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The optical transmission of a thin ferrofluid layer was investigated at various optical radiation wavelengths. The turning on of
the durable external magnetic field pulse leads to nonmonotonic changes of the optical transmission value with minimal value
during the field pulse. This phenomenon is related to the formation of columnar nanoparticle aggregates and transformation
in the ferrofluid bulk. It was shown that time interval corresponding to the optical transmission minimum is proportional to
the laser wavelength, which can be explained with Mie-like optical extinction on the ferrofluid aggregates and its dependence
on the diameters of columnar aggregates. Hence, a simple experimental approach was proposed to measure and control the
ferrofluid aggregates diameters in submicron spatial dimension ranges. Particularly, this approach could be used for the formation
of composite nanomaterials consisting of polymers and magnetic nanoparticles with controlled structural parameters. These
materials could be reused after parameters changes (e.g., lattice constant, aggregate size, and magnetic permeability tensor) with a
heating/cooling cycle without the need for preparation of a new material from scratch.

1. Background

There are a large number of recent scientific reports dedicated
to new nanomaterials, their synthesis methods, structures,
and applications in various sectors, such as electronics [1, 2],
energetics [3, 4], and life sciences [5, 6]. Manufacturing of
magnetic single-domain nanoparticles has been an advanced
subject of research in the modern nanophysics that are typi-
cally suspended in a carrier fluid, forming a ferrofluid (FF).
Ferrofluids combine both liquid and magnetic characters
[7].

The new century FF topicality revival is related to new
application trends: magnetic targeted in vivo drug delivery
[8, 9], local tumor hyperthermia [10], solid body surface
polishing [11], programmable lithography mask [12], and
others [13, 14]. The FF properties (magnetic permeability
tensor, saturation magnetization, viscosity, and other prop-
erties) could be varied by its integral parts changes, for
instance, in the carrier liquid and the type and concentration
of nanoparticles. However, even without modification of
such components, the FF properties could vary via magnetic

nanoparticle aggregation phenomenon. There are two major
kinds of FFs [15]: highly stabilized colloid of magnetic single-
domain nanoparticles (“classical” FF) [16] and nonclassical
FF [17]. Without an external magnetic field, the classical
FF may contain only submicron primary aggregates with
confined magnetic flux [18]. Oppositely, nonclassical FF
contains large aggregates visible in an optical microscope
[18, 19]. Application of an external magnetic field reversibly
produces visible aggregates in both types of a FF [16, 17,
19–21]. Electrical field [22] and optical radiation [23] may
also lead to formation of reversible aggregates. Magnetic
field could produce 1D and 2D long-range ordered self-
organized FF aggregate structures, including visible ones
[14, 16, 24, 25]. They can be used for the formation of
micro- and nanostructured magnetic materials, including
liquid photonic crystals [25]. The reversible formation of a
periodical magnetic aggregate structure could be used for
composite materials with specifically assigned properties and
ability to change properties later for specific applications.
Particularly, the magnetic field sweep rate variation could be
used to change the columnar aggregate diameter [26].
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Figure 1:Optical transmission experimental setup:He-Ne laser (#1),
electromagnet (#2), FF sample (#3), beam splitter (#4), photodetec-
tor (#5), CMOS USB camera (#6), digital thermometer (#7), and
personal computer (PC).

Investigations on the internal FF structure and its trans-
formation are performed through various techniques of
optical methods [16, 23, 27], small-angle neutron scattering
[28, 29], ultrasound dissipation [30], and diffusion coefficient
determination [31]. In the present work, we implemented
experimental method of optical extinction measurements in
an external magnetic field [16].

It has been shown that timestamp of a minimal optical
extinction corresponds to columnar aggregates diameter in
the order of magnitude of a laser wavelength [16]. The
main aim of the present work was to study the correspond-
ing spectral dependence. The observations may reveal a
quantitative information about the FF submicron structure
that can be used, particularly, for preparation of composite
materials.

