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Abstract

In recent years, the magneto-optical properties of magnetic nanofluids have received increasing attention due to their wide
range of applications in various solar energy conversion processes and also as smart fluids in tunable photonic device,
optical switch, optical fiber sensor, etc. This article reviews up-to-date developments in magneto-optical transmission in
ferrofluids for different optical applications. With magnetic field, the magnetic nanoparticle will undergo interesting
structural transitions including chainlike formation and lateral coalescence, leading to various light transmission
phenomena in ferrofluids. The orientation of the magnetic field relative to the incident light has a significant influence on
the intensity of transmitted light through the suspensions. For incident light along the magnetic field, the polarization
direction of light has a negligible effect on the magneto-optical transmission. However, the polarization direction of light
should make a great difference for light normal to the field direction. These recent studies are comprehensively reviewed,
and their main findings and potential applications are also presented and discussed. Our study is supposed to provide a
general view on the research trends, existing problems and future work for the investigation of magneto-optical

transmission in magnetic nanofluids.
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1. Introduction

Magnetic nanofluids (MNFs), also called ferrofluids, are colloidal dispersions containing magnetic nano-sized
particles (Fe3Os, y-Fe,03) and base fluids (hydrocarbons, water, and so on). They have both the magnetism similar to other
solid magnetic materials and fluidity like other liquids [1, 2]. When there is no magnetic field, the suspensions are isotropic.
Once the external field is applied, they show anisotropic characteristics and exhibit magneto-optic phenomena, for example
birefringence, dichroism, magneto-optical transmission, etc [3-6]. In recent years, the magneto-optical properties of
ferrofluids have received extensive attention due to their wide range of applications like tunable photonic devices,
holographic optical tweezers, sensors and so on [7].

Light transmission in suspensions containing magnetic particles has been a topic of interest both theoretically and
experimentally [8-12]. Because of the limitations to prepare monodispersed nanofluids with good stability [13], the early
studies mainly focused on ferrofluids composed of micron-sized magnetic particles. The magneto-optical effects in
magnetic nanofluids were first explored in 2008 by Philip et al. [13, 14]. They found the transmitted light intensity in
ferrofluids would decrease dramatically at a critical magnetic field where the incident light was set to be along the field
orientation. The critical field intensity followed a power law decay with the nanoparticle content suggesting the structure
transformation. Besides, the transmitted intensity was observed to recover to the initial state when the external field
disappeared. Based on careful analysis, they proposed the resonances inside the aggregated nanoparticles should be the
origin for such interesting findings. Followed by them, Rablau et al. [15] investigated the time evolution of magneto-
optical transmission behaviors in magnetic nanofluids. For light along the field direction, the transmitted intensity was
found to decrease rapidly to zero and then it would increase gradually with the time. Moreover, they reported the

characteristic time 7o for the extinction of light varied approximately inversely with the external field intensity. The time



evolution of light transmission could be rationalized through consideration of particle aggregation processes. Eloi et al.
[16] further studied the field dependence of light transmission in ferrofluids made up by nanosized particles. A different
theory was proposed by them that the rotating of particle aggregates should result in the reduced light transmission in the
initial stage. Moreover, they also concluded that the emergence of columnar aggregates should be responsible for the
minimum transmitted intensity.

In 2012, Philip and Laskar [7] reviewed the magneto-optical transmission studies in ferrofluids and their potential
applications. After that, the light transmission in ferrofluids was still a hot topic and gained increasing concern in the past
several years [17-20]. However, to the best of our knowledge, the recent studies related to magneto-optical transmission in
magnetic nanofluids are not reviewed yet. Therefore, the objective of our work is to review the recent developments in
magneto-optical transmission in magnetic nanofluids for different optical applications. Since the structural transition has a
great influence on the light transmission, the field-induced particle aggregation is thus briefly introduced in Section 2.
Recent researches with respect to magneto-optical transmission in ferrofluids are summarized in Section 3, mainly
including two cases that the incident beam is orientated along and normal to the field direction respectively. Besides, recent
studies in regard to other orientations between light and magnetic field are discussed as well. In Section 4, some potential
applications for the magneto-optical transmission in ferrofluids are presented. Finally, the recent research findings and the
future work are concluded in Section 5.

2. Field-induced aggregation of magnetic nanoparticles

The magneto-optical transmission in ferrofluids is closely related to the particle aggregation process. Therefore, to
better understand the light transmission behaviors, the field-induced particle aggregation is first introduced in this section.

When there is no magnetic field, nano-sized particles are randomly distributed in ferrofluids due to Brownian motion
[21]. Once the external field is switched on, the suspended nanoparticles can acquire dipole moments, which tend to get
along with the field direction. The effective magnetic interaction between magnetized particles against their thermal energy

can be described by the following parameter [22, 23]:

3.2 2
Ll H (1)
72k, T

where xo represents the permeability of vacuum, d and y represent the diameter and the susceptibility of magnetic
nanoparticles respectively, T represents the temperature, kg represents the Boltzmann constant and H represents the field
intensity. When the value of L is much larger than 1, the Brownian particles in ferrofluids will self-assemble to form
chainlike structures (Fig. 1(a)) that are along the field direction [22, 23]. This aggregation process has been confirmed by

experiments [24-26] and numerical simulation [27-29].



