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Abstract: This study explorad the complex relationship between mapnetic fislds and light pelzrization in thin films of ferrofluid.
Utilizing techniques such as polarized light imaging, multipolar expansion, and hMueller matrix formalism, this work mvestigated
the formation of isogyres, which are distmet pattemns observed when polarized light passes through the ferrofluid under various
magnetic field configurations. The analysis revezled that the slipnment of nanoperticles m response to the magnetic field resulted
i the formation of a diffraction grating, mfluencing light polarization. Through the application of Stokes vectors and Musller
matrices, we gained insights into the complex mterplay between magnetic fislds and optical properties. The experiment presents
the evelution of isogyres from straight lines to parsbolas under the mfluence of 2 hexapolar magnetic field. The Mueller matrix
effectivel y represented the mapnetic field's mpact on polarized light, highlightmg dark regions correspondmg to isogyres. We
2lzo report the formation of some patterns related to atmospheric optics and thew aalogy with the formation of patterns of the
patlaseric circle and the luminous herocycle.
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1. Introduction

The Ferrocell i3 2 dewvice that produces pattems when exposed to 2 magnetic field while mteracting with 2 light source
(Tufzile et al., 2019) [1]. Consisting of two plates made of glass, with 2 thin layer of ferrofluid between them, the Ferrocell is
complemented by an encirclmg LED strip, as it is shown m Figure 1. When a magnet is brought close, the ferrofluid reacts to the
magnetic field, altering the path of light passing through it The mzin reason for this effect iz because ferrofluids exhibit the
ahility to form reversible two-dimensional (2D) ordered structures i 2 thin film when exposed to external magnetic fields. These
structured films result from the zlipnment or zrrangement of superparamagmetic nanoparticles mfluenced by the magnetic field.
Significantly, these ordered thin films possess the capacity to control the propegation of light (Hass & Adems_ 1973; Mendelev &
Ivanov, 2004; Ivanov & Zubarev, 2020) [2-4]. Essentizlly, the zlinment of nanoparticles mduced by the external magnetic field
creates a periedic structure that mflusnces the transmission of light, mimicking the behawvior of an optical gratmg, an optical
device that diffracts light mto specific directions, as it 13 shown m Figure 2(z). Furthermore, these devices are capeble of sltermg
the polarization of light, as we can zee i Figure 2(b). This capacity to control and pelarize light helds potential applications i
diverse optical and phetonic devices.

Figure 1
A stack of sixmagnetic disks placed on a Ferrocell. In (a) the magnetic field diagram and in (b) an image of the
pattern of this magnetic field in a Ferrocell.
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In this way, the understanding of the mteraction betwesn magnetic fields and light pelarization in these thin films could lead
to the creation of mapneto-optical devices, offermg possibiliies for manipulating light m areas such 23 optical communication,
senzing, and imaging (Homg ot 2l 2003; Martiner ot al | 2003; Candiani et 21, 2011; Thalor ot 2l 2011; Zu et a2l 20012a; Foet
al, 2012b; Li et al, 2014; Li et al., 2021; Cennamo et 2., 2020; Gao et al., 2022; Chen et al,, 2023)(3-13]. The study of particle
orientation m ferrofluid thin films helds promise for applications m materials science and nanotechnology, potentially mflusncing
the development of materizls with tzilored properties (Dave et 21, 2020; Chen et 2l 2013)[16, 17]. Another aspect is that the
exploration of chirzl properties in these films may open avenues i chiral optics and photonics, leading to mnevative applications
m sensors, filters, or other optical devices (Fan et al., 2021)[13]. Additionally, the contrellzble manipulation of light pelarization
m a Ferrocell might find applications m biomedical applications, offering enhanced capabilities for medical applications (Mimuti
et al, 2022; Shokrollzhi, 2013) [19, 20]. Furthermore, the observed flexibilization of patterns under differsnt mapmetic field
cnnﬁmuarms could have implications for optical date storage, contributing to more adaptzble and efficient tech.uulumes (Guet
al, 21]14) [21]. Owerzll, 2 profound understanding of magnetic fields md light polarization m ferrofluid thin films has the
PDTEﬂtlal to revolutionize technelogy and science with novel applications, such as the technelogy mvelving display applications.
The zhility of ferrofluids to respond to magnetic fields and control the orientation of nanoparticles offers oppoertunities for
creating dynamic and new types of tunable displays. The ferrofluid-based displays could be used im applications where the
flemibility and adaptzbility of the display content are desired, similar to some aspects of liquid crystal displays (LCDs). By
mznipulating the mapnetic field, it's possible to control the alipnment of nanoparticles m the ferrofluid, mfluencing the
transmizzion of light and polarization. This propetty can be leveraged in display technologies to achieve fextures such as varisble
transparency, color modulztion, and dynamic pattems.

Ferrocell technology holds potemtial for solar pamels by mcorporatmg magmetic field-responsive pattems, enhancmg
pﬂfﬂrmance These patterns can be directly applied to solar cells or used a5 coatings, optimizing sunlight absorption. Real- wotld
testing iz essentizl to evaluate energy production, dursbility, and longevity. Implementation requires thorough research and
collaboration to balanee enhaneed performance with cost-effective. scelable production. The gamed msights may mform the
design of photonic materizls for mtegrated photonics, benefiting applications like sipnal processing and telecommunications
(Mhansueri et al., 20135) [22].

