at zero
field the nanoemulsion droplets are randomly oriented and as B increases, the droplets orient
themselves along the direction of B leading to a chain like structure. In magnetic

nanoemulsion, oil droplets are electro-statically stabilized with sodium dodecyl sulphate
(SDS). When the droplet double layer is very thin ( k&, << 5), the electrostatic force profile
follows the equation
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Fy (1) :477514’02&12|:r£+i2}exl3[—’f(r1 —2a)] (6.1)

1 Nh
where & (= E)IS the droplet radius, ris the droplet separation distance, &, is the dielectric

permittivity of the suspending medium, §, is the electrical surface potential and & is the

inverse Debye length that  depends on the electrolyte concentration (Ce) and can be

represented as ' = (H[Zféce TO'S, where ‘Lg’ is the Bjerrum length [62, 64].

T
In presence of B, when the ratio of the dipolar interaction strength to thermal energy, is much
greater than one (Acoup >>1) (as discussed in Chapter Ill, Section 3.2.1), the nanoemulsion
droplets in dispersion undergo an disorder-order transition, i.e. Brownian to a linear chain-like
structure- with head-on aggregation along the B direction which is shown in Figure 6.1.

Figure 6.2(a) shows the absorption of near infrared (NIR) photons by nanoemulsion as a

function of photon energy (E) for ¢ =0.0014,0.0019,0.0022,0.0067 in the absence of B. Here,
the absorption linearly increases with E and ¢, which indicate that absorption increases with
the number density (0,) of nanoemulsion droplets in the dispersion (¢ = p,0, where U is the

droplet volume [369]).
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Fig. 6.2. (a) Near infrared (NIR) photon absorption (A) with photon energy (E, in eV) at zero

external field by nanoemulsion with different volume fraction, ¢ = 0.0067, 0.0022, 0.0019,
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0.0014. Solid lines correspond to linear regression analysis of the experimental data. (b)
Absorption coefficient (o) as a function of photon energy at different ¢ = 0.0067, 0.0022,
0.0019, 0.0014 of nanoemulsion. Solid lines correspond to linear regression analysis of the

calculated data from (a).

Here the emulsion droplet size (d ~220nm)is much smaller than the 1 of the NIR photons (

A =800-1100 nm) and according to Rayleigh scattering theory (d < A), the absorption cross-

47K
section (C,,.) is given by the relation: C,=av, where, a = Tlis the absorption

coefficient, k, is the imaginary part of the refractive index (m = n;+ik;) of the nanoemulsion

[286]. The real part of the refractive index (n;) of the nanoemulsion indicates the speed and
the imaginary part (k;) signifies absorption losses during the propagation of an electromagnetic

wave through the medium [286]. The absorption cross-section is related to the E as

_Anvk, y

s T E (6.2)

where h is the Plank’s constant. It is clear from Equation 6.2 that C_,_increases linearly with

increasing E in the Rayleigh regime. It is evident from Figure 6.2a that the higher energy
infrared photon causes more absorption for all ¢ (=0.0067, 0.0022, 0.0019, 0.0014) of the
nanoemulsion samples. It must be noted that, Figure 6.2a actually shows that absorption (A)
increases with ¢ and the relation between A and a is [370]

_2303Ap,

i (6.3)

where p, is the density of the nanoemulsion droplet and L is the optical path length (~1mm).

From Equations 6.2 - 6.3 it is evident that A is directly proportional to o and Cgps.
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Figure 6.2b shows o as a function of E for the nanoemulsion specimens of four differentg. a
values are obtained from the absorption values (Fig. 6.2a) using Equation 6.3. It can be seen
from Figure 6.2b that o increases with ¢ due to the increase in number density of the
nanoemulsion droplets. It is further observed from Figure 6.2b that « increases linearly with E
which is expected from Equations 6.2 — 6.3. The solid lines in Figure 6.2b indicate the linear
regression analyses of the experimental data and the slopes of these linear fits provide the
average values of the imaginary part of the refractive index (k;) of nanoemulsion samples.
6.3.2 Magnetic Field Dependent NIR Light Absorption by Nanoemulsion
Figures 6.3 a & b show absorption (A) as a function of incident photon energy (E) for a
nanoemulsion of ¢ = 0.0019 in the presence of B. As B increases from (0 to 60G), A is found to
increase over the entire energy range. But from 70 to 250G, the A of NIR photons decreased.
Figure 6.3c shows the linear increase of absorption (A) with E (eV) at different B ( = 0, 45, 50,
60 G). This figure is similar to Figure 6.2a, where A linearly increases with E. But beyond 65
G, the variation of A with E is not linear (Fig. 5.3b). Hence, from Figure 6.2a and Figure 6.3c
it can be inferred that the field induced increase in A up to 65 G follows Rayleigh scattering

theory (scatterer size < A).
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Fig. 6.3. Absorption (A) as a function of incident photon energy (E, in eV) at different external

magnetic fields (B) by nanoemulsion (¢ ~ 0.0019). (a) B varies from 0 to 65G , (b) B varies

from 70 to 250G , and (c) A vs. E plot for B =0, 45, 50, 60G and best linear fit.