Under the external field, the particle chains can further coarsen to form column structures (Fig. 1(b)) through lateral
coalescence. It was found that, with the increase of field strength, the chain-like clusters would get much longer and much
thinker as well [21]. Moreover, the lateral coalescence can also be a time-dependent process dominant by three proposed
mechanisms including thermal fluctuation [30, 31], defect perturbation [31, 32] and lateral interaction [33]. A HT theory
was first proposed by Halsey and Toor [30] that a long-range interaction between particle chains can be generated by the
thermal fluctuation, causing the thermally driving coarsening. However, Martin et al. [31, 32] found the lateral coalescence
can be induced by topological defect in particle chains without thermal fluctuation. It was also speculated by them that the
particle roughness should have a great impact on the aggregation process. A following study reported by Furst and Gast
[33] showed that the lateral interaction between individual chains was expected to govern the long-term variation of particle
structures in the suspensions. Besides, they observed that rigid chains should interact with each other only at short distances,

while flexible chains performed attraction in the long range which agreed well with HT theory.
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Fig. 1 Schematic diagram of field-induced particle aggregation in ferrofluids. (a) Chainlike formation. (b) Lateral coalescence.

3. Recent studies for magneto-optical transmission

Most recent studies with respect to the magneto-optical transmission in magnetic nanofluids were conducted for the
two orientations between incident light and magnetic field: light along and normal to the field direction respectively. These
two typical cases are the focus in our study and the relevant literatures are comprehensively reviewed in the following.
Besides, several cases for other orientations are also briefly introduced and discussed.
3.1 Light along the field direction

Recent studies related to the light along the field direction are presented in this section. It should be noted that Laskar
et al. [34] has proved that the light polarization direction has negligible influence on the optical transmission in ferrofluids
for light along the magnetic field. Therefore, the effect of light polarization was not considered in the below- mentioned
studies. Huang et al. [35] investigated the transmitted light relaxation behaviors in ferrofluids composed of CoFe;O4
nanoparticles (~ 10 nm) under gradient magnetic fields. When a low-gradient magnetic field was applied, it was found that
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the transmitted intensity first reduced to the minimum and then it gradually increased to its initial value. Finally, the
intensity either increased or decreased slowly depended on the field gradient direction. This relaxation process was
explained by the formation of particle columns and their following motion caused by the external field. Under the high-
gradient field, they found that the transmitted intensity reduced continuously and showed a slower trend compared to that
under the field with low gradient.

Li et al. [36] studied the magneto-optical relaxation behaviors in ferrofluids containing y~Fe>O3/Ni>O3 composite
nanoparticles under centripetal gradient magnetic field. The central field intensity is 300 Gs and the field gradient is 30 Gs
mm’'. Results show that the transmitted light through y~Fe,O3/Ni>O; ferrofluid samples performs similar relaxation
behavior as other ferrofluids, indicating the formation of particle chains and their following motion. They also investigated
the light transmission properties of binary ferrofluids containing ferromagnetic y—Fe>O3/Ni>Os (A particles, 11.21 £ 0.28
nm) and noncrystalline Fe,O3 (B particles, 6.54 + 0.35 nm) nanoparticles in the presence of centripetal gradient magnetic
field [17]. Their results indicate that the transmitted light tends to stabilize faster for binary ferrofluids with higher volume
fractions of weak magnetic B particles. This phenomenon should be attributed to the variation of the magnetic divergent

force as well as the viscosity drag force in the damping-like aggregation process of A-particle chains.
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Fig. 2 Magneto-optical extinction trend inversion dependencies of characteristic time 71 on the magnetic field pulse intensity at incident

light wavelengths of 18, A, Ar, and Ar, repectively [37].

Optical transmission properties of thin water-based Fe3O4 ferrofluid layers under pulse uniform magnetic field were
experimentally investigated by Shulyma et al. [19]. The nanoparticle has an average diameter of 11.5 nm and the volume
fraction of the suspensions was set to be 1.2%. Results reveal that, under the influence of external field, the transmitted
intensity first decreased rapidly and then recovered to its initial state even before the disappearance the field pulse. The
observed phenomenon is termed as magneto-optical extinction trend inversion (ETI). The characteristic inversion time 7;

was found to be dependent on both the magnetic pulse intensity and the samples thickness. The experimental outcomes can



be explained by the growth of columnar particle chains and lateral aggregation, resulting in a transition of light scattering
type for Rayleigh scattering to Mie scattering. Moreover, by molecular dynamics simulation, they demonstrated that a
uniform magnetic field can give rise to the formation of particle chains and their coalescence in the suspensions, which is
quite different from the known Li theory [38]. They further studied the ETI phenomenon in the kerosene-based Fe;O4
ferrofluid layers at various optical radiation wavelengths, namely, g = 450 £ 10 nm, A = 530 + 10 nm, /g = 630 nm, and
Air = 1060 = 10 nm [37]. Results plotted in Fig. 2 indicate the characteristic inversion time 7; shifts to smaller values at
lower incident wavelengths. However, the ETI phenomenon was not observed for very dilute (¢v < 0.3%) and very

concentrated (¢v > 2%) ferrofluid samples.
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Fig. 3 Time evolution of transmitted intensity for ¢ = 0.005% ferrofluids at incident wavelength (a) 600 nm-800 nm and (b) 900 nm-
1200 nm where the field intensity is 100 Gs [20].

