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Abstract: We studied the polarized light patterns obtained using a thin film of ferrofluid subjected to
an applied magnetic field. We obtained patterns of polarized light with magnetic field configurations
between parallel plates, monopolar, tetrapolar, and hexapolar, and studied how polarized light varies
for different intensities and orientations of the applied magnetic field. Using the Jones calculus, we
explored the key optical properties of this system and how these properties relate to the applied
magnetic field. We have observed general aspects of polarized light obtained by transmission in
a Ferrocell using polariscopes and analyzing the resulting Jones vector, such as the formation and
rotation of dark bands known as isogyres. We suggest that in a thin film of ferrofluid as in a Ferrocell,
two effects occur. The primary effect is dichroism, which is more sensitive to the component of the
magnetic field in the direction parallel to the film plane. The secondary effect is the birefringence that
can be observed by analyzing the circular polarization of light. Birefringence is related to the thin
film thickness of ferrofluid.

Keywords: light polarization; ferrofluids; magneto-optics

1. Introduction

There are certain things that lead us to think about nature. Humanity is in contact
with luminous patterns in nature that have aroused our curiosity since antiquity. Take,
for example, rainbows, halos, glories, and other atmospheric phenomena that are present
in our daily lives. Besides the contemplative aspect of these phenomena, we also have
the practical results of these luminous effects. For example, some of the development of
mathematical physics techniques used in engineering and science today were created by
scientists who fundamentally studied rainbows, or the serendipitous case of C. R. T. Wilson,
who attempted to reproduce in the laboratory the Glory effect by the development of the
device known as “the cloud chamber”, which is now used to observe the presence of cosmic
rays, earning him the Nobel prize for Physics in 1927 [1]. Besides pattern formation, the
effects of magnetism have motivated the study of the universe. For example, when Albert
Einstein was a child, his father gave him a compass. Many years later, Einstein reported
that this first contact with the compass motivated him to understand different aspects of
physics because “something deeper had to be hidden behind things”, such as observing
the movement of the compass needle, always pointing in the same direction, no matter
which way he turned the compass, made such an impact on him. The connection between
electricity and magnetism is described today by Einstein’s special theory of relativity [2].

Certain phenomena that simultaneously involve optics and magnetism are known
as magneto-optical phenomena and can be observed with a device known as Ferrocell,
in which one can see several interesting effects, such as Horocycles of light [3] or light
polarization [4-8]. Left and right polarization of light can propagate at different speeds in
ferrofluids leading to birefringence and dichroism and making possible some technological
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applications such as tunable gratings, optical modulators, and sensors [4-17], which ex-
plains the increased interest in understanding the features behind this system in matters
such as the polarization of light [18-21]. In Figure 1, we show the image of light that propa-
gated through a ferrofluid that was altered by the presence of a magnetic field in a device
known as a Ferrocell. The lines of light in this kind of set-up are mostly perpendicular to
the magnetic field [22,23].

Figure 1. (a) An example of light pattern in a Ferrocell. This apparatus has a thin film of ferrofluid
surrounded by several color LEDs in a circular array around the film. In this case, the magnetic field
is applied by an array with 29 cubic magnets. (b) Simulation using Pic2Mag [23] of the magnetic
isopotentials produced the magnets.

Some authors suggested that studies involving situations of transverse configuration
in ferrofluids are important for understanding some magneto-optical properties [18]. The
transverse configuration is related to the component of the magnetic field perpendicular to
the direction of propagation of light. As Ferrocell is a thin film of ferrofluid, this system
is ideal for studying the effects of light in ferrofluid in a transverse configuration, directly
observing the light patterns, and facilitating understanding of how light is scattered by
magnetic nanoparticles aligned with a magnetic field.

During our explorations with the polarized light in the Ferrocell, we observed evidence
of the coexistence of effects in linear polarized light and in circular polarized light, which
made us question what are the causes that can create such a phenomenon? In the literature,
we can find some methods to explore and find answers for this question [24-26].