According to Rayleigh scattering theory, higher the energy of the incident photon more is the

absorption (Eqg. 6.2). This is evident from Figure 6.3c under the presence of B (up to 65 G).
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The field induced increase in the absorption of NIR photons was also observed  with
increasing ¢.
Figure 6.4a shows the absorption of NIR photons as a function of magnetic field for different
E at ¢ =0.0019. From zero to ~30 G, the increase in absorption is found to be negligible, but
beyond 30 G the absorption increases rapidly with B. It has been earlier shown that for very
low B (B < 30 G), the nanoemulsion specimen remains opaque and field induced chain like
structures do not form [229]. Hence, below 30 G absorption remains almost constant, whereas,
for B > 30 G, absorption increases due to formation of external field induced chain like
structures. Beyond B ~ 80 G, absorption decreases with B. It is observed that absorption is
significantly higher for photons with higher energy up to 65 G. Figure 6.4b shows the
continuous evolution of absorption of NIR photons of energies 1.55, 1.46 and 1.38 eV with B
where it shows that up to ~ 80 G, absorption of NIR photons increases with B. From Figure
6.4b it can be seen that (i) peak value of absorption increases with increasing E and (ii) the
absorption peak shifts to lower B with increasing E. With increasing E, the A decreases and
hence, absorption increases in the Rayleigh regime (Eq. 6.2), which leads to higher absorption

peak values with increasing E.
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Fig. 6.4. (a) Absorption of different energy (E = 1.55, 1.50, 1.46, 1.42, and 1.38 eV) NIR
photons as a function of external magnetic field (B) for nanoemulsion (¢ = 0.0019). (b) The

continuous change of external field induced absorption of NIR photons with energies E = 1.55,

1.46, and 1.38 eV.

The position of the absorption peak for particular E signifies transition from Rayleigh to Mie
regime for the corresponding 4. For decreasing E, the field induced aggregate size comparable
to the corresponding A increases and the required B for the Rayleigh to Mie transition also

increases. Hence, absorption peak shifts to lower B with increasing E.
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6.3.3 Field Induced Variations of Imaginary Part of the Refractive Index (ki) of

Nanoemulsion
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Fig. 6.5. Imaginary part of refractive index (k;) of nanoemulsion as a function of external
magnetic fields for different volume fraction, ¢ = 0.0014, 0.0019, 0.0022, 0.0067. Inset: k; as

a function of ¢at zero field.

The k, values at different B are obtained from the slopes of the best fit curves of a vs. E plots

for different B and ¢ (From Fig. 6.3c forg = 0.0019 at different B). In a magnetic nano-colloid
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the refractive index depends on the concentration of magnetic nanoparticles in dispersion and B

[224, 371]. Figure 6.5 shows the variation of k, values with B at different ¢. It is observed that
k, values increase with ¢ at fixed B (= 0, 45, 50, 60 G). The inset of Figure 6.5 shows the
variation of k, as a function of ¢ at zero external field. It is also observed that for a particular
volume fraction, k, increases with B. These observations can be explained by the fact that

absorption increases due to two different reasons, viz. increase in number density (i.e. ¢) of the
nanoemulsion and external field induced chain like structure formation. Figure 6.6 shows the

plot of the calculated k, values with theoretical k, values at four different ¢ at zero external

field. The slope of the linear regression analysis is nearly unity which shows that the
experimentally calculated values are in good agreement with the theoretical values. This shows
that NIR absorption profiles can be used for the accurate estimation of k; of the nanoemulsion.
It must be noted that the above mentioned methodology is valid only in the Rayleigh regime
(i.e. for B up to 65 G). Beyond Rayleigh regime, the scattering follows Mie theory due to

increased sizes of field induced aggregates.
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Fig. 6.6. Variation of the calculated values of k;with theoretical values obtained using Eq. 6.2.
Slope of the linear fit is~0.90+0.07. Volume fractions, ¢ ~ 0.0014, 0.0019, 0.0022 and

0.0067.
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Fig. 6.7. kj as a function of ¢ at (a) zero B, (b) 45G, (c) 50G, (d) 60G. k; follows a power
law (k; ~ ¢P) dependence with ¢ for different B, where the exponent (p) values are 0.70, 0.58,

0.53,0.48 at 0, 45, 50, 60G, respectively.

Figure 6.7 shows the variation of k, with ¢ for different B. It can be seen from the Figure that k

increases with ¢ for different B. It was further observed that the increase in k, with ¢
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follows a similar trend in all the cases and the data are fitted using a power law: k, ~ #°,
where the exponents (p) are 0.70, 0.58, 0.53, 0.48 at 0, 45, 50, 60 G, respectively. Figure 6.8
shows the variation of p with B where p decreases linearly with increasing B with a maximum
at zero field. In presence of B, the nanoemulsion droplets undergoes a disorder to order
transition and chain like structures along the direction of B start growing, which increases the
absorption of NIR photons. The decreasing values of p with increasing B indicates the
formation of chain like ordered structures and field induced increase in absorption of NIR

photons.

0.96 | @ Experimental
Linear Fit
0.80F
)
=
0.64F
I 3
0.48 |

0 10 20 30 40 50 60
External Magnetic Field (G)

100



Chapter VI

Fig. 6.8. Exponent (p) values as a function of external magnetic fields (B). Solid line

corresponds to linear regression analysis.

6.3.4 Explanation of Magnetic Field Dependent Variations of NIR Light Absorption
Based on Mie Theory

The field induced aggregation of nanoemulsion droplets due to dipolar attraction increases the

scatterer sizes (Fig. 6.1 b—e) and when the scatterer sizes are comparable to or higher than the 4

of NIR photons, the interactions of NIR photons with such scatterers are beyond the Rayleigh

regime and fall in the Mie regime.