Figure 2
Example of patterns obtained with the Ferrocell under the action of a magnetic ring illuminated by a ring of LEDs
and with pelarized light. Image of a magnetic ring ona Ferrocellin (a). In (b), luminous pattern of pelarized light
for this same system. Understanding the pattern with isogyres brings new information about this system.
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It's crucial to ackmowledge that the rezlization of these applications depends on further research, development, and the
practiczl implementation of fmdmgs, and becanze of this, m this study, we delve mto the generation of isogyres, which m the
domzin of polzrized light refers to 2 specific pattem of dark bands that materizlizes when polarized light trawverses the samples,
like the ferrofluid, when exposed to 2 magnetic field, undergoes structurzl transformations impacting the pelarization of
transmitted light. The distnctive mrrangement and rotation of these dark bends offer valuable cues, shedding light on the optical
and stctural characteristics of the ferrofluid and the structural alterations mdneed by the magnetic field.

Our research establishes 2 link between isogyres from crystzl optics (Samlan et al, 2016) [23] with ferrofluids,
demonstrating their manifestation 25 dark cross pattems in the passage of light through the ferrofluid with specific optical
properties. The concept of 1sogyres comes from conoscopy. A conoscopic system, alse kmown as 2 conoscopic mterferometer, is
zn optical nstrument used for studyving and analyzing the optical properties of materials, particul mly birefrmpent materizls. In
this conescopic system, light is typically passed through a birefrmgent crystzl or sample The emerging light forms an
mterfersnce pattern. revezling mformation zbout the optical cherscteristics of the material such as refractive mdices,
birefringence, and optical axis orientation. Here we zre using this technique to study structres formed mside the ferroflnid
subject=d to a magnetic field, using a erthoscopic system. Orthoscopy and conoscopy are both techniques used i microscopy,
particularly i the field of crystallography. to study the optical properties of materials.

Within the realm of crystal optics, an isogyre manifests as 2 dark cross pattem observed when light traverses a crystal with
distinct optical properties, like the dark cross shown m Figure 2(b). The term "Maltese cross” is employed to depict this dark
cross formed by isogyres. The emergence of 1sogyres 15 a result of the mteraction betwsen polarized light and the crystzl. The
datk cross aligns with the orientations of both the polarizer and the mnalyzer. Along this cross, the state of polarization of the light
remains constant during its passage through the crystal. The two isogyres intersect at the visual field's center, coinciding with the
optic axis of the uniaxial crystal. The presence and characteristics of isegyres offer valuable msights mto the optical properties of
the crystzl and the behavier of polzrized light withm i, and the examination of isogyres has found widespread application m
crystal-related resezrch (Kamb, 1938; Victor & Beyer, 1973; Berry ot 21, 1009; Eompaneitsew, 2006; Samlan ot 2l 2016) [24-
28]. In our experiment, the distinctive arrangement and rotation of the dark bands provide valusble information about the optical
characteristics of the ferrofluid and the structural slterations mduced by the magnetic fisld.

In addition to exploring isogyres, we will further mvestigate certam aspects of diffraction i the Ferrocell using phenomena
explained by the Geometric Theory of Diffraction (GTD) (Keller, 1962) [29] and drzwing parzllels with atmoespheric optics. One
such phenomenon iz the parhelic circle (Conover, 2013) [30], generated by ice crystals of micrometer-sized, smilzr to the
micronesdles formed by nanoparticles i the Ferrocell in the presence of 2 magnetic fisld. The parhelic eircle, resulting from light
scattering in ice crystzls, and its tabletop demonstration counterpart, the parlaseric circle (Keller, 1962; Conover, 2013; Fitzgerald,
2019y [28, 30, 317, arizsing from light scattering in foams at Plateau borders, produce reflective ponts knoewn as sundogs and laser
dogs (Conover, 2015) [30], respectively, or lummous dogs m general. This ccours due to the hexaponal geometric structires m
ice orystals and trimnpulsr prisms at Plateau borders (Tufsile & Tufmle, 2015) [32]. The abszence of lumincus dogs m the
lumineus horocycle observed m the Ferrocell i3 related to the wregular mtemal structures of ferrofluid micre-needles,
distmgnishing them from ice crystals or Plateau borders.
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In the next section we present our experimental apparatus, after that we discuss the existence of isogyres m the polarization
patterns. Next we also present the observation of the Parlaseric Circle phenomenon, a luminous rng linked to diffraction,
generated by light scatterimg m foams or soap bubbles using the Ferrocell. The observed diffraction circle projections raveal five
Tuminous points, with the lefimost point representing the Taser beam mteracting with the Plateau border, and the other pnmts
representing laser dogs, reflections of the laser beam. Using 2 Ferrocell to observe this luminous pettem and applying 2 magnetic
field generates imazpes of lummons Horocycles. These horocycles predommantly form m aress with mtense light signals,
pamcularlj.r where there iz 2 strong lzser reflection from the Platezun border. At the end, we do our final remarks m the ‘conclusion.

2. Experimental Apparatus and Mathematical Tools

In this polarization study, we employed polarimetry as our experimental technique. Polarimetry mvelves measurmg and
snalyzing the polarization stete of light, where light's oscillations cccur m various directions perpendiculsr to s propagation.
Ee=y devices, like polarizers and analyzers_ play 2 crucial role. A polarizer permits only light with specific polarization to pass
through, while an anzlyzer, placed after the sample, mezsures the light's polarization after mteraction. This setup enzbles
exploration of diverse polzrization states. such as lmear, cicular, and ellipticel. contributing to our mvestigation of the thn
ferrofluid film's polarization properties, because our goal is to understand itz optical cheracteristics, examinimg namoparticle
distribution under different applied magnetic field configurations, like it iz shown i the diagram of Figure 3.