For this reason, the present work is based on our previous works that studied the
polarization of light in ferrofluid thin films with the Ferrocell [20], and now we present an
interpretation of the results we obtained using polariscopes with a formal representation
of the Jones calculus, Stokes parameters, and Poincaré sphere. As far as we know, this
work presents for the very first time a connection between polariscopic experiments and
Ferrocell, with the observation of patterns involving structures known as isogyres and
their relationship with the orientation of magnetic field lines, which in turn has a direct
consequence in the study of ferrofluid magneto-optics. These results can be used to study
the light patterns with the different effects that can occur in the scattering of light by
nanoparticles under the effect of magnetic fields.

2. Materials and Methods

In this work, permanent magnets were used as sources of a magnetic field in the
Ferrocell, whose ferrofluid film defines a plane. Thus, we need to know the orientation
of the magnetic field in this plane. For example, in Figure 2, we show the vertical and
horizontal magnetic field components in the Ferrocell plane for a column of cylindrical
magnets.
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Figure 2. The source of the magnetic field in some of our observations of magneto-optical patterns is
the use of stacked magnet disks. To increase the field, we make a column of up to six magnets, which
increases the magnetic field strength. Placing the disk stack in the center of the Ferrocell with one
of its bases facing the glass plate, we have the monopolar magnetic configuration. We present the
intensity of the magnetic field in the vertical direction in (a) and in the horizontal direction in (b),
in a line situated in the position of the plane where the thin film of ferrofluid is located. The lines
show the effect of increasing the field by stacking disks that are shown in the photo of each graph.
The magnetic field diagram in (a) shows us that the vertical field is maximum in the central part and
decays symmetrically to the left and right. The diagram on the right shows that the magnetic field at
the center of the disk is zero and varies symmetrically, but with the sign inverted as an odd function
as we move away from the center of the stack of magnetic disks.

The magnetic field is obtained by placing a cylindrical magnet over the Ferrocell. To
increase the magnetic field strength, we placed other identical magnets on the first magnet,
which provided the field increase, allowing the use of the magnetic field strength as an
independent variable in this system. The field components were measured from the central
point on one of the faces of the magnetic cylinder and moved linearly from this point with
a Hall sensor on the surface of the plane where the Ferrocell will be placed.

This is the field configuration called monopolar, as the Ferrocell was exposed mainly
to one of the “charges” of a magnetic dipole. These rare-earth magnets allow us to easily
obtain magnetic fields in the order of 0.1 T (1000 G).

In Figure 2 the different curves in each graph show the intensity of each component of the
magnetic field in space as we increased the field, obtained experimentally using a gaussmeter.

We have used a thin film of ferrofluid between 2 microscope glass slides. The ferrofluid
used in our experiment was the EFH1 (Ferrotec) with saturation magnetization of 440 G,
with 10 nm single size domain iron oxide nanoparticles. The ferrofluid solution was placed
between 2 microscope glass slides. The microscope slides used were flat pieces of glass,
typically 75 by 26 mm and about 1 mm thick for the base glued to a square coverslip at the
top, with each glass plate having a thickness variation of around 1 um, forming a thin film
of ferrofluid with a thickness of around 10 pm.

The ferrofluid sample was placed in the Ferrocell and sealed over 2 years ago. The
magnetic field was applied, and measurements were made over a time period of 10 s
of minutes to 1 h. After that, the intense magnetic field was removed. The process was
repeated routinely over the past 2 years, and the results were the same. We were careful to
avoid leaving the magnet directly on the Ferrocell for periods of several hours in a row, as
this can cause damage to the Ferrocell, what we call Ferrocell “burning”, which occurs by
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the action of the magnetic field compressing the nanoparticles against each other, as well
as against the glass plates, precipitating clumps of material near the magnet. When this
burning happens, we simply leave the Ferrocell without the presence of a strong magnetic
field for a few days, and the Ferrocell will fully recover. If the exposure of Ferrocell
was longer than several hours, this can cause the destruction of the surfactant layer that
surrounds the iron monodomains, permanently destabilizing the material and forming
clumps of iron that do not dissolve, damaging the Ferrocell.

In this experiment, shown in Figure 3, we used some types of polariscopes, in which the
polarization of light was used as a sensor. Thus that incident light with well-characterized
polarization properties interacted with the sample. Emerging light was analyzed to under-
stand the effects of the magnetic field in ferrofluid nanoparticles, with light following a
transmission geometry. As we used linear or circular polarized light sources for different
magnetic field configurations, in the next sections, we will specify which polarizer and
analyzer set was being used for each respective magnetic field.