Jin et al. [20] also investigated the wavelength dependence of magneto-optical transmission in ferrofluids. The
suspensions contain Fe3O4 magnetic nanoparticles (~ 15 nm) and the field intensity is 100 Gs. Similar to the results reported
by Shulyma et al. [19, 37], ETI phenomena were also observed by them at different incident wavelengths as shown in Fig.
3. Interestingly, they found the dependence between characteristic time 7o and incident wavelength can be described as o
~ A% where the exponent a is equal to 2.07. Based on the FDTD simulation, the observed phenomena was explained
quantitatively taking into consideration the aggregation process of the chainlike structures and the resonance inside the
particle aggregates.

Li et al. [39] measured the transmittance of water-based Fe;O4 ferrofluids encapsulated in a sandwich-structured
display (SSD) with and without alternating magnetic field (AMF). As showed in Fig. 4, the transmittance of 8.26 wt%
ferrofluids increases remarkably from 1.3% to 83% in the presence of a 87.5 G AMF. Moreover, based on the changes in
transmittance of the ferrofluids, it was also found that the concentration of the magnetic nanoparticles, frequency, and

intensity of AMF had a great impact on the aggregation process of particle chains.
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Fig. 4 (a) Transmittance of the ferrofluids vs. incident wavelength at different fiend intensity (a), vs. field strength at different particle

concentrations (b), vs. field frequency at different particle concentrations (c), vs. time at different particle concentrations (d) [39].
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Fig. 5 Magneto-optical transmission vs. wavelength in ferrofluids at different temperatures where the field intensity is 130 G [40].

Brojabasi et al. [40] systematically investigated the magneto-optical transmission in ferrofluids under different
temperatures. As can be seen from Fig. 5, when the temperature is kept constant, the transmitted light intensity increases
monotonically with the incident wavelength. It can be explained by the decreased extinction efficiency under larger incident

wavelength based on the Rayleigh’s scattering theory (Qsa ~ 1/4*). Under the magnetic field, the parameter L for two



magnetized particles is described by Eq. (1). With the increasing of temperature, the parameter L reduces and the rate of
particle aggregation will become slower leading to the increased transmitted intensity as showed in Fig. 5. Besides, they
found the light extinction rate reduced linearly with the increase of temperature, which should be attributed to the linearly

increased diffusivity of the suspended particles.

Fig. 6 Scattering patterns and corresponding 3-D surface plots from ¢ = 0.0042 magnetic nanoemulsions at different field intensities
[41].
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Fig. 7 Transmitted intensity vs. field intensity in magnetic nanoemulsions at different particle concentrations. Inset shows the ringlike

structure for ¢ = 0.0042 magnetic nanoemulsions at B = 150 Gs [41].

Brojabasi et al. [41] also studied the field-dependent transmitted intensity and scattered pattern in magnetic
nanoemulsions. Their main results are summarized in Figs. 6 and 7. When the field intensity is below 50 Gs, the sample
keeps opaque resulted from its intense scattering as shown in Fig. 6. Beyond 50 Gs, the field induced particle aggregation
will cause the increased size parameter where the extinction efficiency of Mie scattering reduces. As can be seen from Fig.
7, they reported that the transmitted intensity increased with the increasing of magnetic field until the field intensity reached

a certain critical value and beyond which the intensity would inversely reduce. They explained this phenomenon should be



due to the formation of waveguide-like aggregation structures. It was also observed by them that the critical field intensity
would decrease at higher particle concentrations and such behavior could be described by a power law dependence,
suggesting the occurrence of transition from disorder to order.

The absorption behavior at near infrared region in the same magnetic nanoemulsions was further studied by Brojabasi
et al. [42]. It was found that the infrared absorption depended on both the sample concentration and the external field
intensity. When the field intensity is less than 30 Gs, the absorption increase is not significant. For B > 30 Gs, a rapid
increase was observed for absorption with the increase of field intensity. However, when the field intensity is larger than
80 Gs, the absorption will inversely decrease as showed in Fig. 8. Furthermore, the inset of Fig. 8 shows that the maximum
absorption value increases with the increasing in photon energy while the corresponding field intensity decreases. These

observed phenomena can be explained by the transition from Rayleigh scattering to Rayleigh-Mie transition.
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Fig. 8 Absorption vs. field intensity in ¢ = 0.0019 magnetic nanoemulsion for different photon energies. Inset shows the continuous

variations for E = 1.55, 1.46, and 1.38 eV [42].

As can be seen from the literatures introduced above, there are many studied conducted in recent years in regard to
the light along the field direction. Various experimental parameters of these studies are summarized in Table 1 which
indicates that the test conditions of them are different from each other including ferrofluid type, particle size, particle
concentration, surfactant type, field type, field intensity, etc. Even so, we can obtain some coincident conclusions from
their main outcomes listed in Table 2. For time-dependent investigations, it can be concluded that the transmitted intensity
first decreases until the minimum and then it will reversely increase along with the time [17, 19, 20, 35-37]. This also
indicates that the time evolution of transmitted intensity is of great importance for magneto-optical transmission
phenomena in ferrofluids. Also, the dependence of transmitted light intensity on the field intensity was also studied
extensively in the past several years. Results showed that beyond the critical field of certain value, the transmitted intensity

firstly shows an increase trend while after the maximum it reduces with the field intensity [39-42]. However, it should be



noted that the time effect was not considered for most field-dependent light transmission studies in the past. Therefore, it

is strongly suggested that the combined effect of field intensity and time evolution investigate simultaneously in the future

study.