The expermment employs EFH1 (Ferrotec) ferrofluid characterized by a szmiration mapnetization of 440 G and 10 nm smgle-
domzin iron oxide nmmoparticles. This ferroflnid solution i3 sandwiched betwesn two glass plates, each exhibiting a thickmess
variation of zpproximately 1 pm, resulting m 2 thin film with an everall thickmess of around 10 pm. The ferrofluid demonstrates
2 response time on the order of 200 ms, and the scattering pattern swiftly disappears upon the removal of the magnetic field. At
very low magnetic fields, the ferrofluid exhibits isotropic behavior. Necdymmum super magnets, positioned m close proximity to
the Ferrocell, serve 23 the source of the magnetic figld, with the maximum magnetic field strength generated by these magnets
the order of 2000 G in thiz experiment.

Figure 3
Diagram of the experimental apparatus. (1) Primary light source, (2) pelarizer, (3) Ferrocell, (4) magnet
generating the magnetic field, (5) analyzer, and light sensor (&).
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To change the strength of the magnetic fisld, additional identicel mapnets are 2dded ztop the mitial magnet. facilitatmg =n
merease i field strength. This configuration enables the utilization of magnetic fisld strength 23 2n independent varizble within
this system, a5 it s shown in Figure 4. Measurements of the field components are tzken from the central point on one face of the
magnetic cylmder and extend lmesrly from this pomt usmg 2 Hall sensor on the surface of the plane where the Ferrocell is
positioned. Thiz particular field setup iz referred to 23 monopolar, as the Ferrocell predominantly touches one of the "charges" of
2 magnetic dipele. The polarization of light iz highly dependent on the mtensity of the magnetic field, as the magnetic field zlters
the density of limes in the diffraction grating created by nanoparticles. Typically, m the context of light polarization, the light
mtensity exhibits 2 lmear merease with the magnetic field mtensity for given angles between the polarizer and the field, reachmg
saturation at magnetic field values zround 1300 ganss, 23 can be inferred from the graphs m Figure 4. With respect to wavelength,
several tests conducted with UV and mfrared light led us to some conclusions. Regarding the wavelength, the phenomenon is
primarily chserved m the wvisible light range due to certmin Ferrocell construction factors, but the mapmetic field does not
significantly affect the wawelength The presence of glass plates m the cell affects the wavelsngth i the UV range. The flid
dispersing the nanoparticles, such 2z ol or water, influences the effects in the mfrared ranpe. So far, we have observed that the
most significant results ccowr relatively uniformly m the visible range. This does not e out the possibility of future
mwestizztions being conductad based on wavelength.

Figure 4
Plots of applied magnetic field intensities and their effects on the formation oflight patterns. In (a) horizontal
magnetic field of a dipole, (b) magnetic field of a monopole, and in (c) light intensity of polarized light for

different values of magnetic field.
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To znalyze some physical properties of the pattemns observed m this paper, we use the Stokes vector, with Mueller matrices
operating on such vectors, to have measursble parameters with rezl values obtzned with appropriate optical mstruments
(Tufzile & Tufzxle, 2022) [33]. The mcident light iz representad using 2 Stokes vector, and the resulting signal obtzined when the
Ferrocell mteracts with this mcident light is represented by another final Stokes vector. The Stokes parameters, denoted as [, 0, U
and I, form a4 = 1 column vector S representing the components of the electric oscillations of light This vector describes a
complete state of polarization with the polzr and azmuth angles, denoted as (8 ), respectrvely. These perameters are correlated
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with the Stokes vector See observed i the pettems within 2 Ferrocell, comprizsing six intensity values, namely B, 55, Las, Fas T,
and J, a3 outlined m our previous peper (Tufale & Tufmle 2022) [33].

E-I]SE-':H- + E'WE'EQ In +15
_lel_ [z E.:]SE.'JQ. - E'WE-EQ - _ In—1Ig W
L 1; —ZREE.;]&E'.E‘;, FE = Tpa5—I_ag)
v ﬂ?nE-:]EE.5¢, Ig—1Iy

Equatien (1) presents the fmal vector, providing 21l the necesszry components to describe the observed polarization state of
light m this system. A wvisuzlly msightful mterpretation of the Stokes vector is to envision its relation to the 5 elements of the
Poincaré sphere, particul 2ly for 2 completely polarized light beam. In this praphical representation, the sphere’s radins, denoted
23 S, signifies the mcident irradiance of the light beam. The differsnce m radiant energy flux per unit area or irradiances,
between the horizontz] component J- and verticzl pelarization compenent [ is representad by 5. The preference for +43° or —
45° polarization iz mdicated by 5., while 5. iz assecizted with the mpact of right or left circular pelarization states affecting the
light. Thus, any polarization state can be defmed by the vector extending from the origm at the center of the sphere to 2 point on
the surface of the Poincaré sphere. In this manner, every polarization state i determined by the vector extending from the center
of the sphere to 2 pomt on its surfzee, 23 deseribed by the followmg equation.