(a) Ferrocell

Light 7

é>—_ — — >
Polarizer Analyzer

Figure 3. Details of the experimental apparatus. (a) The diagram of one of the polariscope configura-
tions used in this work, in which the light passes through a polarizer, then passes through a ferrofluid
film and through a linear analyzer. Throughout the article, we indicate the changes we made in the
experimental arrangement. (b) An image of the set with the light diffuser, the polarizer, the Ferrocell,
the analyzer, and the magnet. (c) An image of the apparatus, with an open side window showing the
polarizers in (a). At the top of the instrument, we have the display in the form of a circular window.

The initial light source was white, passing through a diffuser. Then the light passed
through a polarizer thus that we have a plane wave illuminating the entire area of the
Ferrocell with a defined polarization at each point, after which the light passed through the
Ferrocell. The transmitted light passed through the analyzer polarizer. The images were
recorded in a camera and transferred to a computer, where they were processed to obtain
the respective light intensities.

A way of modeling the measurement of light scattering by the ferrofluid was by
classical electromagnetic theory [25,27]. The basic idea was to interpret images obtained
with the polariscope, as there were 4 fundamental properties of electromagnetic waves
that can be explored: amplitude, phase, frequency, and polarization because a parallel
beam of light interacting with a collection of particles causes several distinct effects such as
absorption, elastic scattering, extinction, dichroism, and thermal emission.

Most photometric and polarimetric optical instruments measure quantities that are
averages of real-valued linear combinations of products of field vector components and
have dimension as intensities, such as the stokes parameters, which can be obtained
considering a plane electromagnetic wave propagating in a medium with real constants e,
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u and k (permittivity, permeability, and wave number). The electric field of the light [27,28]
in the position r and at instant t is given by

Ec(rt) = Egexp(ik nr —iw t), 1

In a coordinate system used to describe the direction of propagation and the state of
a plane electromagnetic wave with a couple of angles (6, ¢) where 0 < 6 < 7t is the polar
angle measured from the positive z-axis and 0 < ¢ < 27 is the azimuth angle measured
from positive x-axis in the clockwise direction when looking in the direction of the positive
z-axis. The electric field of the light at the observation point is given by

EZEg +E¢, (2)

where Eg and Ey are the components for the angles 6 and ¢ of the electric field vector,
respectively.

The Stokes parameters I, Q, U, and V are defined as the elements of a 4 X 1 column
vector S [27]:

EogEég + EOQESQ I
- 1 /e EooEge + Eoz Egg — Q €)
2 U —ZREEOQESQ u !
2ImEgEL,, %

The first parameter I describes the intensity, while the Stokes parameters Q, U, and
V describe the polarization of the wave. For the case of the Ferrocell, the polarization
characteristics are related to mean values of size, shape, and spatial distance of the particles
filling the thin film influenced by the applied magnetic field. The traditional way of
studying the effects of polarization is through polarimetry, commonly used from the study
of stress in materials to chirality in liquids. Therefore, it is important that we understand
the Malus’ law [29] in associating polarizers and samples given by:

I(0n) = 1(0)[cos(Om)]? 4)

where [ is the intensity of light and 6 is the angle between each polarizer, which is a way
to study the dichroism.

Since we will explore some experiments using the Ferrocell using different arrange-
ments of optical elements, we will also use the representation of polarized light based on
the Jones vectors, and Jones Matrices for the optical elements, which complements that of
Stokes parameters. For example, for the case of a polarized light incident beam represented
by its Jones vector E;, in Cartesian coordinates, which passes through an optical element
represented by the transformation matrix A, emerging as a new vector E; [3,29]:

Et:AEi:[E“‘]:[a“ alZ][Eix:|' 5)
Eyy ay axn || Ey

In this work, an application of the Jones Matrix calculus was to determine the intensity
of output light beam when the Ferrocell subjected to a monopolar magnetic field was placed
between 2 crossed polarizers. To model the effect of many media on light’s polarization
state, we used Jones matrices and the related transfer function. For example, the Jones
vector for the output beam is E; = J. E; and the Jones matrix for this configuration is

0 sinfpcosf
J=Tuve Trerroce Yvup = 0 MO M. (6)

3. Linear Polarization Characteristics of Light in a Ferrocell

We start showing the case when the important magnetic field component is in the
plane of the film between two plates, as one can see in Figure 4. This system is equivalent
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to the case of the three polarizers system, in which the Malus law is commonly used. In
our polariscopic experiment, when the magnetic field is aligned with the polarization axis
of the first polarizer or aligned with the analyzer, the light intensity is at a minimum, while
in the case in which the magnetic field lines rotated at an angle of 45° with respect to the
vertical polarizer, gives the maximum light intensity. This effect is shown in Figure 5.