2. Methods

Initial FF sample contained Fe3O4 nanoparticle suspended in
a kerosene prepared using Elmore method [32]. Oleic acid
coating was performed to stabilize the nanoparticles. The
mean diameter of the magnetite nanoparticles was deter-
mined using electronic microscopic as ⟨𝑑⟩ ≈ 11.5 nm with
corresponding average hydrodynamic diameter calculated as
⟨𝑑𝐻⟩ ≈ 15.5 nm [16]. The magnetite volume fraction of the
FF sample was observed as 𝜑𝑉 = 1.2%, which corresponds
to an increase in FF sedimentation stability. Experimental
procedure consisted of FF samples entrapped into round-
shaped glass container with a diameter of 13mm, which
formed between a microscope slide and a cover slip as a
gap. Such a shape was selected for decrease of the magnetic
field spatial inhomogeneity, which numerically was estimated
to be smaller than 1%. After entering FF into container, it
was hermetically sealed by liquid polymer. The container
thickness ℎ was controlled and restricted using copper wires
with known diameters. In this work we used 50 𝜇m FF
container. The optical transmission experimental setup is
presented on Figure 1.

Different sources of optical radiation (#1) with a beam
diameter of ∼1mm were used: He-Ne red laser with param-
eters of 𝜆R = 630 nm (1.5mW) and solid state lasers of
green 𝜆G = 530 ± 10 nm (18mW), infrared 𝜆IR = 1060 ±
10 nm (12mW), and blue 𝜆B = 450 ± 10 nm (140mW).
The electromagnet (#2) was inducing a magnetic field along
the optical radiation direction of 𝑍. The FF sample (#3) was

placed in the gap between electromagnet poles and themicro-
scope slide (plane 𝑋𝑌) oriented orthogonally to magnetic
field force lines and incident laser beam. The direction of
optical radiation propagation was aligned normal (axis 𝑍)
to the FF sample plane 𝑋𝑌 and coincided with the external
magnetic field produced by an electromagnet, which allowed
changing the applied magnetic field magnitude in the range
of 0–3 kOe. The magnetic field pulse was produced using an
electromechanical switch.The laser beam was directed to the
beam splitter (#4), allowing the simultaneous transmission
coefficient measurement and the FF layer visual observation
with a photodetector (#5) and CMOS USB camera (#6),
respectively. Research on the FF layer optical transmission
changes was performed using sole durable magnetic field
pulses (𝜏pulse ∼ 200 s). The photodetector electric signal was
transmitted to a personal computer (PC) using a voltage reg-
istration with an external analog-to-digital converter Triton
3000U with time samples divisions of 150ms. Temperature
changes in FF samples during experiments were controlled by
digital thermometer DS1820 (#7). The laser switched off after
each measurement until temperature became equal to room
temperature. The FF sample probing ray optical extinction
measurement techniquewas used at variouswavelengths [16].
Recovery of the initial state FF submicron structure was
achieved in a long enough time interval between sequential
measurements (∼5min).

3. Results and Discussion

The variations of optical transmission extinction value in a
magnetic field have been described using the relative optical
transmission coefficient 𝑇 = 𝐼1/𝐼2, where 𝐼2 (𝐼1) is an optical
radiation intensity that passed the FF sample before (after)
turning on the magnetic field pulse. It was shown [33, 34]
that long-term magnetic field pulse application to either thin
ionic or surfactant-stabilized FF layers [16, 35] leads to an
emergence of an optical extinction trend inversion (OETI)
phenomenon, which could be described in detail as follows.
The FF transparency decreases after the magnetic field pulse
rising edge (timestamp 𝜏0) for the time interval 𝜏1. Then, the
FF transparency starts growing until themagnetic field falling
edge 𝜏0 (Figure 2).Themagnetic field switch-off was followed
by a recovery of the initial optical transmission and returns
internal structure to the original state.

The OETI phenomenon has been investigated at four
different wavelengths (𝜆B, 𝜆G, 𝜆R, and 𝜆IR) and different
magnetic field magnitudes. Identical latter values correspond
to different experimentally observed OETI timestamps of 𝜏B1 ,𝜏G1 , 𝜏R1 , and 𝜏IR1 (Figure 2). Corresponding dependencies on
the magnetic field magnitude are provided in Figure 3.

Due to the fact that lasers with different powers were
used in our investigation, we monitored temperature in
the FF samples during our measurements. Corresponding
dependencies are provided in Figure 4.