55= 5;+55+ 5% )

The hueller matrix deseribes the Stokes vector after the mteraction with matter, and the mteraction between light and
the sample for the case of the Mueller matrix and Stokes vector is represented by the lmesr transformation of an mcident Stokes
vector 5o to zn outgemg Stokes vector 5 due to the 4 x 4 Mueller matrix A4
myy Mz Myz Mgy
myy mgz Mgz My
mg mgy Mgy magS0 @)
Mgy MM41 M43 Mag

51 = M.S.;] = 51 =

In this way, amalytical formulas for the Stokes vectors, elliptieity, and azmuth zre derrved for every pomt m the szmple
petpendicular to the propagation direction, 2t the output of this system. These parameters facilitate 2 comprehensive depiction of
the polarization state throughout the thin film of ferrofluid recorded m the image, which 15 used as our data.

The Musller matrix functions as 2 mathematiez] tool to deseribe the zlteration of polarized light when mteracting with =n
optical system. In the experiment mvolving ferrofluid and 2 mapnetic field, this matrix effectively demonstrates how the
magnetic fild affects polarized light, offermg crucial msights mte optical characteristics like polarization and mtensity. The
Mueller matrix. by representing and quantifying the magmetic ficld's impaet on pelarized light proves mstumentz] m
comprehending the relationship between magnetic fields and optical properties in the Ferrocell experiment. The identification of
datk regions, associzted with zero values in the light mtensity from Stokes parameters, provides a dear indication of the presence
and characteristics of isogyres, enhancing our comprehensive understanding of this system.

There are three ways to cbserve the luminous pattems i the Ferrocell. The first mvolves observing the pattern in the light
source through the Ferrocell, similar to how polarization pattems are examined. The second methed is to pass 2 laser beam
through the Ferrocell and observe the resulting pattern on a screen when smdying the diffraction of a laser beam. The third
approzch iz to directly cbserve the lnmnous pattern within the Ferrocell, 23 we will do i the czse of the luminous herocyele. To
record the image, we take photos of the observed system and analyze these imapes with appropriate software, such as Origim and

Maple.

The key zspects of this experiment iz that the alipnment of nmoparticles i ferrofluid thin films, triggered by a
magnetic field, significantly impacts light pelarization. Ferrofluids contzin supetparamagnetic nanoparticles that, upon exposure
to zn external mapnetic field, zlign themselves parallel to the field lines. This alisnment creates ordered structures within the
ferrofluid, resulting in 2 periodic arrangement of nanoparticles, and the alipned nanoperticles 2et as 2 diffraction gratmg. In the
context of ferrofluids, the alipned naneparticles form a grating-like structure that affects the propagation of light passing through
the thin film. This grating alters the direction and mtensity of the transmitted light, leading to changes m its polarization state. In
this study, we explore the behavior of 2 ferrofluid diffraction gratng mfluenced by a magnetic field. The magnetic field mdnces
the zlionment of nzmoparticles, resulting i needle-shaped struetires with distanees betwsen them on the order of tens of
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micrometers. Commenly used for optical gratings, the optica] range is between 100 nm and 10 pm. The distmet optical properties
of ferroflmds under 2 mapnetic field, formmg structures with diffraction characteristics, raise the question of their wavelength
range. The SpEE‘[ﬁEd range (100 nm to 10 pm) covers the vizsible light speetrum (400 nm to 700 nm) and extends nto the mfrered
region, encompassing a broader electromagnetic spectum. Howsver, practical limitations, such as the glass plates or the il used
23 a liguid carrier for the iron nanoparticles covered by the surfactant, limit the device's operation to the visible wavelength range.
Aslight mteracts with the ordered structures crezted by the aligned nanoparticles, it undergoes diffraction, smmilar to the behavior
of light passing through 2 traditional diffraction grating. The diffraction process influences the polarization of light, and the
periedic arangement of nanoparticles mtreduces a spatisl medulation m the transmitted light This moedulation, @ towm,
contributes to changes in the polarization state of the transmitted light.

3. Exploring the Evolution of Isogyres

Let's estzblish the connection between the light at each point i the pelarization pattern and its corresponding Stokes
parameter in the scenario of 2 dipole magnetic field applied to the plane contaming the thin ferroflmid film, as depicted i Figure
3, usmg the blue circles to represent the south pele and red for the north pole. As elucidated m our previous work (Eeller, 1962)
[29], ferroflmd particles align themselves with the zpplied mapmetic field, 2kin to the formation of the depicted field lmes m
Figure 3(a). The pelarization pattern with isogyres iz shown in Figure 5(b).

In 2 system comprismg a2 lmezr polarizer and lmesr mnalyzer, our results suggest that the polarization orientation is
perpendicular to the magnetic field lines. Consequently, light polarizztion vectors parzllel or perpendicular to sither the mput or
output elements of the polarizer/analyzer system will be cbstructed, resulting in dark regions within the pelarization pattem, as
fllustrated i Figure 3(b). Points where the light polarization is at 43° relative to any of the elements of the polarizing ‘analyzer
system will exhibit maximum light mtensity. For angles between these two cases, the light mtensity will vary m accordance with
the projection on 2 trigonometric circle, characteristic of hameoenic functions.

