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Polygonal micro-whirlpools induced in ferrofluids 

MARCIN BACIA1*, WERONIKA LAMPERSKA1, JAN MASAJADA1, 
SŁAWOMIR DROBCZYŃSKI1, MACIEJ MARC2 

1Wrocław University of Technology, Department of Optics and Photonics, 
Wybrzeże Stanisława Wyspiańskiego 27, 50-370 Wrocław, Poland

2Institute of Physics, University of Zielona Góra, 
Szafrana 4a, 65-069 Zielona Góra, Poland

*Corresponding author: marcin.bacia@pwr.edu.pl 

We report on the observation of the polygonal whirlpools in the thin layer of ferrofluid under
illumination with a laser beam carrying optical vortex and in the presence of a vertical magnetic
field. This kind of structures have attracted attention after discovering a hexagonal storm in
Saturn’s atmosphere. Our polygonal whirlpools were created in a closed system (no free surfaces)
in micro-scale (whirlpool diameter <20 μm) by the use of holographic optical tweezers.
The polygonal shape was changed by varying the magnetic field strength or value of the optical
vortex topological charge. 
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1. Introduction

The Saturn’s hexagonal storm was first discovered during the Voyager mission nearly
30 year ago [1] and recently confirmed by the Cassini–Huygens mission [2]. This
hexagonal-shaped cloud pattern surrounds Saturn’s North Pole and rotates around
the planet’s axis. Its movement remains surprisingly stable, which makes the storm dif-
ferent from the hurricanes on Earth. Various theories were presented in order to de-
scribe its origin and motion [3, 4].

In the laboratory conditions the polygonal whirlpools were generated using a cylin-
drical container with water [5, 6]. The flow was forced from the bottom by rotating
the mechanical system. When the rotation rate became sufficiently large, the axial sym-
metry of the free surface was broken and large time dependent deformations appeared.
The surface of the rotating fluid was formed into regular polygons with 3–5 corners.

In this paper we describe a creation of polygonal whirlpools at microscopic scale
(<20 μm of diameter) in a thin droplet of ferrofluid (~12 μm of thickness). The ferro-
fluid has no free surface (it is closed between two microscopic slides). Ferrofluids are
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colloidal suspensions of magnetic particles having average size of about 10 nm dis-
persed in liquid (organic one in our case) [7, 8]. Magnetic particles are coated with
a surfactant to inhibit their aggregation and sedimentation. Ferrofluids have both liquid
and magnetic properties, which are useful for various applications. The light action on
the ferrofluids was described in [7, 9–11] (paper [7] contains a review on optical prop-
erties of ferrofluids). The review on colloids research with optical tweezers (but not
holographic ones) can be found in [12]. In our experiments we used commercial and
homemade ferrofluids. The observed effects in both cases were the same. 

Interestingly enough, we need three factors for creating microscopic polygonal
whirlpools in ferrofluid. These factors are: heat transfer, angular momentum transfer
to the magnetic particles, and vertical magnetic field. All these factors are present in
the Saturn’s atmosphere. Certainly, this coincidence does not mean that the effects ob-
served in the ferrofluids are a miniature copy of the hexagonal storm in the Saturn’s
atmosphere. However, the hexagonal storm has attracted wide attention, so we think
that all potential clues are worth disseminating. Besides we believe that our observa-
tions are also interesting outside the Saturn’s storm context. 

2. Experimental setup
To create polygonal whirlpools in ferrofluids we used holographic optical tweezers
[13, 14]. They allows creating tens of optical traps within the area of tightly focused
laser beam. The scheme of the optical setup used in our experiments is shown in Fig. 1.
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Fig. 1. Scheme of the holographic optical tweezers with two electromagnetic coils.
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It is based on reverse biological microscope Olympus IX71. The optical trap was gen-
erated at the sample plane by the use of the spatial light modulator (SLM, Holoeye
-Pluto). The SLM was illuminated by the laser beam (1064 nm) and then the beam was
focused by immersion microscope objective Olympus UPlanFL N (100×) with
NA = 1.3. In the sample plane the magnetic field was generated by the use of two elec-
tromagnetic coils. With the holographic optical tweezers different kinds of traps (light,
dark [15] or Bessel [16]) can be generated simultaneously. Traps can be also moved
independently in x-y-z direction. 