According to Mie scattering theory, the absorption efficiency (Qg) is given by [285, 286]

4" X 2 2,
Qube =X—2(j)<|E1| > x"2dx (6.4)

where, x = kay is the size parameter, " is the imaginary part of the relative dielectric constant
of the scatterers, E; is the electric field component of the incident near infrared photons and
2 1l 2 2
<|E| >=7 Zl(mn|cn| +N,lda|) (6.5)
n=

where the Mie scattering parameters are given by

_  dn OODXNG 00T = g g () [X iy ()] 66)
" i (MpOIXhE (0T = hE )My X i (MyX)]’

My i 0D (0T = 26 mg (9 [X i (9]
" mE j, () Ixhd ()] — g4 b (OIMX i (MyX)]’

(6.7)

and

2
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z z

m, =2(2n+1)j, (2), n, =2n(2n +1){(n +1)

]
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where, m, is external magnetic field dependent refractive index of the nanoemulsion [224,

371], wis the ratio of the magnetic permeability of the nanoemulsion droplets to that of the

dispersion medium. The function j,(z)and h(z)=j,(z)+iy,(z)are the spherical Bessel
functions of order n (n=1,2,...) and primes signifies derivatives.
The size parameter (x = ka, ) increases with B due to the aggregation of nanoemulsion droplet in

the dispersion. Using Equations 6.4 — 6.7, the Qus as a function of size parameter for three

different E (=1.55, 1.46, 1.38 eV) is computed and shown in Figure 6.9.
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Fig. 6.9. Absorption efficiency (Qaps) as a function of size parameter (ka;) for different photon
energy (E = 1.55, 1.46, and 1.38 eV). Inset: Magnified view of the continuous variation of Qaps

with ka; for E = 1.55, 1.46, and 1.38 eV.

The inset of Figure 6.9 shows the increasing nature of the Qaps at lower ka;. At lower values of
kai, according to the Rayleigh scattering theory, Qans and Caps, Which is directly related to
absorption, increase with B, which is in good agreement with the experimental observations
(Figs. 6.3 — 6.4). It can be observed from Figure 6.4 that the absorption of NIR photons of
different energy increases up to 65G, where the nanoemulsion droplets in the dispersion forms
short chain like structures (Figs. 6.1b-c). Beyond B = 65 G, the short chains form longer chain-
like structures (Figs. 6.1d-e) along the B direction and absorption starts decreasing (Fig. 6.4).
The Qaps for NIR also starts decreasing above ka; ~ 3.79 (inset of Fig. 6.9). With the increase
in B, the chain length increases due to head to tail aggregation of emulsion droplets (Figs. 6.1c-
e). Simultaneously, the space between the chains also increases which decreases the effective
scattering cross section and Qgus. The decreasing trend in Qgs With size parameter (Fig. 6.9)
explains the decay of absorption of NIR photons in nanoemulsion beyond B = 65 G (Fig. 6.3

and 6.4).

6.4 Conclusions

The effect of external magnetic field on the NIR photon absorption in nanoemulsion is
investigated. The absorption depends on the sample volume fraction and in presence of an
external magnetic field, the NIR photon absorption by nanoemulsion increases up to a critical
external magnetic field and beyond that the absorption decreases which is attributed to the
change in Mie absorption efficiency. Up to a critical external magnetic field, the dimensions of

field induced aggregates are smaller than the wavelengths of the interacting NIR photons
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(Rayleigh regime), where the imaginary part of the refractive index of nanoemulsion increases

with sample volume fraction. The calculated K; follows a power law increment with sample

volume fraction (k; ~ ¢, where pistheexponent) where p linearly decreases with external
magnetic field, which clearly indicates that the field induced structural ordering of
nanoemulsion droplets significantly contribute towards the absorption of NIR photons. Beyond
the Rayleigh regime, the field induced increment in the aggregate length and inter chain

distance between aggregates resulted in a reduction in the NIR absorption.
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Chapter VII Probing the Effect of Suspended Nano-particle Size on

Magnetic Field Induced Structural Transitions in

Ferrofluids

7.1 Introduction

The effect of external magnetic field on aggregation of magnetic nanoparticles and its
influence on propagation of light have been studied extensively [372]. Recently, the role of the
applied field exposure time and viscous force on the particle aggregation and de-aggregation
kinetics in magnetic nanofluids was studied experimentally using light scattering techniques
[235]. Also, the kinetics of particle aggregation in magnetic nanofluid has been studied using
various techniques [187, 208, 209, 373]. Studies show that the functional groups adhered to
nanoparticles (stabilizers) can influence the kinetics of field induced chainlike formation in
magnetic nanofluid [374]. Among other influencing parameters, the dipolar interaction among
the magnetic nanoparticles is the main driving force for particle aggregation process and field
induced structural transitions [59]. However, for a given condition (constant external magnetic
field strength and particle volume fraction), the particle size has a strong influence on the
dipolar interactions, that can affect the magneto-optical properties of nanofluids significantly.
Studies show that the non-linear index of refraction and photon absorption in magnetic
nanofluids are affected by nanoparticles size and the coating agents [375]. However, no
systematic experimental study has been reported on the role of suspended particle size on the
external field induced particle aggregation process, and the resulting optical properties of
magnetic fluids.

In this chapter, the variation of normalized transmitted light intensity and transmitted speckle
patterns as a function of external magnetic field in three different water based ferrofluids

containing magnetic nanoparticles of three different hydrodynamic diameters is presented. The
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primary objective of this study is to obtain insight into the effect of particle size on magnetic
field induced aggregation and its kinetics.

7.2 Experimental Details

The details of the ferrofluid samples used in this study is explained in Chapter 11 (section 2.2).
The transmitted light intensity is measured as a function of B using the experimental set up
shown in Figure 2.3. The direction of the incident light is perpendicular to the direction of B.
The detailed procedure of acquiring the transmitted light intensity through the samples and the
scattered light as a function of B and size measurement by DLS are explained in Chapter 11

(sections 2.3 & 2.5).