Figure 3
Relating magnetic field lines (a) of a magnetic dipole with patterns observed in Ferrocell in (b). Magnetic dipole p
with different alignments and respective polarization patterns: (c) dipele aligned with the vertical, (d) dipeole
aligned diagomally, (e) dipole aligned with the horizontal.
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When the mzpnetic field s rotated. it mfluences the alipnment of particles within 2 materizl | 2s it is shown m Figures 3(c)-
3(g). and the observable pattemns formed by isogyres zre subject to changes when the mapnetic field is tumed. The slipnment of
patticles with the magnetic fisld is 2 crucizl factor affecting these patterns, and variations ocour 25 the magnetic field orientation
iz adjusted. Thoroughly amzlyzing this light pattern with 2 80° counterclockwise rotetion of Figures 3(c)-3(g), we can examine an
axis traversmg the north and south peles within the Ferrocell plane. In cases where this axis sligns horizontally or vertically, a
comparable izogyre pattem emerges, festuring eight luminated regions—two flanking each pole. On the other hand, when the
axis zssumes 2 diagonal orientation, the pattem still comprizes eight llumnated regions. However, it exhibits two promiment
lobes zlong the dizgonal perpendicular to the pele slipnment axis, zccompanied by three less mtense lobes along the outer

periphery of the poles.

By placing 2 magnetic bar that creates a dipolar field on the Ferrocell, we will obtzin the main lines of the isogyres of Figure
6. We begm by algebraically representing the mapmetic field lmes of this bar magnet with magnetic moment p. In cartesian
coordinates (x, 2) and polar coordinates (7 8). the equations for the dipole mapnetic field lnes B i the Ferrocell plane are given

by:

_ 3pxz _ 3psinfcoss
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Given this angular distribution of the field lmes by Eqs. (4)(3), the nanoparticles align with this field of 2 magnet bar that 1
shown i the image of the Exp&nmmr m Figure 6(z) with itz respective diagram shown Figure 6(b). Accufde to thess
equations, the concentration of isegyres must follow the lmes represented m FiE:u.res G{c)-6(d). Cunsequeuﬂy by rotzting the
magnetic field by 907, we will have a rotztion of the isogyres, as shownm Fig'u.re 6 (d) below Figure 6 (c). This rotation is
evident during dipole rotation i Figures 3(c)-3(d). In regions with 2 weak mapnetic field (less than 200 gauss), 2 diffraction
grating dees not form, leading to dark areas around the pattemn.

Figure 6
In (a). represents the polarization pattern of a magnetic bar, while (b) presents a corresponding diagram.
Hyperbolas depict isogyres projected onto the Ferrocell, varying with distance from the magnetic dipole center
relative to the y-axis. Isogyre lines aligning horizontally and vertically through the originare also visible. In (],
with a vertical dipele orientation, and in (d). with a horizontal orientation, two redlines along the diagonals
mark the limits for forming hyperbolas. Each color in the plots indicates different distances from the magnet in
relation to the Ferrocell plane in the Y direction.

g .
a- ' (c)
“a ¥l 2 o 2 4 ]
Distance X (cm)
|
% s
4 - @)
{a] - & ) -I+ ] d ] o ) 3 4 -]
Distance X (Cm)

To show the impact of magnetic field mtensity on the polarization of light, the diagrams represented i Figures 6 (c) and 6
(d) lustrate that the isogyre pattern can be changed, 23 each curve with 2 certain color is related to different configurations of the
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magnetic fielld. The horizontz] and vertical straight lines mdicate the zlignment of the magnetic field 2ong the z-axiz and x-axis,
correspondmg to one of the polarizers.

The plots depicted i Figure § prompt the question of how hyperbolas can undetgo 2 transformation into strsight lines m this
particular scenario. To answer this question, we can use a hexapolar (sextupelar) field, dlustrated m Figure 7. This approach is
based on the concept of multipolar expansion. aiming to dlustrate the effects of changes m 2 dipoler magnetic field through the
use of an zsymmetric sextupolar field. The luminous pattern obtzined the sextupolar magnetic field simplifies the observation of
isogyres at the center of the luminous pattern and their evelution based on adjustments to the magnet positioning. The symmetric
sextupelar field, with four straight isogyres that mtersect i the center m Figure 7 (2), presents the same configuration as the red
and black lmes i the dizgrams i Figures 6(c) and 6(d). This pettem iz reflected i the two black lines along the vertical and
herizontal ames, as well as the two red lines on the dizgonal | representing the limits of the hyperbolas from the dipole field.

Figure 7
Light polarization patterns of two configurations of a sextupelar magnetic field showing multipelar expansion
observed by isogiral patterns. (a) Nustrates magnets symmetrically arranged in a circumference. In (b), magnets
are positioned in an ellipse aligned vertically.

We can observe that by changing the zpplied magnetic field, these light pattems underge 2 transformation i their shape in
Figure 7. Initially, the isogyres m Figure 7(3) appear as straight lines, but when the magnetic field iz modified, they evolve mto
parabolic shapes. Figure W(b) exhibits 2 comparable pattem in the case of the dipolar mapmetic field, mdicatmg that this
sextupelar magnetic fisld possesses a dipolar mzpnetic ficld (p) component crient=d m the vertical direction.
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Figure 8 depicts the visualization of isogyres using sextupelar and dipolar magnetic fisld configurations rotated 45° relative
to the horizontal axiz. When these mapnetic fields exhibit symmetry m either horizontal or vertical directions and are roteted by
45°, four isogyres are formed. Two of these isogyres align at 907 (depicted i vellow), and the other two align at 0° (depicted in
green). The mtersection point of these isegyres ocours at the geometric center of each magnetic charge of the respective dipole,
whete the orientations cancel each other out

Figure 8
Luminous pattern resulting from a sextupolar configuration with diagonal symmetry alipnment, displaying
exclusively curved isogyres in (a). The luminous pattern of a dipelar configuration with diagonal symmetry

alipnment is depicted in (b). accompanied by a diagram illustrating the magnetic field lines. Yellow lines signify

alipnment of the diffraction grating with the vertical, while green lines indicate alignment with the horizontal.