Small particles, both metallic and dielectric, can be trapped by such a focused light
beam. In the case of metallic particles this effect was described in [17, 18]. In our ex-
periment we work with dark traps, i.e. focused laser beams carrying optical vortices.
The vortex beam carries non-zero angular momentum which is related to its helical
wavefront shape [19]. The angular momentum is proportional to the parameter called
topological charge (here denoted by letter m). Due to the transfer of the angular mo-
mentum (from the beam to the particles), small particles can spin [20] and rotate around
the central part of the trap [21]. It is hard to observe this circular motion directly due
to small size of nanoparticles. To visualize this effect we did an experiment with a mag-
netic nanoparticles (average diameter 2 nm) but synthesized in mesoporous silica
(MCM-41) using the method of co-precipitation of Fe2+ and Fe3+ chlorides (in molar
ratio 1:2) in an alkaline medium [22]. Thus, the large number of nanoparticles was
closed in quasi-spherical silica structure of diameter ~1 μm and the effect of interaction
between light and silicon spheres with magnetic particles could be directly observed.

The silica spheres dispersion in water and oil was prepared and closed between two
microscopic slides. The layer thickness was ~12 μm. The sample was illuminated with
a dark trap (m = 20). The light intensity distribution within such a trap is shown in Fig. 2a
– it has a characteristic dark center surrounded by the bright ring. Figures 2b–2e show
that under laser illumination mesoporous silica particles were trapped along the bright
ring. The whole chain of particles rotated around the beam center. We observed a rotation

Fig. 2. The shape of the vortex beam at the sample plane (a). Chain of mesoporous silica spheres with
magnetic nanoparticles gathered around the vortex beam center (water dispersion). There is a small gap
in this chain indicated by white arrowhead (b–e). Pictures were taken at 0.24 s intervals.
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of the small gap in the particle chain (indicated by white arrowhead in Figs. 2b–2e).
In this experiment the magnetic field was off. When the optical vortex was oriented
reversely (the topological charge of the vortex is of the opposite sign, m = –20)
the silica spheres with the magnetic nanoparticles rotated in opposite direction.
The rotation speed depends on both: the beam intensity and the value of the optical
vortex topological charge. We also observed that the pure MCM-41 spheres (free of
magnetic particles) dispersed in water (or oil) were briefly trapped (unstable trapping),
went around about quarter of the loop and escaped from the trap. That means that stable
trapping depends on the presence of magnetic nanoparticles. The results were the same
for both water and oil dispersion, but in oil the particles rotation was slower. 

3. Results in ferrofluid

In the next step the thin (~12 μm) ferrofluid layer was illuminated with the dark trap
and the vertical magnetic field was applied. The polygonal whirlpool with bright arms
emerging from the polygon corners was created and the whole pattern rotates (Fig. 3).
The rotation occurred only when a dark trap was applied. The number of arms depended
on vortex charge, light intensity and magnetic field strength. Figure 4 shows a depend-
ence on optical vortex charge (the magnetic field is constant) and Fig. 5, a dependence
on magnetic field strength (m = 40). 

However, this dependence is not exact. For given vortex charge, light intensity and
strength of magnetic field, the number of arms varies by one showing that the whole
phenomenon is highly sensitive to sample preparation, sample age and environmental
conditions. 

In the absence of the dark optical trap, the magnetic field is not enough to cause
polygonal whirlpools (Fig. 4, m = 0). The pattern has bright arms emerging from its
center, number of which depends on magnetic field strength and light intensity. How-
ever the whole pattern does not rotate.

It is also worth noticing that the rotation of white arms occurred only in the presence
of the vertical magnetic field. The horizontally oriented magnetic field stretches the

Fig. 3. Vertical magnetic field and dark trapping beam forms a pentagonal form which rotates. Images
were taken at 0.7 s intervals.
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bright pattern into a single straight line that remains motionless (Fig. 6). This effect
has already been reported in [23].