Table 1 Summary of the experimental parameters for the light along the field direction in the literatures.

Authors Ferrofluid type Size (nm) Concentration (%) Surfactant Field type Field intensity (Gs)
Huang et al. [35] CoFexO4/water 10 0.25,0.5 None Gradient 400-1300
Lietal. [36] (y-Fe203/Ni203)/HNO3 10.59 3.76,9.17 None Gradient 300
y-Fe203/Ni203 (A) 11.21 (A) 0.2 (A)
Linetal. [17] None Gradient 500, 900, 1300
Fe20s (B) 6.54 (B) 0,0.1,0.4, 0.8 (B)
Shulyma et al. [19] Fe3Os/water 11.5 1.2 Oleic acid Uniform 0-3000
Shulyma et al. [37] FesOu/kerosene 11.5 0.2-2 Oleic acid Uniform 0-3000
Sodium oleate/
Jin et al. [20] Fe3Os/water 15 0.005 Uniform 100
PEG4000
2-
Lietal. [39] FesOs/water 13.6 3.68, 8.26, 19.53 Alternating ~ 0-128.6
mercaptoethanol
Brojabasi et al. [40] FesOu/kerosene 6.5 0.155 Oleic acid Uniform 0-450
Brojabasi et al. [41] FesOs/octane 8 0.14,0.22,0.42,0.7 Oleic acid Uniform 0-350
Brojabasi et al. [42] Fe3Os/octane 8 0.14,0.19, 0.22, 0.67 Oleic acid Uniform 0-250

Table 2 Summary of the main outcomes for the light along the field direction in the literatures.

Authors

Light scattering type

Main outcomes

Huang et al. [35]

Li etal. [36]

Linetal. [17]

Shulyma et al. [19]

Shulyma et al. [37]

Jin et al. [20]

Time dependent

Time dependent

Time dependent

Time dependent

Both time and

wavelength dependent

Both time and

wavelength dependent

When a low-gradient magnetic field was applied, it was found that the transmitted intensity first reduced to
the minimum and then it gradually increased to its initial value. Finally, the intensity either increased or
decreased slowly depended on the field gradient direction.

Results show that the transmitted light through p—Fe:03/Ni2Os ferrofluid samples performs similar
relaxation behavior as other ferrofluids, indicating the formation of particle chains and their following
motion.

Their results indicate that the transmitted light tends to stabilize faster for binary ferrofluids with higher
volume fractions of weak magnetic particles.

The transmitted intensity first decreased rapidly and then recovered to its initial state even before the
disappearance the field pulse. The characteristic time for extinction inversion was found to be dependent on

both the magnetic pulse intensity and the samples thickness.

The characteristic inversion time shifted to smaller values at lower incident wavelengths.

Interestingly, they found the dependence between characteristic time 7o and incident wavelength can be

described as 7o~ 4%, where the exponent « is equal to 2.07.




The transmittance of 8.26 wt% ferrofluids increases remarkably from 1.3% to 83% in the presence of a 87.5

G AMF. Moreover, based on the changes in transmittance of the ferrofluids, it was also found that the

Lietal. [39] Field dependent ) ) i ) ) )
concentration of the magnetic nanoparticles, frequency, and intensity of AMF had a great impact on the
aggregation process of particle chains.

Brojabasi et al. [40] Temperature dependent  The light transmission of ferrofluids increased with the increasing in temperature.

When the field intensity is below 50 Gs, the sample keeps opaque resulted from its intense scattering.

Beyond 50 Gs, they reported that the transmitted intensity increased with the increasing of magnetic field
Brojabasi et al. [41] Field dependent

until the field intensity reached a certain critical value and beyond which the intensity would inversely

reduce.

Under near infrared incident light, when the field intensity is less than 30 Gs, the absorption increase is not
Brojabasi et al. [42] Field dependent significant. For B > 30 Gs, a rapid increase was observed for absorption with the increase of field intensity.

However, when the field intensity is larger than 80 Gs, the absorption will inversely decrease.

3.2 Light normal to the field direction
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Fig. 9 Transmitted intensity vs. field intensity for magnetic nanoemulsions with different particle concentrations. Inset shows the blown-

up image at lower field intensities (0—120 Gauss) [43].

Most of the magneto-optical transmission studies related to the light normal to the field direction are presented in this
section. Mohapatra and Philip [43] studied the magneto-optical transmission in magnetic nanoemulsions composed of ~200
nm droplets. As illustrated in Fig. 9, beyond a critical field intensity (H.1) and particle concentration (¢ > 0.0021), they
reported that the transmitted intensity was observed to increase rapidly until a maximum appears at the second critical field
intensity (H.2). As the field intensity further increases, the transmitted intensity reversely reduces and finally it reaches a
steady state value. What’s more, they found that the maximum transmitted intensity at Hc increased linearly with volume
fraction ¢. Interestingly, both the two critical field intensities Hc; and H.; was found to be dependent on volume fraction ¢,
namely, H; ~ ¢, with parameters 0.48 and 0.27, respectively. They proposed that the optical birefringence should be the
reason for the observed phenomena resulted from the rod-like aggregate structures. This conclusion can be verified by the

speckle pattern recorded on the screen normal to the incident light as shown in Fig. 10.
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Fig. 11 The schematic diagram of the structural transition (left), the speckle pattern (middle) and the transmitted intensity distributions

(right) for three different situations [44].