We can model the properties of light i these patterns usmg Mueller Matrices. The scenario mvolves 2 sextupelar mapnetic field,
which mfluences the slipnment of nanoparticles m a ferrofluid. creating a diffraction gratmg. The goal is to represent this grating
uzing a Mueller Matrix, which 1z 2 mathematical tool commonly employed i polarim etry to describe the transformation of
polarized light as it mteracts with optical elements. We need to represent the diffraction grating that will be created by the
ferrofluid nanoparticles aligning to the hexzpolar mamnetic field with Mueller matrices, 25 45 m our previous work (Tufaile &
Tufaile, 2022) [33]. For the matrix representing an asymmetric sextupole, we have the following matrix:

1.8 myz my3
M, —Li|m21 maz mag

o oo o
-

I|m3y maz myg ©
0 0 0
where:
mya = may = 0.8 cos (§) + cos (46), 4]
my3 = mgy = 0.8 sin (§) + sin (48), 6]
Mgy = M3z = 0.5 5in (#) + cos (F) + cos (48) +sin (48), ®
mgz = ma3 = 0.8 cos (6)° + cos (46)° . (10)
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Following this, we apply the Stokes vectors that act on this matrix to vertically polarized light and to zn analyzer
posttioned after the ferrofluid. We will focus on the perameter Jof the light mtensity, spectfically zround the center of the light

pattarm.

Figure 9
Simulation illustration employing Stokes vectors and experimental outcomes showeasinglight intensities of
sextupolar fields with circular and elliptical configurations. Polar plots in (a) and (c) present the results obtained
with our model, while polar plots in (b) and (d) display the corresponding experimental results.
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We have 2 comparison between two seenzrios reprezented in 2 Figure 9. The first scenazrio mvolves the formation of straight
isogyres that mtersect at the cemter of the pattern, which ocouwrs when using a2 sextupolar magnetic field with magnets
symmetrically positioned m a2 circle around the center. The second scenario shows 2 pattern with curved 1sogyres, and this ocours
when the magnets zre symmetrically positioned along an ellipse. Essentially, we have the different light mtensities observed
under two distinet magnetic fisld confizurations, showing the light mtensity zere for the case of 1sogyres for each region of the
light pattemn.

These fmdings ndicate that the Mueller matrix used to represent the magnetic field effectively captures the primary features
of polarized light mtensity m our experiment under both conditions, along with the slgebraic properties of the magnetic field.

11
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Although the observed variations in the polar praphs of light mtensity could be mitigated by mtroducing 2 mere mtricate angular
representation of the magnetic field, for the scope of this study, we successfully lustrated that light mtensity at anples associated
with isogyre locations is minimized, resulting in darker regions i stark contrast to the brighter areas.

Figure 10
A schematic illustrating the diffraction grating within the quadrupolar field, which will be employed to ohserve

polarization patterns.

A curious case for the rotation of isogyres ocour for the czse of magnetic quadripeles. In the presence of 2 quadmpolar fisld
of Figure 10, the isogyres rotate at twice the angle of the magnetic field, as it is show i Figure 11. The quadrupolar magnetic
field m Figure 10 i3 characterized by parabolic curves around 2 center i a square arangement, creating the same effect on the
mapnetic particles mside the Ferrocell, and the resultmg isogyres zre two mtersectmg lmes, forming a cross. The rotation of
izogyres M such 2 field i3 different from those i other magnetic field configurations.

Figure 11
Creating linearly polarized light within the Ferrocell under a quadrupoele field, we can track the rotation of
isogyres as the magnetic field is rotated, as depicted in (a). (b). and (c). Additionally, we observed patterns of
light that are circularly pelarized to the right in (d) and to the left in (e). The colors displayed indicate varying
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intensities, with the highest intensity represented by polarized light in yellow, while circularly pelarized light, in
red, exhibits lower inten sity.

T 110y

"Trer 1

In a quadmpolar field, the zrrangement of the diffraction grating is related to 2 perabolic shape, formmg parabelic lmes. The
polzrization of light 2lions with these field lmes. For 2 parabolz with 2 mathematical expression like v(x) =x°, the slope of the
tangent lines (dy/dx) iz given by 2x. In the context of the quadmpole, this implies that the rotation of the isogyre is directly linked
to the rotztion of the magnetic field and ocowrs at twice the rate. This relationship is 2 consequence of the specific geometric
characteristics of the quadrupolar field lmes, mflnenemg the behavior of polarized light m the Ferrocell system.

Furthermere, by mjecting linearly polarized light mto the sample, circularly polarized light pattems were observed, rotating
to the right m (d) and to the left m (g). The displayed colors signify different mtensities, with yellow mdicating the highest
mtensity for polarized light, while red represents lower mtensity for circularly polarized light This shows that differsnt types of
light pelarization orientztions m ferrofluid thm films can emerge.

13
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4. Parlaseric Circle and Horocycles of Light

While thiz section does not delve dirsctly mte the pelarization of light, it highlights mtriguing demonstrations of Ferrocell as
2 magnetic lens and its mteractions with sunlight and other light sourees, which could lead to future applications m solar panels.
We showcase the visualization of 2 patlazeric circle using the Ferrocell, sccompanied by the emergence of lumineus horocycles
upon the application of 2 mapnetic field. A parlaseric circle (Conover, 2013; Fitzgerald, 2019; Tufaile & Tufaile, 2015) [30-32] is
2 radiant rmg produced by the scattermg of light m foams or scap bubbles. This phenomenon iz elucidated by the Geometrical
Theory of Diffraction (Keller, 1962) [29], shows the phenomenon of reflection and refraction cecurrmg simultzmeounsly,
superimposed i 2 diffraction cone. A pathelic cicle shares similarities with the parlaseric circle (Conover, 2013; Fitzgerald,
2019y [30, 311, but manifests in the sky due to light either reflecting or refracting through ice crystals.