— 10 T [ cos?@ sinf cos 0 .
o = [ 00 ] t . [sinfcos0  sin?0 J‘ Jpy = [

o o
- O

Figure 4. Diagram of the polariscope with a linear polarizer, Ferrocell, and linear analyzer and

respective transfer function.

Figure 5. Example of Ferrocell, working as a controllable linear polarizer. In (a), we have the diagram
of the parallel lines of the magnetic field between two magnets. In (c), this field is aligned with the
polarizer and prevents the passage of light. In (b), we have the same diagram, but with the field lines
between the two magnets at 45° of inclination with respect to the polarizer. In (d), we see the light
passing with maximum intensity between the two magnets.
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Placing a cylindrical magnet over the center of the Ferrocell in the crossed polarizer
and analyzer configuration, we have the formation of a pattern that resembles a Maltese
cross, as shown in Figure 6. A possible explanation for this pattern was presented in our
previous works [3,20], in which we considered the absorption of polarized light by radially
structures arranged within the ferrofluid due to the monopolar magnetic field. The arms of
this Maltese cross form dark regions that are known asisogyres, and they occur since they
show regions of cross-polarization that cut off the passage of light [20,22]. The presence of
the applied magnetic field forms microneedles formed in the ferrofluid. These microneedles
align in the direction of the magnetic field lines.

135 45

(c)

Figure 6. Checking the amplitude of light intensity as a function of angle. Placing a magnetic field
in the monopolar configuration in (a), we choose a ring around the center of the magnetic “charge”
(By~1500 G) in (b). A diagram of the field lines is shown in (c). In (d), we have the representation of
the luminous intensity as a function of the angle in polar coordinates of the sine squared function.

We can analyze the effect of absorption of polarized light considering a ring around
the center of Figure 6a demarcated by the two green circles experimentally in Figure 6b and
compare it with a model of a radial diffraction grating that is associated with the monopolar
field of Figure 6¢. For a model radial diffraction grating, the intensity in polar coordinates
is shown in Figure 6d.

Applying the Malus law directly, after the first polarizer, we have a vertical linear
polarized light with intensity I;, after the Ferrocell in a monopolar configuration creates
a radial diffraction grating related to the diagram of the magnetic field of Figure 6c, for
an angle 0 in the profile of Figure 6b, the light intensity in polar coordinates after the
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analyzer is the image of Figure 6d forming a cross with four luminous lobes, in which the
arms of the cross are isogyres. The expression for light intensity is obtained considering:

I = I cos?(0y) and I3 = I cos?(90° — By). 7)

Taking into account that cos(90° — 8)1) = sin(fp1) and sin(20) = 2sin(fp1)cos(dp1), we
can reduce Equation (7) to the following expression:

1
Is=hy sin®(20) (8)
We compare the plot of Equation (8) with the data obtained with the experiment

in Figure 7, in which there is an agreement for the maximum and minimum values of
light intensity.

o Malus Law|| ® FF

bR i

s/ \ ¥ s
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Light intensity (a.u.)
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Figure 7. Comparison of the model obtained with Malus’ law for a radial diffraction grating with
the measurements of light intensity as a function of the angle 6 (measured in degrees) obtained
experimentally with the Ferrocell.