In another study, Brojabasi et al. [44] studied the magneto-optical transmission in ferrofluids with different Fe;O4
nanoparticle size. The diameters of the three nanoparticles are 15, 30 and 46 nm, respectively. Without external field, there
is only a bright circular spot on the screen. With the increasing in field intensity, a straight line scattering pattern appears
containing spot and lobe parts. This can be explained by the aggregation process induced by external field as illustrated in

Fig. 11. It was also found that the transmitted light intensity increased in the initial state until it reached the maximum at



field intensity Bci. Beyond Bci, the transmitted intensity will inversely decrease with the field intensity and attained the
minimum at the second field intensity (Bcz). Moreover, as shown in Fig. 12, both critical field intensities were found to
increase to higher values with the decrease of average size of the nanoparticles in ferrofluids. The authors proposed both
the observed phenomena should be attributed to that at a constant particle concentration, ferrofluids with smaller particle

size needs larger field intensity to form particle chains and the following column structures in the aggregation process.
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Laskar et al. [45] compared the light scattering of field-induced magnetic nanoparticle chains with that of infinite

cylinders. Figs. 13(a)-(d) show that the scattered patterns and intensity distributions in magnetically polarized ferrofluids



and six-layer cylinder clusters respectively. As can be seen, there is a striking similarity of the scattered patterns between
particle chains and macroscopic cylinders. They reported that, this is mainly attributed to the much smaller size of particle
chains compared to the incident wavelength and thus the irregular aggregate structure behaves similarly as regular surfaces
of infinite cylinders. However, the scattering pattern from macroscopic cylinder showed different-order diffraction fringes,
whereas the scattering pattern from particle chains was diffused. They explained that the additional light diffraction effect
in cylindrical surfaces should be responsible for the observed difference.

Some of the studies also considered the effect of direction of light polarization on the magneto-optical transmission
phenomena in magnetic nanofluids. Desai et al. [46] investigated the influence of halloysite nanotubes (HNT) on the
magneto-optical transmission in water-based ferrofluids consisting of Fe;O4 nanoparticles stabilized with lauric acid. The
light’s electric vector (E) was set to be along the field direction (H). At low HNT concentrations, namely, 0.5% and 2%,
they found that the magnetization of the suspensions increased remarkably, while further increasing HNT concentration to
2% leaded to decreased magnetization. Results revealed that the existence of HNT facilitated the chain formation process,
which was also confirmed by optical microscopy measurement and field-dependent diffraction effects.

Two light polarization directions were investigated simultaneously by Malynych and Moroz [47]. The results in Fig.
14 show that when the light polarization is normal to field direction (E L H), the relative transmitted intensity increases by
certain degree due to the applied field. Then it reduces to a minimum value, beyond which it will increase slowly until
reaching saturation. For E // H, however, the transmitted intensity decreases by certain degree at first. A similar time
evolution was observed in the following relaxation process. They proposed that the arrangement of magnetic moments

along the field direction should be responsible for the different phenomena between E // H and E 1 H.
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Fig. 14 Relative transmitted intensity vs. time for ferrofluids. Solid line represents light along the field direction; dotted - light normal

to field direction, E L H; dashed - light normal to field direction, E // H [47].

Vales-Pinzon et al. [18] studied the time-dependent magneto-optical transmission in isoparaffin based ferrofluids in

the presence of carbon nanotubes (CNTs). They investigated the light polarization along and normal to the field direction



respectively. For E // H, the transmitted intensity of all the suspensions was found to decrease in the first stage. Then, for
suspensions without CNTs, a small increase and fluctuation in transmitted intensity were observed. On the contrary, for
suspensions containing CNTs, the transmitted intensity increases significantly and finally it reaches a constant state value,
which is depended on both the CNT volume fraction and the field intensity (Fig. 15). For E L H, it was observed that the
addition of CNTs can significantly enhance the time variation of transmitted light intensity in ferrofluids. Moreover, they
reported that the total increase of transmitted intensity was also enhanced due to the existence of CNTs. They concluded

that the presence of CNTs should promote the chains formation and thus enhance the optical transmission.
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Fig. 15 Transmitted intensity vs. time of 0.1% ferrofluids composed of 0.05% carbon nanotubes for (a) E /B and (b) E L B [18].

Socoliuc and Popescu [48] studied the magneto-optical transmission in ferrofluids under incident light with various
polarization directions relative to that of magnetic field. The results indicate that the direction of light polarization can
remarkably influence the magneto-optical tranmission in ferrofluids. When the angle of E vs. H is larger than 56°, the
transmitted intensity increases compared to that without magnetic field while for other orientations, the transmitted
intensity decreases for ¢ = 2%. At high field intensity, the transmitted intensity shows a saturation tendency for all the
cases. Moreover, they found that the optical extinction of light polarized at 54.74° relative to the field direction was positive
for the samples with low particle concentrations (2%) and negative for the samples with high particle concentrations (4%
and 8%), which was quite different from theoretically predicted result [49] that the particle orientation has negligible
influence on the extinction of light polarized at 54.74° relative to the field direction. They proposed that in low-
concentration samples, the chains formation under magnetic field is the dominant structuring mechanism resulted from
interparticle interactions. In high-concentration ferrofluids, however, the dominant structuring mechanisms become the
magnetic dipole-dipole interactions in the long range. As the result, the aggregated particle chains broken up to more
isotropic structures such as coil-like or bundle-like chains.