7.3 Results and Discussion
7.3.1 Field Induced Light Transmission Through Three Ferrofluids having Different
Sized Magnetic Nanoparticles in Dispersion

Figure 7.1 shows the transmitted light scattering pattern, projected on a screen, from three
different ferrofluids at B = 0, 100, 200, 300 and 400 G. Figures 7.1(a—e) correspond to PAA
coated Fe3O4 nanofluid, Figures 7.1(f-j) correspond to TMAOH coated Fe3;O4 nanofluid and
Figures 7.1(k—0) correspond to phosphate coated Fe;O4 nanofluid. For all the three cases, ¢
=0.00916. In the absence of B (= 0 G) only a bright circular spot is observed. But on increasing
B, a straight line like pattern is observed. Similar trend was observed in all the three cases.
Nevertheless, features of the straight line pattern are slightly different for the three samples.
For the PAA coated Fe;O,4 nanofluid, the straight line pattern is formed within a field of 100 G,
whereas, in the other two samples they are discernible above 100 G only. The straight line like
pattern is observed at a lower B for the TMAOH coated Fe3O4 nanofluid, compared to the

phosphate coated Fe3O,4 nanofluid.
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Fig. 7.1. Transmitted light intensity projected on a screen from three different ferrofluids at
different external magnetic fields (B = 0, 100, 200, 300, 400G). (a-e) PAA coated Fe3O,
nanoparticles. (f-j) TMAOH coated Fe;O, nanoparticles. (k-o) Phosphate coated Fe;Oq

nanoparticles. In all cases volume fraction, ¢ = 0.00916.

In the presence of B, the coated Fe3O, nanoparticles in dispersion form chainlike structures that
are aligned along the direction of B [235, 273, 282, 376].
The optical properties of particle aggregates in dispersion are different from that of solid

particles, because the optical cross-sectional area of the particle aggregates in the former
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becomes larger than the bare solid particles of the same mass [262]. The field induced
evolution of transmitted light pattern (straight-line like), in ferrofluids depends on the
hydrodynamic diameter (dn) of magnetic nanoparticles [282]. As the d, of the PAA coated
nanoparticles is the highest, the straight line like pattern is fully evolved within a field strength
of 100 G. On the other hand, for the TMAOH and phosphate coated nanoparticles, straight line
like pattern is observed at a higher B. Because the coating layer thickness in all the three cases
are nearly same (~1-1.5 nm) and the primary Fe;O4 nanoparticle size is ~10 nm, the observed
hydrodynamic diameters indicates that 2—4 primary particles form aggregates upon coating
with different functional groups.

Figure 7.2 shows the normalized transmitted light intensity as a function of B for the three
different ferrofluids. The inset of Figure 7.2 shows the transmitted light pattern from the
phosphate coated magnetic (FesO,) fluid (d, = 15 nm) at 430 G. In general, the normalized
transmitted light intensity as a function of B shows a similar behavior for all the three samples.
Initially, the normalized transmitted light intensity increases and attains a maximum at a
certain B, called the first critical field (Bci1). Beyond Bci, the normalized transmitted light
intensity decreases continuously and becomes a minimum at a second critical field (Bc2). The
values of B¢y (and Bc,) for the ferrofluids with phosphate, TMAOH, and PAA coated magnetic
nanoparticles are 126 (632), 98 (478) and 78 (382) G, respectively. This shows that the critical

fields shift towards higher values with decreasing dy, of the suspended nanoparticles.
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Fig. 7.2. Normalized transmitted light intensity as a function of external magnetic field from
three different ferrofluids in the same dispersion (water) but with different particle
hydrodynamic diameters (d, = 46, 30, 15 nm) and surface coating agents (PAA, TMAOH,
Phosphate). ¢ ~ 0.00916 and the field ramp rate ~2.5 G/s in all the three systems. Inset image

shows the transmitted light pattern from a ferrofluid at 430G.
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It has been earlier reported that the magnitudes of the critical magnetic fields (B¢ and Bcey)
depend on ¢ and follows a power law dependence [271] due to a disorder—order transition of
magnetic nanoparticles in dispersions [183, 272]. Here, we have shown that for three different
ferrofluids, with same ¢ and varying dy, the critical fields shift towards higher B with
decreasing d, of dispersed magnetic nanoparticles.

Figure 7.3 shows the variation of the critical magnetic fields as a function of dy, of the magnetic
nanoparticles. Bci, Beo show power law dependence with dy (Bc ~ dn”). The values of the

exponent (y) for B¢y, Be are 0.41, 0.44 respectively.
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Fig. 7.3. Critical magnetic fields (Bc; and Bc)as a function of hydrodynamic diameter (dp). Bc:

and Bc, follow power law decay with dy (B¢ ~ dn”) where the exponents are 0.41and 0.44,

respectively.
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Near the first critical field, the magnetic nanoparticles form single chain like structure along
the direction of B and the aspect ratio of these nanochains increases progressively with
increasing B. Beyond the second critical field, structural rearrangement occurs due to lateral
aggregation of nanochains where several chains are zipped to form bundles [172]. This
aggregation process depends on B and exposure time [172, 235]. Figure 7.4 shows the
schematic of the aggregation process, the transmitted light pattern and the intensity profile of
the scattered pattern at B = 0, B > B¢y and B > Bgp. In the absence of B, the magnetic
nanoparticles are in random motion where the transmitted light shows a circular spot with the
entire light intensity distributed within the spot. For B > B¢y, the magnetic nanoparticles form
single chainlike structures along the direction of B, where some intensity of the transmitted
light is distributed in the straight line like pattern. At B > B¢, nanochains are zippered due to
lateral attraction where the intensity distribution along the line is significantly larger compared
to the earlier two cases.
7.3.2 Possible Reasons for Size Dependent Variations of Field Induced Extinction of Light

For a given ¢, a nanofluid sample with smaller d, requires a higher field strength to meet the
condition A, >>1. The observation of shifting of Bc; and Bc, towards higher B with

decreasing dn (Fig. 7.3) is in good agreement with the above condition. The field induced
aggregation increases the particle aggregate size and is related to Stokes—Einstein's relation
(Equation 2.7, Section 2.5). Therefore, with increasing d, of magnetic nanoparticles, the
diffusion coefficient decreases [67, 253, 377]. Thus, for particles with larger diameter, the
onset of chain formation commences at a lower B, which is in good agreement with the shifting
of the critical fields to a lower B with increasing dy, of the magnetic nanoparticles (Figs. 7.2 and