We then decided to quantitatively verify the relationship between the formation of
these patterns and the intensity of the magnetic field, varying the field (Figure 8a) and
observing the pattern of greater intensity that is in the equidistant line of two adjacent arms
of the Maltese cross, as shown inside the rectangle red in Figure 8b. In each light pattern,
the intensity decays exponentially, as in the example of Figure 8c. We have a comparison
between the initial luminous pattern of Figure 6a and a simulation of this pattern inside
Figure 8c using our previous work [20,30] to model polarized light in a Ferrocell.
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Figure 8. In (a), we have the sequence of six images showing the increase in light patterns as a function
of the increase in strength of the applied magnetic field. (b) To analyze the effect of increasing the
“luminous lobe” we chose a region marked with the red rectangle. (c) Graph of luminous intensity
obtained experimentally. The red line represents a fit of an exponentially decaying function to the
experimental data. The inset shows a comparison between the image obtained experimentally and a
simulation. The first image in (a) and the data of Figure 7 has the same conditions as the experiment
shown in the inset in (c). Color shift is an artifact of the camera.

In Figure 9a, we see the graphs of the exponential decay of luminous intensity of each
pattern shown in Figures 8a and 9a, the variation of the horizontal magnetic field of each
monopolar configuration used.
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Figure 9. (a) Graphs of luminous decay as a function of distance for six different values of the applied
magnetic field. (b) Graphs of the horizontal magnetic field in the Ferrocell plane region used for the
luminous decays are shown above.

Even with the increase of the magnetic field, the light intensity is saturated and goes
down exponentially in each case of the pattern of Figure 8a. We can see a strong correlation
between these two graphs, which indicates that the horizontal component of the magnetic
field is the most important factor in the formation of these luminous lobes.

Using other field configurations, we can explore other properties of this magneto-
optical system. For example, using a tetrapolar magnetic field setup, we obtained the
patterns in Figure 10. We have placed the diagrams of the magnetic field lines together
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with each light pattern to facilitate the analysis of this system. By rotating this pattern, we
observe the curious case of rotation of the isogyres.

Figure 10. At the top, we have light patterns obtained with a tetrapolar magnetic field. At the bottom,
we have representations of the corresponding magnetic field lines. In this sequence, we show that the
rotation of the tetrapolar magnetic field leads to the rotation of the isogyres pattern. In (a), the central
cross of the field is aligned with both the horizontal and the vertical isogyres, in (b), the tetrapolar
field has been rotated 22.5° with respect to the previous case, and in (c), the field has been rotated 45°
with respect to relative to the first light pattern in (a). In (c), the central cross of the field is not aligned
with the isogyres.

We will take Figure 10b above in order to analyze this rotation of the isogyres in
comparison with the orientation of the horizontal magnetic field on the Ferrocell plate in
Figure 11.

We mark in this luminous pattern the two lines of the isogyres (straight line 1 and
straight line 2), as well as the lines of maximum luminous intensity (straight line 3 and
straight line 4) in Figure 11a. We can observe these same lines in place of the horizontal
magnetic field on the Ferrocell in Figure 11b, along with the tangents of the magnetic
field at each crossing point represented by the colors green and yellow for the isogyres, in
addition to the colors orange and red for points of maximum luminous intensity.

In the points mentioned above, we can consider that the polarization component of
the light that passes through the Ferrocell is parallel to the applied magnetic field. With
this information, we observe the same polarization states in the Poincaré sphere shown in
Figure 12, and we can obtain the other Stokes parameters associated with each polarization
vector obtained by the light scattering of the particles in the ferrofluid.

Furthermore, we obtained the luminous pattern for a hexapolar configuration shown
in Figure 13, and we compared it with the polarization states in the magnetic field diagram.
Unlike the previous tetrapolar case, where we had two lines of isogyre and two lines
of maximum luminous intensity, for the hexapolar case, we have three lines of isogyre
intersecting and three lines of maximum intensity.
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(a)

Figure 11. Observing Ferrocell linear polarization in a tetrapolar magnetic field. At each point in
the Ferrocell plane, the electromagnetic wave has a characteristic polarization. The points with a
minimum light intensity of the isogyres in (a) are represented in the magnetic field diagram (b) by
the green and yellow straight segments tangent to these points, marked with the lines (1) and (2). At
these points, the magnetic field and microneedles are perpendicular to the polarizer or analyzer. The
points with maximum light intensity in (a) are represented with red and orange straight segments
in (b), which show that the magnetic field and microneedles are at 45° with respect to the polarizer,
marked with lines (3) and (4) in the magnetic field diagram. The magnetic field direction determines
the orientation of the polarization of light.