A theoretical work was conducted by Fang et al. [50] to simulate the extinction coefficient of ferrofluids for light

normal to the field direction by MD simulation. Fig. 16 shows the obtained results for light polarization along and normal



to the field orientation, respectively. The extinction coefficients for the two cases were found to be quite different. As shown
in Fig. 16(a), with magnetic field the extinction coefficient of ferrofluids was observed to be smaller compared to that
without magnetic field for E L H. Results also indicate that the calculated extinction coefficient decreases with the field
intensity. For E // H (Fig. 16(b)), however, they found the obtained extinction coefficient was larger compared to the no

field condition. Their results agree well with the findings reported by Fosa et al. [S1].
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Fig. 16 Extinction coefficients of ferrofluids for (a) E L H and (b) E // H where the light is normal to field direction [50].

Table 3 summarizes the experimental parameters for the incident light normal to the field direction from the recent
literatures. It can be seen all of the studies employed the polarized light for light transmission measurements. Briefly their
results listed in Table 4 show that the light polarization direction has a significant influence on the magneto-optical
transmission in ferrofluids for the light normal to the field direction. General conclusions are the transmitted intensity will
decrease when E // H while it will increase when E L H. However, there are disagreements among different studies with
respect to time evolution of transmitted intensity in the presence of magnetic field. Therefore, further investigations for
field-induced time-dependent light transmission in ferrofluids are still needed. Moreover, it should be mentioned that some
of the studies [43-45, 52] did not declare the polarization direction though the polarized light was used as the light source.
Due to the importance of polarization direction of light, we thus suggested that the polarization direction should take into
consideration when polarized light was applied in the future study related to the magneto-optical transmission in ferrofluids
for the light normal to the field direction.

Table 3 Summary of the experimental parameters for the light normal to the field direction in the literatures.

Authors Ferrofluid type Size (nm)  Concentration (%) Surfactant Field type  Field intensity ~ Light source

(Gs)

Mohapatra and Philip [43]  FesOa/octane 10 0.21-3.39 Oleic acid Uniform 0-500 Polarized light




Brojabasi et al. [44]

Laskar et al. [45]

Desai et al. [46]

Malynych and Moroz [47]

Vales-Pinzon et al. [18]

Socoliuc and Popescu [48]

Fe3Os/water

Fe304/hydrocarbon

Fe3Ou/water
Fe3Ou/water
Fes;O4/isoparaffin

Fes04/0il

PAA, TMAOH,

15,30,46 0.916 Uniform 0-600 Polarized light
phosphate

6.5 0.649 Oleic acid Uniform 3768 Polarized light

8.4 1.4 Lauric acid Uniform 0-1800 E/H

10 0.12 None Uniform 7200 E/H ELH

10 0.1 Not clear Uniform 85,170, 255 E/H,ELH

6.3 2,4, 8 Oleic acid Uniform 0-3500 Various E vs. H

Table 4 Summary of the main outcomes for the light normal to the field direction in the literatures.

Authors

Light scattering type

Main outcomes

Mohapatra and Philip [43]

Brojabasi et al. [44]

Laskar et al. [45]

Desai et al. [46]

Malynych and Moroz [47]

Vales-Pinzon et al. [18]

Socoliuc and Popescu [48]

Fang et al. [50]

Field dependent

Field dependent

Field dependent

Time dependent

Time dependent

Field dependent

Field and wavelength

dependent

Beyond a critical field intensity (He1) and particle concentration (¢ > 0.0021), they reported that the
transmitted intensity was observed to increase rapidly until a maximum appears at the second critical
field intensity (Hc2). As the field intensity further increases, the transmitted intensity reversely reduces
and finally it reaches a steady state value. Interestingly, both the two critical field intensities Hc1 and He2
was found to be dependent on volume fraction ¢, namely, Hc ~ ¢™.

It was found that the transmitted light intensity increased in the initial state until it reached the maximum
at field intensity Bci. Beyond Bci, the transmitted intensity will inversely decrease with the field
intensity and attained the minimum at the second field intensity (Bcz2). Both critical field intensities were

found to increase to higher values with the decrease of average size of the nanoparticles in ferrofluids.
There is a striking similarity of the scattered patterns between particle chains and macroscopic cylinders.

The addition of nanotubes of halloysite to ferrofluids can facilitate the field-induced chain formation
process.

For E 1 H, the relative transmitted intensity increases by certain degree due to the applied field. For E
/I H, however, the transmitted intensity decreases by certain degree at first.

For E // H, the transmitted intensity of all the suspensions was found to decrease in the first stage. Then,
for suspensions without CNTs, a small increase and fluctuation in transmitted intensity were observed.
On the contrary, for suspensions containing CNTs, the transmitted intensity increases significantly and
finally it reaches a constant state value, which is depended on both the CNT volume fraction and the
field intensity. For E L H, it was observed that the addition of CNTs can significantly enhance the time
variation of transmitted light intensity in ferrofluids.