7.3).
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The optical absorption studies in ferrofluids show that there is no absorption peak in the visible
region in presence of a weak field [183]. Therefore, the extinction of transmitted light from a
ferrofluid in the presence of B is due to the increase in light scattering from the induced

chainlike structures oriented along the B direction [271]. The total light extinction efficiency

factor (Qex) and transport mean free path (£*) are given in section 3.3.2 [285, 286].
For ferrofluids, the refractive index increases with external magnetic field [224, 227] , which

affects the Mie scattering parameters. Further, an increase in scatterer size, due to increased

dipolar attractions leads to an enhancement of ¢* [271]. At certain values of B (critical fields),
the scatterer sizes are such that dipolar resonances occur, which significantly increases light
scattering and thereby causing an extinction of light. The external field induced resonant
behavior causes a buildup of standing waves inside the scattering medium and leads to a
significant decrease in the transmitted light through ferrofluids [183, 225]. With increasing dh
of the magnetic nanoparticles, the onset of external field induced aggregation takes place at a
lower field value.

7.3.3 Effect of Suspended Nanoparticle Size on Time Dependent Field Induced Light

Transmission

Figure 7.5 shows the normalized transmitted light intensity as a function of time at the second
critical fields 382, 478 and 632 G for the PAA, TMAOH and phosphate coated ferrofluids,
respectively for ¢ =0.00916. The higher critical fields correspond to the zippering of magnetic
field induced chains due to attractive energy between them when the chains are off registry
[172]. It can be observed from Figure 7.5 that the normalized light intensity decreases with
time and reaches a minimum value. The time corresponding to the minimum value of the
normalized transmitted light intensity is designated as tmi,. Beyond tmin, the normalized

transmitted intensity is found to increase with time. It is speculated that after achieving
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equilibrium zipped structures, more space is available between them, which causes the
normalized transmitted light intensity to increase further. The effect of d, on the tm, is also
evident from Figure 7.5. For the PAA coated magnetic nanoparticles (d, ~ 46 nm), the decay of
normalized transmitted light intensity is the fastest with the lowest ty;n. On the other hand, the
rate of increase of normalized transmitted light intensity is slowest for the phosphate coated

magnetic nanoparticles (dy ~ 15nm). Overall, tmi, shifts towards lower values with increase in dp.
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Fig. 7.5. Normalized transmitted light intensity as a function of time at critical magnetic fields

382, 478, 632 G for three different ferrofluids.
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7.3.4 Effect of Suspended Nanoparticle Size on Field Induced Transmitted Lobe Intensity

and Lobe Speckle Contrast
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Fig. 7.6. Lobe intensity as a function of external magnetic field from three different

ferrofluids. (Inset) The transmitted light is from a ferrofluid at 400 G. The arrows indicate the

lobe critical fields.

The straight line lobe part in the transmitted light pattern is due to scattering of incident light

from chain like structures oriented along the direction of B, which is perpendicular to the

direction of the incident light in the present case. Figure 7.6 shows the variation of the intensity

of a portion of the lobe part (indicated in the inset of Fig. 7.6 for phosphate coated ferrofluid at
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400 G) as a function of B for the three ferrofluids with different dy. It can be seen that for all
the three samples, the intensity of the lobe part remained constant at a very low value up to a
certain field, designated as lobe critical field (B.c). Beyond B¢, the intensity of the lobe part
increases continuously with increasing B due to field induced chain like structure formation.
The B¢ is the highest for the phosphate coated magnetic nanoparticles dispersed in water with
the smallest dy, (i.e. 15 nm) whereas, the B, c was the lowest for the PAA coated magnetic
nanoparticles. Therefore, the critical lobe field shifts to higher values with decreasing d.
The combination of bright and dark intensity points and the irradiance level in-between these
two extremities on the lobe part of the transmitted light intensity pattern constitutes speckles
[244, 296]. If the randomness of the media dies out and approaches towards an ordered state,
the probability that the scattered wavelets from the media will be in phase rather than dephased
is higher. This leads to the enhanced probability of constructive interference of the scattered
waves [296]. In the present case, the speckles on the lobe part of the transmitted light intensity
pattern become prominent after the first critical field.
Figure 7.7 shows the variation of the speckle contrast on a lobe part as a function of B for all
three ferrofluids. The measurement of the speckle contrast is done in the range of 100600 G

by using Equation 4.5 (Section 4.3.1.3).
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Fig. 7.7. Lobe speckle contrast (C.) as a function of external magnetic field (B) in three
different ferrofluids. Solid lines correspond to linear regression analysis of the experimental
data. Inset image (a) the scattered pattern from ferrofluid (phosphate coated Fe3O4
nanoparticles in water) at B = 300 G and image (b) 3D surface plot for intensities of speckles

on small portion of the scattered lobe part at B = 300 G.
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The speckle contrast on the lobe part originates due to the scattering from the ordered internal
structures (i.e. linear aggregates). Inset (a and b) of Figure 7.7 shows the scattered light pattern
from the phosphate coated ferrofluid (at 300 G) and the 3D surface plot of speckle intensity
distribution of a part of the lobe, respectively. For a static speckle pattern, the speckle contrast
Is close to unity (maximum value), which is called a ‘fully developed’ speckle pattern. In
dynamic systems, the speckle contrast is less than unity due to the motion of scattering centers
and the overall speckle pattern appears blurred. It is observed that the speckle contrast (C.) in
the lobe part increases linearly with increasing B. This shows that the random Brownian
movement of aggregates decreases with increasing field strength. Similar trend is observed in
all the three samples. For a given external magnetic field, C. is higher for ferrofluid with larger
dy. It should be noted from Figure 7.7 that the speckle contrast value is significantly lower than
unity at higher fields (B > 500 G), though the scatterers are almost stationary in the dispersion
medium. This is probably due to the surface roughness of the field induced chain like
structures. Also, the thermal fluctuations in the carrier liquid can restrict the speckle pattern
from being ‘fully developed’ [296]. For a given field strength, the nanoparticles with the
highest particle diameter will have the strongest coupling within the chains. Therefore, with
increasing dy, a reduced thermal fluctuation and a higher value of speckle contrast is expected,
which is in good agreement with our experimental findings (Fig. 7.7).
7.4 Conclusions
The effect of hydrodynamic particle size on the magnetic field induced light transmission and
transmitted speckle pattern in water based ferrofluids, containing poly-acrylic acid (PAA),
tetra-methyl ammonium hydroxide (TMAOH) and phosphate functionalized Fe;O4
nanoparticles of size ranging from 15 to 46 nm, is studied in this chapter. In all the three