polarization ellipse Poincaré sphere polarization ellipse Poincaré sphere

1.0
Q=-1,U=0,V=0 Q=1 U=0,V=0
polarization ellipse Poincaré sphere polarization ellipse Poincaré sphere
3 4] "

1.0 - -

Figure 12. The Stokes parameters and correspondent Poincaré spheres [31]. The Poincaré sphere is
a good representation of the Stokes parameters of Equation (3). The Stokes parameters of a plane

electromagnetic wave are always defined with respect to a reference plane containing the direction of
wave propagation. The magnetic field induces a rotation in the reference plane around the propaga-
tion direction, thus the Stokes parameters are modified according to the rotation transformation rule.
The colors red, orange, green, and yellow have the same correspondence as in Figure 11.
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Figure 13. Ferrocell and the hexapolar magnetic field. In (a), we have the light pattern obtained with
the Ferrocell in the presence of a symmetrical hexapolar magnetic field in (b), where we can see the
formation of three lines of isogyres intersecting. In the magnetic field diagram in (b), we represent
the polarization of local light with the green and blue line segments of some of the isogyre lines.

4. Circular Polarization Characteristics of Light in a Ferrocell

Now we are going to explore some properties of circularly polarized light in a thin
film of ferrofluid. According to literature related to light polarization in magnetic fluids,
if linearly polarized light passes through ferrofluids under external magnetic fields, the
transmitted light can become elliptically polarized depending on the relative orientation
between the polarization of the incident light and the applied magnetic field [32].

In order to exemplify the existence of circular polarization of light using Ferrocell,
we will explore the phenomena presenting some results. We start our exploration with
Figure 14, in which we present a polariscopic system composed of the light passing through
a linear polarizer, the Ferrocell, and a circular analyzer, which is a right circular analyzer in
the first case and a left circular analyzer in the second one.

The images obtained for the patterns observed are presented in Figure 14d,e for the
case of the monopolar configuration. In this figure, we can see in Figure 14c the case for
no applied magnetic field, in Figure 14d the pattern obtained for which the analyzer is
a left circular device, and for a right circular device in Figure 14c. For Figure 14d,e, the
system presents only two dark lobes for each case, in comparison with the previous section
with four luminous lobes for the same magnetic field configuration. In addition to that,
each pattern is orthogonal to each other. The light intensity is maximum in the diagonal,
starting at the top left and ending at the bottom right for the case of the analyzer with
left orientation in Figure 14d, and the maximum intensity of light is perpendicular to this
diagonal for the case of right circular polarization of Figure 14e.

Continuing our exploration of the existence of elliptical polarization in the Ferrocell, we
present another optical arrangement of a circular polariscope using two circular polarizers
in opposition in Figure 15a, one left circular polarizer, and the analyzer is a right circular
polarizer. In Figure 15b, we have the image of the Ferrocell without an external magnetic
field. In Figure 15¢, we have the monopolar case for the sequence of optical elements
formed by the aright circular polarizer, the Ferrocell, and a left circular analyzer, and for
Figure 15d a left circular polarizer, the Ferrocell, and a right circular analyzer. The patterns
are similar to the case of Figure 14d,e, but now we can see the existence of different colors,
showing that the polarization effect depends on the wavelength of light.
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Figure 14. Circular polarization and the Ferrocell. We used a linear polarizer and a circular analyzer.

The polariscopes are used to observe right-handed/clockwise circularly polarized in (a) and left-
handed/counterclockwise circularly polarized light in (b). We see in (c) the Ferrocell without a
magnetic field, in (d) the light patterns for the right circular polarization cases, and in (e) left circular
polarization, using the monopolar magnetic field configuration. Compared with the case of linear
polarization, we see that we now have two regions forming darkened lobes instead of having four
luminous lobes. Another feature in these patterns is that the lobes seen with the right circular
polarization are centered on a diagonal line that is perpendicular to the diagonal where the dark
lobes of the left circular polarization are centered.

In order to improve our knowledge of the existence of the effects of circular polarized
light, we will use the configuration of tetrapolar and hexapolar magnetic fields in Figures 16
and 17.