Polygonal patterns in water at macroscopic level were studied in paper [4]. It was
shown that small whirlpools are located by each side of the polygon. The careful ob-
servation of our polygonal structures revealed similar motion. However, it is hard to
see it directly. We added various micro-particles to the ferrofluid to make the effect
well visible. Best results were obtained with small (1 μm) particles of carborundum.
The presence of small whirlpools by each polygon side is revealed by circular move-
ment of the carborundum particles (Fig. 7).

Fig. 4. The polygonal geometry depends on the topological charge of the trapping beam. If m = 0 there
is no polygon and the structure does not rotate.
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Fig. 5. The polygonal geometry depends on the magnetic field strength. The vortex beam topological
charge is m = 40.
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Performing the experiments we noticed that when the ferrofluid layer was too thin
(below 6 μm) the whirlpools became irregular most probably due to adhesion (between
liquid and slides). Too thick layer also blocked the effects reported in this paper. 

Fig. 6. No polygon forms are created with horizontally oriented magnetic field. The sample illuminated
without magnetic field (a) and with horizontally magnetic field (b). In both cases the dark trap illuminated
the sample.
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Fig. 7. Carborundum particles start to circulate close to the polygon sides. The solid white lines show the
trajectory of three particles captured at the moment the picture was taken. The dashed white lines show
the trajectory of particles captured in other time intervals.

10 μm

Fig. 8. Three gas bubbles created by three optical traps of high energy density. The whirlpools associated
with gas bubbles interact which each other and exchange particles along the bright lines.
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The other factor changing the character of the observed patterns is the energy density
of the beam. The heat transfer causes the particles move bottom–up. When the energy
density of the beam is too high the gas bubble is created in the beam center and the mag-
netic particles are pushed out. The observed pattern looks different (Fig. 8) due to very
strong spinning of nanoparticles around the gas bubble [24]. We created several inde-
pendent traps within observation plane. Each trap generated separate bubble which in-
teracted in a complicated way. They are joined with bright lines along which the magnetic
particle aggregates are transported (Fig. 8). Similar effects were observed in p-nitro-
aniline dissolved in 1,4-dioxane [25]. 

4. Conclusions

The polygonal whirlpools at microscopic scale can be generated in the thin layer of
ferrofluid illuminated with laser beam carrying an optical vortex and in the presence
of vertical magnetic field. The ferrofluid droplet is closed between two microscopic
slides, so the free surface is not necessary for this phenomenon to be observed. The num-
ber of the polygon sides depends on the optical vortex charge, light intensity, and
the strength of the magnetic field. The rotation speed of the whole pattern depends on
optical vortex charge and light intensity. However, the laser light intensity is limited
by the effect of gas bubble creation. When the gas bubble is created no polygonal forms
can be observed.

References

[1] GODFREY D.A., A hexagonal feature around Saturn’s north pole, Icarus 76(2), 1988, pp. 335–356.
[2] BAINES K.H., MOMARY T.W., FLETCHER L.N., SHOWMAN A.P., ROOS-SEROTE M., BROWN R.H.,

BURATTI B.J., CLARK R.N., NICHOLSON P.D., Saturn’s north polar cyclone and hexagon at depth
revealed by Cassini/VIMS, Planetary and Space Science 57(14–15), 2009, pp. 1671–1681.

[3] ALLISON M., GODFREY D.A., BEEBE R.F., A wave dynamical interpretation of Saturn’s polar hexagon,
Science 247(4946), 1990, pp. 1061–1063.

[4] BARBOSA AGUIAR A.C., READ P.L., WORDSWORTH R.D., SALTER T., HIRO YAMAZAKI Y., A laboratory
model of Saturn’s North Polar Hexagon, Icarus 206(2), 2010, pp. 755–763.

[5] JANSSON T.R.N., HASPANG M.P., JENSEN K.H., HERSEN P., BOHR T., Polygons on a rotating fluid
surface, Physical Review Letters 96(17), 2006, article 174502.

[6] TOPHØJ L., MOUGEL J., BOHR T., FABRE D., Rotating polygon instability of a swirling free surface
flow, Physical Review Letters 110(19), 2013, article 194502.

[7] SCHERER C., FIGUEIREDO NETO A.M., Ferrofluids: properties and applications, Brazilian Journal of
Physics 35(3A), 2005, pp. 718–727.