Figure 12
Parlasericcircle and the generation of horocycles using Ferrocell. Depictions of the parlaseric circle with a laser
beam peint and four reflections kmown as laser dogs are shownin (a). Projection of the parlasericcircle onto a
screen is illustrated in (b). The observation of the laser circle through the Ferrocell is demonstrated in (c), and by
applying a magnetic field from a magnetic cylinder on the right, the formation of a luminous horocycle at the
point corresponding to the laser beam is evident. In (d), with the magnetic cylinder placed more centrally, two
small luminous herocycles are observed. When the magnet is positioned lower, twe larger luminous horocycles
become visible. These images emphasize the interaction between light, magnetic fields, and the unique patterns
observed in the context ofthe Ferrocell experiment.

In the rezlm of 2 Ferrocell, 2 luminous ring kmown 23 2 horocyele of light can be observed under specific confipurations
(Tufxile et al., 2021; Bonola, 1933) [34, 35]. In this scenario, the pont-shaped source of light partially transforms into a ring
perpendicular to the magnetic field. Termed a horocyele of light, this ring bears resemblance to a curve in hypetbolic geometry,
where its normal lmes asymptotically converge m the same direction. Horocyeles are a distmetive feature of hyperbolic geometry,
which iz 2 non-Euclidezn peometry whete the parallel postulate 13 medified. In hyperbelic geometry, there are no parzlle] lines,
but there are curves like horocyeles that exhibit similar geometric properties.

In the conts=xt of hyperbolic geometry, a horocycle 13 a curve with constant curvatire, graduzlly approaching m both
directions to 2 single idezl point.  Lobachevsky mtroduced the terms "horosphere” and "horocycle,” revealing their equivalence
m geometry tolnes and the plane i Eucdlidean space within hyperbolic settimgs (Bonela, 1935) [35]. These terms play a crocial
role m describing unique structires and pattems m hyperbolic geometry. The notion of 2 horocyele or horesphers i3 extensively
explored m the field of mathematics (Dani, 1978; Szmak & Ubis, 2015; Aquine & de Lima 2014; Colares et al., 2022) [36-39].
Although the concept of 2 horocyde iz not widely explored in physics, it allows us to interpret nonlinear transformations that the
magnetic field of 2 dipele can create in the propagation of light m the Ferrocell. For example, i the reslm of general relativity,
the connection between relativity and hyperbolic geometry lies m the geometric representation of space-time withm the scope of
Emstein's theory of General Relativity (Asselmever-haluga & Mader, 2012) [40]. In General Relativity, gravity iz described as
the curvature of space-time caused by the presence of mass and energy. The mathematics used to describe this curvature is based
on the principles of differentizl geometry, whers hyperbolic geometry plays 2 role. The curvaturs of space-ime affects the
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propagation of light. Thinking zbout 2 gravitationa] lens, we can maks an analogy here, where the mapnetic field n the ferroflud
zssumes the same role of the grawitztional field m space-time, mfluencing the propagation of light through the Ferrocell. If we
consider that 3 lens iz 2 tremsmissive optical deviee that focuses or disperses 2 bezm of light through refraction, the Ferroed
behaves 23 if it were partizlly 2 magnetic “lens™, as part of the light that passes through it undergoss deviztions, such as in the
case of refraction, by the nanoparticle structures that align with the magnetic field.

In Figure 12 we show Fetrocell behaving like 2z 3 magnetic lens. Figure 12(z) depicts two parlaseric citcles projected m a
transparent glass. Figure 12 (b) flustrates the observation of the parlaseric circdle in the zbsence of 2 magnetic fisld through the
magnetic lens. In Figure 12(c) we see the parlaseric circle seen through the magnetic lens with a dipelar mapmetic field coze to
the left side of the parlaseric circle, resulting in the formation of 2 lumimous herocyele, whose origin is related to the most mtense
lumineus point of the parlaseric circle, which corresponds to the laser beam. In Figure 12(d), the dipole field iz shifted and is
zpplied to the lower centrzl part of the parlasenic circle, leading to the observation of two lummous horecycles, one dus to the
laser beam and the other due to alaser dog. Two large horocyeles zre shown m Figure 12(g).

In the observed projections of the diffraction circle which forms the parlaseric cirde, five lummous points are identified.
The lefimost point represents the laser beam mteracting with the Plateau border, while the other pomnts on the circle represent the
lazer dogs (Conowver, 2013) [30], which are reflactions of the laser beam. Luminous horoeyeles primarily emerge i regions with

mtenze hgllt gignals, particularly at peints characterized by 2 robust laser reflection from the Plateau border and the position
corresponding to the laser beam.

Figure 13
In (a). a green laser beam is directed towards the edge of a circular Ferrocell with no magnetic field. In (b), ared
beam and a green beam are directed towards the edge of the Ferrocell inthe presence of a monopolar magnetic
field, which means that one pole of a cylindrical magnet is in contact with the center of the plate behind it. The
magnet remains unseen due to an opagque sheet positioned between it and the Ferrocell. The observed pattern is
solely attributed to the magnetic field within the Ferrocell scattering the laser beam.