ferrofluids, the transmitted light intensity shows two distinct critical magnetic fields,
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corresponding to the onset of aggregation and the onset of zippering, respectively. Both the
critical fields shift towards lower magnetic fields, as the hydrodynamic particle diameter
increases. The critical fields also show power law dependence on the hydrodynamic diameter.
The time dependent study shows that the transmitted intensity becomes a minimum prior to
zippering transition but increases on zippering transitions due to opening up of the otherwise
filled space between the chains. The first critical field decreases with increasing hydrodynamic
diameter. Above the first critical field, the lobe part of the transmitted intensity and the lobe
speckle contrast increases with increasing magnetic field. The speckle contrast is higher for
nanoparticles with larger hydrodynamic diameter, due to reduced Brownian motion of the

aggregates, owing to a stronger dipolar coupling.
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Chapter VIII Probing the Effect of Temperature on Magnetic Field
Induced Structural Transitions in Ferrofluids

8.1 Introduction

Particle aggregation changes the physical properties in colloidal systems [261, 378-380]. The
fundamental understanding of the influence of aggregation parameters such as particle size,
temperature, viscosity on aggregation process in colloidal systems is important from practical
applications point of view [375, 381]. The field induced aggregation in magnetic nano-
colloidal systems is mainly due to dipolar interaction between the dispersed magnetic
nanoparticles [235, 274, 275]. Though numerous studies have considered the effect of dipolar
interaction on field induced aggregation in magnetic nano-colloidal systems, the effect of
temperature on field induced aggregation and related magneto-optical properties has not been
systematically studied earlier. In this chapter, we have systematically studied the effect of
temperature on the external field induced light transmission in kerosene based ferrofluids.

8.2 Experimental Details

The kerosene based ferrofluid samples used in this study is a disordered magnetic medium as
explained in Chapter Il (section 2.2). The detailed procedure of acquiring the transmission
spectra through the samples as a function of B has been explained in Chapter Il (section 2.4).
Here, the direction of incident light was kept parallel to the direction of B and the ferrofluid
was taken in a cuvette of path length, L = 10 mm and kept inside a Peltier based temperature
controlled cuvette holder. The specimen temperature was varied using a programmable

temperature controller. The ¢ was kept constant at 0.00155 throughout the experiments.
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8.3 Results and Discussions
8.3.1 Wavelength Dependent Behavior of Magnetic Field Induced Light Transmission in

Ferrofluids at Fixed Sample Temperature

Figure 8.1 shows light transmission through the ferrofluid as a function of 1 at five different B
=0, 62, 130, 196 and 264 G. The specimen temperature is kept constant at 278 K. The light
transmission increases with 4 for all B. As the Fe3O4 nanoparticle size is much lower than 4 (
a <<A) the light scattering can be described using Rayleigh’s theory, where the scattering

efficiency is inversely proportional to the fourth power of the incident wavelength, i.e.

Qqea % [286]. Hence, the observed decrease in the scattering intensity with increasing 4 is in
A

good agreement with Rayleigh’s theory and this explains the increase in the transmission of

incident light with increasing 4 in the ferrofluid. It can be further observed from Figure 8.1 that

the transmission of incident light is highest at B = 0 G and it decreases with increase in B.
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Fig. 8.1 Light transmission as a function of light wavelength (1) at different external magnetic
fields (B = 0, 62, 130, 196, 264 G) in a ferrofluid. Range of 1 is 675-750 nm and specimen

temperature (T) was kept constant at 278 K.

In the absence of B, the oleic acid coated Fe;O4 nanoparticles are randomly dispersed in the
carrier liquid due to Brownian motion of particles. On application of B, the magnetic moments
of the individual nanoparticles orient themselves along the direction of B and form linear chain
like structures [59, 273]. When the magnetic coupling constant (Acoup) between two
nanoparticles is greater than one (Acoup>>1), the dispersed magnetic nanoparticles undergo a
disorder to order transition leading to the formation of linear chain like structures due to head-
on aggregation of the dispersed nanoparticles along the direction of B [172, 284, 382]. The
interaction of incident light with such linear chain like structures with their axis parallel to the
direction of propagation of light gives rise to a ring like transmission spectrum [282]. The
aggregation of nanoparticles increases with B due to increase in the dipolar interaction leading
to a larger scatterer size [376]. On application of B, the magnetic nanoparticles form single
chain like structures along the direction of B up to B¢y and beyond that zippering of chains
takes place due to lateral aggregation resulting in bundles of nanochains [172]. The length of
these chains increases with B and the aggregation process depends on the strength of the field
and exposure time. When the scatterer size is comparable with the A the scattering regime
changes from Rayleigh to Mie region.

The transmission, absorption and distribution of the scattered light, during passage through a
magnetic nanofluid depend on the nature of the dispersed scatterers [256, 285]. The total
extinction efficiency (Qex) is the sum of scattering efficiency (Qsca) and absorption efficiency

(Qabs) and can be expressed by the following equation [285].
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ext = Qsca + Qabs (8-1)
The mathematical expressions of Qex and Qaps have been provided in Chapter VII (Equation

7.1) and Chapter VI (Equation 6.4), respectively and

2 2
Quea = (20 +1)(a,| +]b,*) (8.2)

where, a, and b, are the Mie scattering parameters which depend on the scatterer size
parameter (X = ka, where a is the radius of the nanoparticle and £ = 2z/2).