[8] PHILIP J., LASKAR J.M., Optical properties and applications of ferrofluids – a review, Journal of
Nanofluids 1(1), 2012, pp. 3–20.

[9] HOFFMANN B., KÖHLER W., Reversible light-induced cluster formation of magnetic colloids, Journal
of Magnetism and Magnetic Materials 262(2), 2003, pp. 289–293.

[10] KELLNER R.R., KÖHLER W., Short-time aggregation dynamics of reversible light-induced cluster
formation in ferrofluids, Journal of Applied Physics 97(3), 2005, article 034910.

[11] ZI-MING MENG, HAI-YING LIU, WEI-REN ZHAO, WEI ZHANG, HAI-DONG DENG, QIAO-FENG DAI,
LI-JUN WU, SHENG LAN, ACHANTA VENU GOPAL, Effects of optical forces on the transmission of mag-
netic fluids investigated by Z-scan technique, Journal of Applied Physics 106(4), 2009, article 044905.



316 M. BACIA et al.

[12] SUGIYAMA T., YUYAMA K., MASUHARA H., Laser trapping chemistry: from polymer assembly to amino
acid crystallization, Accounts of Chemical Research 45(11), 2012, pp. 1946–1954.

[13] CURTIS J.E., KOSS B.A., GRIER D.G., Dynamic holographic optical tweezers, Optics Communications
207(1–6), 2002, pp. 169–175.

[14] FARRÉ A., VAN DER HORST A., BLAB G.A., DOWNING B.P.B., FORDE N.R., Stretching single DNA mol-
ecules to demonstrate high-force capabilities of holographic optical tweezers, Journal of Biopho-
tonics 3(4), 2010, pp. 224–233. 

[15] GAHAGAN K.T., SWARTZLANDER G.A., Optical vortex trapping of particles, Optics Letters 21(11),
1996, pp. 827–829.

[16] MCGLOIN D., GARCÉS-CHÁVEZ V., DHOLAKIA K., Interfering Bessel beams for optical micromanip-
ulation, Optics Letters 28(8), 2003, pp. 657–659.

[17] FURUKAWA H., YAMAGUCHI I., Optical trapping of metallic particles by a fixed Gaussian beam, Optics
Letters 23(3), 1998, pp. 216–218.

[18] YI ZHANG, GU C., SCHWARTZBERG A.M., SHAOWEI CHEN, JIN Z. ZHANG, Optical trapping and light
induced agglomeration of gold nanoparticle aggregates, Physical Review B 73(16), 2006, article
165405.

[19] DENNIS M.R., O’HOLLERAN K., PADGETT M.J., Singular optics: optical vortices and polarization
singularities, [In] Progress in Optics, [Ed.] Wolf E., Vol. 53, 2009, pp. 293–363.

[20] HE H., FRIESE M.E.J., HECKENBERG N.R., RUBINSZTEIN-DUNLOP H., Direct observation of transfer of
angular momentum to absorptive particles from a laser beam with a phase singularity, Physical
Review Letters 75(5), 1995, p. 826.

[21] PADGETT M., Light’s twist, Proceedings of the Royal Society A: Mathematical, Physical and Engi-
neering Sciences 470, 2014, article 20140633.

[22] ZAPOTOCZNY B., GUSKOS N., KOZIOŁ J.J., DUDEK M.R., Preparation of the narrow size distribution
USPIO in mesoporous silica for magnetic field guided drug delivery and release, Journal of
Magnetism and Magnetic Materials 374, 2015, pp. 96–102.

[23] BROJABASI S., MUTHUKUMARAN T., LASKAR J.M., PHILIP J., The effect of suspended Fe3O4 nanopar-
ticle size on magneto-optical properties of ferrofluids, Optics Communications 336, 2015, pp. 278–285.

[24] MASAJADA J., BACIA M., DROBCZYŃSKI S., Cluster formation in ferrofluids induced by holographic
optical tweezers, Optics Letters 38(19), 2013, pp. 3910–3913.

[25] BARTKIEWICZ S., MINIEWICZ A., Whirl-enhanced continuous wave laser trapping of particles,
Physical Chemistry Chemical Physics 17(2), 2015, pp. 1077–1083.

Received May 28, 2015