The results indicate that the direction of light polarization can remarkably influence the magneto-optical
tranmission in ferrofluids. Moreover, they found that the optical extinction of light polarized at 54.74°
relative to the field direction was positive for the samples with low particle concentrations (2%) and
negative for the samples with high particle concentrations (4% and 8%).

With magnetic field the extinction coefficient of ferrofluids was observed to be smaller compared to
that without magnetic field for E L H. For E / H, however, they found the obtained extinction

coefficient was larger compared to the no field condition.

3.3 Other cases
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Fig. 17 Schematic diagram of controlling the transmittance of ferrofluids by response of Ag nanoplates [53].

In this section, the magneto-optical transmission in ferrofluids for other cases is reviewed. The transmittance of
ferrofluids composed of Fe;O4 nanoparticles and Ag nanoplates was studied by Mao et al. [53]. They reported that the
variation of light transmittance (LT) of the suspensions can be controlled by the movement of Ag nanoplates. For external
field normal to the light direction, the triangular faces of Ag nanoplates will turn toward the incident light. As a result, the
incident light is blocked leading to the decreased transmittance (low LT mode). For external field along the light direction,
however, the edges of Ag nanoplates will turn toward the incident light. In such condition, the reflection, scattering, and
absorption of Ag nanoplates reach minimum resulting in the increased transmittance (high LT mode). The schematic
diagram for the two modes is shown in Fig. 17. Besides, the transmittance variation between the two modes was found to
be dependent on the field intensity (Fig. 18). It can be seen the value of A(LT) increases with the field intensity and tends
to get saturation finally. Moreover, the switching of transmittance of ferrofluids by external field was demonstrated to be

rapid and perfectly reversible.
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Fig. 18 (a) Transmittance variation A(LT) vs. wavelength for ferrofluids containing Ag nanoplates at different field intensities. (b) The

dependence of field intensity on A(LT) where the wavelength is 800 nm [53].

Lv et al. [54] employed the Monte Carlo method to simulate the field induced particle aggregation structures and
calculate the transmittance of ferrofluids at different situations. After comparison with the experimental data, the numerical
method adopted in their study was demonstrated to be valid. Then the transmittance of ferrofluids was calculated and
discussed by the authors in detail. From Fig. 19, the results shows that at 1550 nm wavelength, the transmittance for light

along and normal to the field direction was the maximum and minimum respectively while the transmittance for no field



situation was in the middle.

0.8
0.75
0.7
~ 0.65 |
0.6 |-
0.55
0.5
045
04 -« -Light perpendicular to the field

0.35 . +-Light parallel to the field
—+—Without field
0.3 s

1 1
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
Wavelength A(um)

Transmittance T

===The result of Xuan's

Fig. 19 The calculated transmission spectrum of ferrofluids [54].

Kushnir et al. [55] synthesized the hard-magnetic plate-like SrFe;»O19 nanoparticles and studied the magneto-optical
transmission of the prepared suspensions under various configurations of incident light K, magnetic field H and electric
field vector of light E. The results are illustrated in Fig. 20. Fig. 20(a) shows the optical transmittance of ferrofluid
suspensions under different angles o between E and H for the case H 1 K. As can be seen, the transmittance decreases
continuously by an order of magnitude as the angle a increases from 0° (E // H) to 90° (E L H). Fig. 20(b) plots the
transmittance vs. field strength for both polarized and unpolarized light. It indicates that the optical transmittance depends

on the mutual directions among K, E and H. They concluded that this phenomenon is due to the different nanoparticle

alignments.
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Fig. 20 (a) Transmittance of ferrofluids containing SrFe12019 nanoparticles for various orientations between field H and light E vector.
Solid line represents 14 Oe field; dashed line represents no field. (b) Transmission vs. field intensity for 550 nm wavelength and 114 Oe
field intensity. Open and solid circles represent H//K and H_L K for unpolarized light respectively; Cross, open and solid triangles
represent (i) H/K, (ii) H.LE and H_L K, and (iii) H//E and H LK for polarized light respectively [55].

4. Applications

Due to the magnetic field tunability of optical properties, the ferrofluids can find numerous applications in different
fields, such as tunable optical filter [56], optical grating [57], optical limiter [58], optical fiber modulator [59, 60], optical
switch [61], magneto optical wavelength filter [62, 63], optical fiber sensor [64], etc. Here, we discuss some of the most

recent studies related to the magneto-optical applications of ferrofluids, since the old ones have already been covered in



the earlier reviews.

Li et al. [39] proposed a novel field-induced displays based on the change of transmittance of ferrofluids under the
alternating magnetic field (AMF). After encapsulating the ferrofluids in a sandwich-like structure as shown in Fig. 21, they
measured the transmittance of light through ferrofluids for the light along the field direction (Fig. 4). Furthermore, the
performance of the proposed device was tested by an iron sheet hollowed by letters “NTUST”. As can be seen from Fig.
22(a), in the absence of external field, the photograph remains complete opaque, suggesting that the incident light cannot
transmit through the ferrofluids completely due to the well-dispersed magnetic nanoparticles. After the magnetic field was
turned on, it was found the nanoparticles would aggregate into chainlike structures, leading to the increased transmittance.