The magnetic permeability (u) increases with increasing B for ferromagnetic scatterers [289].
At certain values of the external magnetic field the scatterer sizes are such that Mie resonances
occur leading to a buildup of standing waves inside the scattering medium resulting in
subsequent delay in light propagation causing the light transmission to decrease with
increasing magnetic field as shown in Figure 8.1 [225].

Figure 8.2 shows the theoretical plot of Qe at lower values of the ka for four different 1 (=
675, 700, 725 and 750 nm). It can be seen from the figure that the peak value of the extinction
efficiency decreases with increasing A and hence, light transmission increases with 1 for a
constant B as shown in Figure 8.1. As discussed earlier, in the absence of field, the increase in
light transmission with increasing A can be described by the Rayleigh scattering theory,
whereas, in presence of an external field the individual nanoparticles form linear chain like
structures due to dipolar interaction leading to a larger scatterer size and the system can be
described by Mie scattering theory where the extinction efficiency decreases with increasing 4

resulting in an increase in field induced light transmission with 4.
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Fig. 8.2 Qex as a function of ka at different 1 ~ 675, 700, 725, 750 nm. Variation of Qg is

shown at lower values of ka.
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8.3.2 Temperature Dependent Field Induced Light Transmission and Possible Reasons of

Temperature Effect on Transmission
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Fig. 8.3 Normalized transmitted light intensity as a function of external magnetic field (B) at

different sample temperature (T = 278, 288, 298, 303, 318K) in ferrofluid. Light wavelength, 1

= 700 nm. Solid lines correspond to the linear regression analyses of the experimental data.

The adjusted R? for the linear regression analyses are 0.97, 0.99, 0.99, 0.99 and 0.96 for T =

278, 288, 298, 303 and 318K, respectively.
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Figure 8.3 shows the variation of normalized transmitted light intensity as a function of B for
ferrofluid at five different specimen temperatures viz. T = 278, 288, 298, 303 and 318 K. For
all the cases the 1 is kept constant at 700 nm. It can be seen from the figure that for all values
of T, the normalized transmitted light intensity decreases with increasing B owing to the Mie
resonance induced buildup of standing waves inside the scattering medium due to enhancement
of ka with B. It can be further observed from Figure 8.3 that the field induced light extinction
occurs at lower B for lower T. The solid lines in Figure 8.3 indicate the linear regression
analyses on the experimental data points where the slopes provide the rate of field induced
light extinction (Ryans). Figure 8.4 shows the variation of Ryans as a function of T and it can be
seen that Ryans linearly decreases with increasing T. The normalized transmitted light intensity
shows linear dependence with B for all five T and does not show critical field like behavior
[376] or saturation in the transmitted intensity profile due to extremely low ¢ of the ferrofluid
used in the present study.
The coupling constant, which determines the strength of the dipolar interaction with respect to
the thermal energy of the specimen, is inversely proportional to T and hence, aggregation
kinetics will vary with T. In the absence of B, the dispersed nanoparticles undergo random
Brownian motion and the diffusion coefficient can be expressed by the Stokes-Einstein

equation (Chapter I, Equation 2.7).
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Fig. 8.4 Rate of extinction of normalized transmitted light intensity (Rtrans) @s a function of

sample temperature (T). Solid line corresponds to linear regression analysis of the experimental

data and adjusted R? is 0.96.

From the Stokes-Einstein equation it is evident that the diffusivity linearly increases with T (as

shown in the inset of Fig. 8.5). Moreover, the root mean square velocity (Vrms) Of the dispersed
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nanoparticles undergoing random Brownian motion also increases with T (Vrws is directly

proportional to T>°) and can be expressed by the following equation [383].

1 [18K,T
d, \ mod,

Vews = (8.3)

Here, p is the density of the nanoparticles. It has been reported earlier that for kerosene based
ferrofluid, the variation in absolute viscosity with T is not significant for the ferrofluid and the
base fluid. Hence, with increase in T, the root mean square velocity and diffusivity of
dispersed nanoparticles increases because of an enhancement of Brownian motion. On
application of B, the dipolar attraction between the magnetic nanoparticles causes the particles
to form linear chain like structures along the direction of B. The aggregation process is
hindered by the enhanced Brownian motion for higher T leading to slower aggregation kinetics
at higher T. Figure 8.5 shows the variation of coupling constant as a function of T (using Eq.
3.3,) for three different values of B (= 100, 150 and 200 G). It can be seen that for all values of
B, the coupling constant decreases with increasing T indicating a slower aggregation kinetics at
higher T.

With increasing T, the Brownian motion of the dispersed nanoparticles increases and hence,
higher B is required to form linear chain like structures, causing the extinction of transmitted
light intensity to shift to higher B values as shown in Figure 8.3. The rate of extinction of light
transmission also decreases linearly with T (Figure 8.4) indicating an increase in the time scale

of aggregation kinetics at higher T due to a linear increase of diffusion coefficient with T.
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Fig. 8.5. Coupling constant (4coup) as a function of sample temperature (T) at three different
external magnetic fields (B = 100, 150, 200 G). (Inset) Diffusion coefficient (D+) as a function

of T.

Such temperature dependent field induced extinction of normalized transmitted light intensity

is possible only under the influence of B and not under thermo-optical effects as the rate of
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change of refractive index as a function of T is extremely low in nano-colloidal systems
without external fields. Thermo-optical effect occurs due to modulation of refractive index of a
medium as a function of T. For nano-colloidal systems the rate of change of refractive index
with respect to the T is very low (~10™) [384]. Hence, the change of refractive index is
negligible for nominal variation in T (278 — 318 K in the present study). On the other hand, in
the presence of B, ferrofluids exhibit magneto-optical effects due to spatial anisotropy caused
by external field induced structural reorganization which ultimately causes enhancement of
size parameters and an extinction of transmitted light intensity at a certain value of B and T.
With increase in T, the field induced extinction of transmitted light intensity occurs at a higher
field giving rise to temperature dependent magneto-optical properties.