The most evident result here is that circularly polarized light alternates mainly in
regions between the isogyres of linearly polarized light cases if we observe the tetrapolar
field diagrams of Figure 16f,g and the hexapolar field of Figure 17g,h. This points to the
fact that in the case of partially circularly polarized light, the vertical component of the field
going down or up inside the Ferrocell is an important factor and affects the polarization
of the light. Comparing the luminous intensities for the cases of linearly polarized light
and circularly polarized light, we realize that the light in Ferrocell can present partially
polarized light in a circular shape, or more generally, elliptically polarized. To understand
this, let us explore some aspects of the Jones vectors for partially polarized light.

Considering a spherical coordinate system associated with a local right-handed Carte-
sian coordinate system having its origin at the observation point [27], and using Equa-
tions (1) and (2), we have the real electric vector with the shape of an ellipse expressed
by

E4(r,t) = asin Bsin(d — wt) )

Ep(r,t) = asin Bcos(d — wt), (10)

where d = A+ kn-r. Thus Aisa phase shift parameter. With the ellipsometric interpretation

of Stokes parameters expressed as
[=ad? (11)

Q = —Icos2Bcos2g, (12)
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U = Icos2Bsin2(, (13)
V = —Isin 2,8, (14)

where 8 and { express the orientation of this ellipse. In this way, the electric field of the light
is expressed as two-component vector with 0 < A <1, here, A is an amplitude parameter,
not the wavelength [28,29]:

Ex

|E>=[Ey}:|E[( 1_?2)@1'%)

(15)

—_ 1

N\

Figure 15. In this polariscope configuration in (a), we have the diagram of a circular polarizer oriented
inversely to the circular analyzer. In (b), we see the polariscope system with the Ferrocell without
a magnetic field, with light being practically prevented from passing through the system. In (c),
we have a right circular polarizer, a Ferrocell with a monopolar magnetic field, and a left circular
analyzer. In (d), we have a left circular polarizer, a Ferrocell with a monopolar magnetic field, and a
right circular analyzer. Compared to the previous case, in the current case, we have color separation.

(@

Figure 16. Cont.
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Figure 16. Circularly polarized light and tetrapolar field in Ferrocell. In these polariscopes, the light
passes through a linear polarizer, through Ferrocell with a tetrapolar magnetic field and the analyzer
will be changed in each case. In (a), we have a linear analyzer, in (b) a left circular analyzer, and in (c)
a right circular analyzer. The diagram in (d) shows left circularly polarized light on one diagonal and
the diagram in (e) shows right circularly polarized light on the other diagonal. In (f), (g), we show
the magnetic field diagrams for each case of circular polarization orientation, indicating the regions
of light intensity decrease with orange color and the intensity increase with yellow color.

The previous experiment shows that the Ferrocell is an optical element sensitive to
polarization described by the operator acting on Jones vectors. The applied magnetic field
creating a diffraction grating in the ferrofluid, rotated at angle 61 with respect to x-axis is
basically a projection on the operator | Ty,, ), and the intensity I is the modulus squared of
the inner product I = |(Tj,,|E) ]2 of this system discussed previously, giving by

1(6r) = |E? {)@ 082 O + (1 - /\2) sin2 @y + A/ (1 — A2) sin 20cos A] (16)

which can represent an ellipse among other geometric shapes. To exemplify this result
and make a comparison with the luminous patterns obtained with Ferrocell, we take the
following values A =0, A =1, withA=0and A =1/ \/E with A = 7t/3, and present them in
Figure 18 for the Stokes vector.
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Figure 17. Circularly polarized light and hexapolar magnetic field in Ferrocell. In (a), we have
the case of linear polarization, in (b) the circular polarization to the right, and in (c) the circular
polarization to the left. Using yellow color for maximum intensity and orange color for minimum
intensity, we show in (d) the diagram for linear polarization, in (e) the right circular polarization, and
in (f) the left circular polarization. In (g), we have the diagram of the horizontal magnetic field with
the superposition of lighter and darker regions for the right circular polarization and in (h) for the
left circular polarization.

Equation (15) says that we have two cases with linearly polarized light effect that occur
when we consider A = 0 (black line) for the angles 8y, of 0° and 180° and A =1 (blue line)
in Figure 18. The red line is for A = 1/+/2, which is the case with circular polarized light
effect. With these graphs, we can see that linearly polarized light effect has intensities that
pass through the origin (0, 0), meaning the minimal intensity in the light pattern. Whereas
the Stokes vector representing circularly polarized light does not pass through the origin.
This case of the red line plot represents the observed effects on the light pattern of the right
circularly polarized light effect with monopolar applied magnetic field configuration, with
maximum intensities at 45° and 225° and minimum intensities at 135° and 315°.