Therefore, in Fig. 22(b) the letters “NTUST” can be clearly recognized on account of the contrast difference between black

and transparent regions.
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Fig. 21 Schematic diagram of the novel field-induced displays based on the magneto-optical transmission in ferrofluids [39].
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Fig. 22 Images of the novel field-induced displays (a) without and (b) with magnetic field [39].

Gimenez et al. [65] proposed a simple, rapid and low-cost method to determine the concentration of ferrofluids with
low particle contents by the variation of light transmittance and scattering in ferrofluids. The schematic diagram of this
setup is shown in Fig. 23 where the light is normal to the field direction. For both 0 D nanoparticles and 1 D nanowires,
the intensity of scattering signal was found to be stronger than that of transmission signal. Take small nanowires for example,

2



as can be seen from Fig. 24(a), the scattered signal can be captured by detectors even at very low particle amounts such as

2 ng mL™!. However, the transmitted signal cannot be detected at such a low concentration (Fig. 24(b)). Besides the high

sensitivity to determine the content of nanoparticles, their proposed method is also very promising to detect the geometry

of the magnetic nanomaterial in the suspensions.
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Fig. 23 Schematic diagram of the setup used to determine the concentration of ferrofluids with low particle contents [65].
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Fig. 24 Signal-to-noise ratio (SNR) vs. field frequency for ferrofluids with different particle contents determined by (a) scattered signal

and (b) transmitted signal [65].
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A novel ferrofluid-based optical capillary modulator was developed by Yang et al. [66]. The ferrofluids were placed
into a capillary optical fiber as shown in Fig. 25. Results demonstrated that an incident beam at 632.8 nm wavelength can
be modulated by only 2.17 x 1072 uL ferrofluids under magnetic field. Fig. 26 shows the time evolution of the modulation
property of the proposed device under different field intensity. Through optimizing the particle concentration, temperature
and field intensity, they obtained a wide modulation-depth ranging from 44% to 75%. Besides, the proposed modulator

exhibited good stability and repeatability for practical applications.
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Fig. 26 Transmission loss vs. time for the optical modulator based on ferrofluids at field intensity (a) 40 Oe; (b) 200 Oe; (c) 440 Oe [66].
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Fig. 27 Schematic diagram of ferrofluid-based field intensity sensor using D-shaped Bragg grating [67].

The ferrofluid-based magnetic field fiber sensors were widely studied recently [67-70]. Lin et al. [68] reported a
theoretical model of a field intensity sensor composed of ferrofluids combined with tilted fiber Bragg grating. In their study,
they investigated the influence of tilt angle and field intensity on the transmission properties of the proposed sensor. It was
found that the transmitted intensity decreased with the tilt angle but increased with the field intensity. Miao et al. [70]
studied the field intensity sensor achieved by long-period fiber grating. The transmission losses of the resonance
wavelength were investigated. For field intensity between 75 Oe and 300 Oe, they reported that the sensitivity of the sensor
can reach 0.05 dB Oe™! between the field intensity. Recently, D-shaped Bragg grating was employed by Ying et al. [67] to
design the ferrofluid-based field intensity sensor as shown in Fig. 27. The ferrofluid film is encapsulated in the above flat

surface of the device. The imposed magnetic field can cause the change of refractive index in ferrofluids, thus leading to



the variation in light transmission of the system. Moreover, they reported that the optimal transmission characteristics

occurred for optical fiber sensor with a tilted angle of 8°. For field intensity between 30 Oe and 270 Oe, the wavelength

sensitivity was determined to be as high as —0.18 nm Oe™'. High sensitivity, good linearity and low cost make their proposed

sensor very promising in determining the magnetic field intensity in practice.

5. Conclusions

This review covers the recent developments in magneto-optical transmission in magnetic nanofluids for different

optical applications which are widely employed in various solar energy conversion processes. The main conclusions and

future work are summarized in the following:

The field-induced aggregation of magnetic nanoparticles, including the chainlike formation and lateral coalescence
processes, plays a significant role in determining the transmitted intensity in ferrofluids with magnetic field.

For light along the field direction, general conclusions were obtained that the time-dependent transmitted intensity
first reduced to the minimum when the field is applied and then it will reversely increase along with the time. Besides,
beyond the field intensity of certain value, the field-dependent transmitted intensity first increases and follows by
decrease with the increasing in field intensity. It is strongly suggested that the combined effect of field intensity and
time evolution investigate simultaneously in the future study.

For light normal to the field direction, the light polarization has great influence on the magneto-optical transmission
in ferrofluids. The general conclusions are the transmitted intensity will decrease when E // H while it will increase
when E | H. However, there are disagreements among different studies with respect to time evolution of transmitted
intensity in the presence of magnetic field. Therefore, further investigations for field-induced time-dependent light
transmission in ferrofluids are still needed.

Due to the magnetic field tunability of optical properties, the ferrofluids can find numerous applications in different
fields. Based on the magneto-optical transmission in ferrofluids, various magnetic field fiber sensors were proposed
in the past several years. By combining the magnetic nanofluids and different fiber gratings, the sensor can be designed

with high sensitivity, good linearity and low cost.
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