Figure 8.6 shows the variation of light transmission as a function of A at four different T (=
278, 288, 303 and 318 K) and at B = 130 G. As discussed earlier, the light transmission
increases with A due to decrease in extinction efficiency with increasing /. It can be seen from
the figure that the light transmission is higher at higher T due to the higher contribution from
the thermal energy, which hinders the aggregation process to form field induced linear chain
like structures along the direction of B. Due to increase in diffusivity of the suspended
nanoparticles, the size parameter decreases which results in an increase of light transmission at
higher T as depicted in Figure 8.6. It can be further observed from Figure 8.6 that the field
induced light transmission (at 750 nm) increases by 11 , 25 and 33% when the temperature is
increased by 10, 25 and 40 K, respectively from 278 K. This shows that there exist
possibilities of temperature sensitive tuning of field induced light transmission in ferrofluids

which can be used for temperature sensitive optical sensors.
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Fig. 8.6. Light transmission as a function of incident wavelength (1) at different sample

temperature (T = 278, 288, 303, and 318 K) for the ferrofluids. Here, external field, B = 130 G.
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8.3 Conclusions
The effect of temperature on field induced light transmission in a kerosene based ferrofluid
containing oleic acid coated Fe;O,4 nanoparticles of average size 6.5 nm is studied. At a fixed
specimen temperature the light transmission monotonically increased with wavelength in the
presence of an external magnetic field due to reduced extinction efficiency at higher
wavelength. It is further observed that the light transmission decreased with increasing external
magnetic field due to enhancement of size parameter and the resulting buildup of standing
waves in the scattering medium. The normalized transmitted light intensity decreased with
increase in external magnetic field and the extinction occurred at lower value of external
magnetic field for lower specimen temperature. Moreover, the rate of light extinction is found
to decrease linearly with increasing temperature due to the linear increase in diffusivity of the
dispersed magnetic nanoparticles. With increase in temperature the coupling constant decreases
and hence, the field induced aggregation occurred at a slower rate leading to an increase in

light transmission.
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Chapter IX Conclusions and Future Perspective

The present chapter summarizes the results obtained from the studies on magnetic field

dependent structural transitions in magnetic fluids using light scattering, absorption and

speckle pattern analysis.

9.1 Conclusions

>

The dramatic changes in the transmitted light intensity in magnetic fluids in presence of
magnetic fields are explained using the dipolar Mie resonance phenomena in the

scattering medium [376, 385].

Magnetic field induced aggregation of nano sized particles in magnetic fluids changes the
dimension and surface roughness of the aggregates which strongly influences the
transmitted light speckle parameters such as contrast, polarization, speckle correlation
coefficients etc [376, 385].

Speckle pattern on the transmitted light spot from magnetic fluids in the presence of an
external magnetic field shows a linear increase in speckle contrast with external
magnetic field, which indicates a transformation from ‘dynamic’ to ‘fully developed’
speckle pattern due to the formation of chain-like structures by nano sized particles in

dispersion [376].

The surface roughnes of field induced aggregates is found to hamper the speckle pattern
from being ‘fully developed’. The speckle contrast is found to increase linearly with
external magnetic field because of the evolution from highly dynamic to nearly static

scatterers in the dispersion.
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Chapter IX

The backscattered light intensity is found to diminish with external magnetic field due to
a delay of light propagation due to the formation of standing waves in the scatterering

medium [386].

The backscattered speckle contrast is found to increase with external field due to
evolution of scatterers from dynamic to a nearly static state. Also, it is observed that a
small change in backscatter angle causes a large variation in field dependent

backscattered light intensity [386].

The study of magnetic field dependent near infrared photon absorption in nanoemulsion
shows a volume fraction and field dependent variations in absorption because of the

variation in the Mie absorption efficiency during the structural transitions [387].

The imaginary part of the refractive index of nanoemulsion is found to vary with external

magnetic field and sample volume fractions.

After a critical magnetic field, the field induced absorption of near infrared photons
decrease because of the increase in the aspect ratio of the chain like aggregates and inter-

chain spacing.

In water based ferrofluids, the transmitted light intensity starts decreasing above a
certain magnetic field and becomes a minimum at another field. These two critical fields
signify the onset of linear aggregation process and zippering transitions. Both these
critical fields shift towards a lower magnetic field with the increasing of hydrodynamic
diameter of particles, due to reduced Brownian movement and stronger magnetic dipolar

interaction [388].
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»  The lobe part of the transmitted intensity and the lobe speckle contrast values increase

with external magnetic field and the lobe intensity, speckle contrast values found to be

highest for the nanoparticles with largest hydrodynamic diameter due to the reduced
Brownian motion of field induced aggregates [388].

»  The temperature dependent study shows that the rate of extinction of normalized

transmitted light intensity linearly decreases with increasing specimen temperature,

indicating a slower rate of field induced aggregation kinetics at higher specimen

temperature due to enhanced Brownian motion [389].

9.2 Applications
Based on above findings, the potential applications of magnetic fluids are — making of
tunable photonic devices, tunable optical grating, optical limiter, optical switches, optical
fiber modulator, temperature & field dependent optical sensors, infra red optical sensors

etc.

9.3 Future Perspective

»  Probing the role of viscosity of carrier liquid on the aggregation kinetics and magneto-
optical properties in magnetic fluids.

»  Probing the nature of stabilizing moieties on the aggregation kinetics and magneto-optical
properties in magnetic fluids.

»  Probing the role of non-magnetic particles in magnetic fluids on magnetic field induced
structural transitions and associated magneto-optical properties.

»  Development of optical limiters, field sensors etc using magnetic fluids.
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