How to explain the simultaneous existence of the linear polarization effect and the
circular polarization effect?
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The key point here to clarify this apparent contradiction is that we can consider a
linearly polarized electromagnetic wave to be the superposition of two opposing circularly
polarized waves of equal amplitudes, and we can obtain the equations that describe the
independent propagation of both polarized waves circularly to the right and circularly to
the left orientation, then we sum the two expressions in a linear superposition with equal
amplitude [27-29].

Thus, with this polariscope setup, we can see the different components of circular
polarization that arise in this system.

For the case of the light patterns obtained with a monopolar configuration of the ap-
plied magnetic field to the Ferrocell, we have the configuration for the case of a polarization
represented with the red line in Figure 19, in order to exemplify the coexistence of linear and
circular polarization of light. Following the method observed in the previous case, we can
have light with circularly polarized components for the graphs around the red line (green,
red and black curves), which could give us the presence of a linear polarization combined
with a circular polarization in the Stokes vector, considering the following function:

Io,, = |E[*[sin(20p) + A]. 17)

We apply this analysis to the case of light patterns with a hexapolar magnetic field
in Figure 20. For the case of right circularly polarized light for the case of the hexapolar
magnetic field, we have the Stokes vector intensities graph for a linearly polarized wave
in blue, compared to the cases of a wave with partial circular polarization around it
represented by the red curve.

Iy, = |E|2{ {5“1(426”1” + A} } (18)

In general, these examples show how generalized polarization can be present in
the light patterns seen in Figures 14-17. A possible explanation for the observation of the
presence of these two types of light polarization effects is the dimensionality of the ferrofluid
film, one linked to the thickness and the other to the film plane. The linear polarization
effect of light is mainly affected by the component of the magnetic field applied to the
film plane orienting the ferrofluid microneedles. The birefringence effect occurs due to the
phase shift between the two circularly polarized components of light passing through a
medium with chiral properties, such as ferrofluids under an applied magnetic field. Thus,
the effects of circular polarization are more linked to the component of the magnetic field
applied perpendicularly to the film, as shown by the refractive index ellipsoid in Figure 10a
of our previous work [3,22,30].
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Figure 18. Luminous intensities in polar coordinates for the Stokes vector for the case of A = 0 and
A =0 (black line) and A = 0 and A = 1 (blue line) and A = /3 and A = 1/+/2 (red line).
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Figure 19. Polar plots for Stokes vector luminous intensity for the function of Equation (17) for A =0
(red line), A = 0.20 (blue line), A = 0.40 (green line) and A = 0.60 (gray line).
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Figure 20. The two polar plots of the Stokes vector intensity refer respectively to the polarization
states of light for Equation (18) for A = 0.53 (blue line) and for A = 1.00 for (red line).

5. Conclusions

Using the polarized light imaging technique, we explored the connections between
microscopic film properties and macroscopic properties of light patterns observed from
a thin film of ferrofluid subjected to an applied magnetic field. We analyzed patterns
of polarized light for different configurations of the applied magnetic field, for example,
homogeneous, monopolar, tetrapolar and hexapolar field, and we studied the changing
of the polarization of light with the variation of the applied field and their respective
Stokes vectors that were represented in Poincaré spheres. We considered that the changes
in the dichroism of this system can be monitored throughout the sample, allowing the
visualization of magneto-optical effects mainly for linear polarized light. We reported the
formation of isogyres and their movement during the rotation of the applied magnetic field.
We suggest that the effects of circular polarized light are related to birefringence. Thus, in
an almost two-dimensional system of a ferrofluid thin film such as Ferrocell, dichroism
would be a more intense effect linked to the effects in the film plane, while the less intense
effect of circular polarization would be linked to birefringence due to the thickness of the
thin film of ferrofluid. We suggest that this method can be successfully used to investigate
the phenomena of particle orientation in ferrofluid thin films, as well as the existence of
chiral properties. We have shown how light polarization can be controlled by an applied
magnetic field in a Ferrocell.
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