The creation of lummous horocycles represents 2 specific mstance of image generation within the fluid. This can be verified
by mtroducing a lzser beam dirsctly mto the Ferrocell and implementing a magnetic field. In Figure 13 and Figure 14, we
observe patterns within the Ferrocell. Due to the presence of phenomens associated with the Geometric Theory of Diffraction
(GTD) (Eeller, 1962) [29] in the Ferrocell, these effects might be mistakenly perceived as a mere reflection. However, the system
experiences 2 multifaceted mterplay between light and nenoparticles, resultng i a2 phenomenon encompassing both
reflection'refraction and diffraction smultzneously. The competition between the effects of diffraction and reflection/refraction
m the Ferrocell depends on the mtensity of the light seen through it and the contrast between other nearby light sources. In this
context, we ackmowledge that the Ferrocell exhibits optical phenomena situated zt the mtersection of geometric optics and wave
optics. To comprehend the mtricate pattems it produces, one must fzctor m the dual nature of light, behaving simultanecusly as
both 2 wave and a ray, 2 phenomenon kmown 2z wave-ray duality i classiczl physics, anzlogous the wave-particle duslity m
guantum mechanics.
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Figure 14
Ared laser beam directed into the edge ofthe Ferrocell under a stronger monopolar magnetic field behind it. The
magnet remains unseen due to an opagque sheet positioned between it and the Ferrocell. The observed pattern is

solely attributed to the magnetic field within the Ferrocell scattering the laser beam.

Thiz experiment reveals that emploving diverse analysis techniques from various zress of physics enzbles the discovery of
connections with zhstract mathem atical concepts, particulaily those related to topology. Additionally, it establishes links with the
studies associated with other smart materials, 2z exemplified i the examination of light propagation within systems mvelving
liquid erystals (Kamien & Miachon, 2020; Pollard & Alexander, 2021) [41, 42]. This suggests 2 potentizl avenue for utilizing this
device m the exploration of applications within display technology. Followmg this idez of usmg the concepts leamed with
Ferrocell m other arezs, understandimg the phenomena i this section allows us to try to understand other phenomena that can be
observed in amoespheric optics.
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Figure 15
Pattern formation involving different type ofice crystals geometries. In (a), the author extends her arm with an
open hand to visually demonstrate the solid angle of the 22-degree solar halo. In (b), alongside the solar halo, the
parhelic circle is depicted. In (], a luminous horocycle, generated using a Ferrocell, is presented.

(b) L C)

We have expanded the application of generating diverse mapmetic field confipurations to slucidate pattem formation m
atmospheric optics. This invelves drawing an analegy between the size of structures i ferrofluid and ice crystals present in the
atmoesphers. For mstance, m Figure 13(z), we cbserve geometric optical effects contributing to the formation of the 22° solar
hale, centered zround the sun. In Figure 13(k). zlongside the solar hzlo, the pathelic circle mtersects the sun, similar to the

lumineus horocyele flustrated m Figure 13(g).
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Figure 16
Diagram illustrating the Ferrocell and a magnet demonstration to generate a horocycle, utilizing the sun as the

light sourcein (a). In (b). a photograph capturing this experiment.

Ferrocell =

In Figure 16, we showease an experiment demonstratimg the creation of a horocycle pattem usmg the sun as a light source m
the presence of 2 magnetic field. In Fipure 16(a), we present the diagram of this demonstration, positioning the Ferrocell between
the observer and the sun. Figure 16(b) displays an mmage captured with this configuration. It is noteworthy that the luminous
herocycle mtersect at the sun, similar to the parhelic circle.

5. Conclusions

In conclusion, this study provides a comprehensive exploration of the intricate interplay between magnetic fields and light
polarization within thin films of ferrofluid. Leveragmg the Ferrocell device and employing advanced techniques like polarized
light maging multipoler expension, and Mueller matrix formalism the resezrch mwvestigated the formation of 1sogyres, which
are distinct patterns observed during the passage of pelarized light through ferrofluid under diverse magnetic field configurations.
The zlignment of nanoparticles m response to the magnetic field leads to the creation of a diffraction gratmg, mfluencing light
polarization. Utilizing Stokes wvectors, Mueller matrices, and multipolar expension, the study sheds light on the complex
relationship between mapnetic fields and optical properties m ferrofluid thin films.

Our experiment zlse showcased the evolution of isegyres from straight lines to conic projections, such as parabelas and
hyperbolas, under the mfluence of 2 monopolar, dipelar, quadrupolar and sextupolar mapmetic fields. The Mueller matr
effectively represented the mapnetic field's mpact on polarized light, revesling dark regions corresponding to isogyres. These
fmdings contribute to 2 nuanced understanding of how magnetic fields shape light polarization n ferrofluid thin films, helding
potential applications m mapneto-optical devices, materials science, and biomediczl maging. The use of polarization patterms
through their 1sogyres to represent mapnetic fields 15 an mteresting way to have a new perspective on the representation of vector
fields.

Additionzlly, the study presents the visuslization of 2 parlaseric circle through the Ferrocell, dlustrating the formation of
luminous herocyeles. Using the Ferrocell, we have observed 2 lummous horecycle. In this phenomenon, 2 pomt light souree is

transformed mto 2 ring perpendicular to the magnetic field i the plane of the Ferrocell. This work opens avenues for further
exploration and application of these phenomena i diverse scientific and technelogiczl domains, like the case of the solar panels.
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