The OETI phenomenon has been investigated for dif-
ferent magnetite volume fraction (Figure 5). As one can be
seen from Figure 5, this phenomenon exists only at some
𝜑𝑉 values. The OETI phenomenon was not observed for
much diluted FF samples (𝜑𝑉 ≤ 0.3%) and for samples with
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Figure 2: Temporal dependencies of optical transmission𝑇 changes
undermagnetic field applied:𝐻= 1400Oe at laser wavelengths of 𝜆B
(1), 𝜆G (2), 𝜆R (3), and 𝜆IR (4). The value 𝑇 approximately equals 1
for all dependencies aftermagnetic field pulse falling edge. First local
𝑇minimum corresponds to the OETI point 𝜏1.
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Figure 3: Optical extinction trend inversion dependencies of 𝜏B1 ,𝜏G1 , 𝜏R1 , and 𝜏IR1 on the magnetic field pulse magnitude at laser
wavelengths of 𝜆B, 𝜆G, 𝜆R, and 𝜆IR, respectively.

magnetite volume fraction more than 2% (Figure 5). Such
behavior requiresmore detailed study, whichwill be provided
in our further works.

As it was shown [16, 17, 36], mostly larger (5% ⋅ ⋅ ⋅ 10%
mole fraction) magnetic nanoparticles produce aggregates.
All other polydisperse FF nanoparticles usually perform
within individual Brownian motion. In the case of classical
magnetite FF, the large nanoparticle hydrodynamic diameter
is given as ⟨𝑑𝐿𝐻⟩ ≈ 25.6 nm [16]. Without the external
magnetic field, these nanoparticles form sole primary aggre-
gates without long-range ordering distributed over FF sample
bulk [18, 37]. Turning on the magnetic field destroys the
primary aggregates and forms 1D chain aggregates aligned
with the field direction (axis Z). According to Langevin
dynamics simulation [16], initially short chains are formed
after ∼1ms, then passing additional ∼10ms, they fuse and
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Figure 4: Temporal dependencies of the temperature (right axis)
in the FF samples during optical transmission 𝑇measurements (left
axis: at the laser wavelengths of 𝜆B (1), 𝜆G (2), 𝜆R (3), and 𝜆IR (4))
under the magnetic field applied (𝐻 = 1400Oe): the temperature
is changing under the laser irradiation influence with 𝜆B (5) and
with 𝜆G, 𝜆R, and 𝜆IR (6). The inset shows more detailed temporal
dependencies of the temperature in the specimen during optical
transmission measurements for laser with 𝜆B during first 7 seconds.
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Figure 5: Temporal dependencies of optical transmission𝑇 changes
for 𝜆R under magnetic field applied (𝐻 = 1400Oe) for different
magnetite volume fraction (𝜑𝑉): 𝜑𝑉 = 0.2% (1), 𝜑𝑉 = 0.3% (2), 𝜑𝑉
= 0.6% (3), 𝜑𝑉 = 1.2% (4), and 𝜑𝑉 = 2% (5).

form long chains (Figure 6(a)) with a length of 𝐿 restricted
only by the FF container size. Further development of these
structures exposed to the external magnetic field leads to
their lateral aggregation and formation of thicker columnar
aggregates [35, 38] (Figure 6(b)) with a thickness (which
could be treated as a diameter 𝐿 assuming 𝐷 ≫ ⟨𝑑𝐿𝐻⟩)
growing [16] (Figure 6(c)). This process is more durable
and can be observed in real time. The lateral aggregation
corresponds to the average large nanoparticles flow coming
to the aggregate 𝐽 ≡ ⟨𝑑2𝑁/𝑑𝑆𝑑𝑡⟩, where 𝑑𝑁 is an average
number of nanoparticles passing the columnar aggregate
surface area 𝑑𝑆 in a time 𝑑𝑡. Here, the flow 𝐽 is averaged over
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Figure 6: Schematic of the formation and growth of columnar aggregates (from large nanoparticles) in an external magnetic field strength
(H ‖ 𝑍). (a) Long chains of magnetic nanoparticles in an external magnetic field. (b) Lateral aggregation of long chains and formation
of thicker columnar aggregates with increasing of external magnetic field and/or over time. (c) Further lateral aggregation of columnar
aggregates.

sole nanoparticles, primary aggregates attaching, and the
columnar aggregates fusion.The columnar aggregate volume
𝑉𝑎 growth depends on the nanoparticle mean volume 𝑉0 and
corresponding free space packing factor 𝜅 [39] as follows:

𝑑𝑉𝑎
𝑑𝑡 = 𝑉0

𝜅 ∫ 𝐽 𝑑𝑆, (1)

where the integration is made over the columnar aggregate
surface. Corresponding approximate diameter growth can be
presented by the following equation:

𝑑𝐷
𝑑𝑡 = 𝜋⟨𝑑𝐿𝐻⟩3 𝐽

3𝜅 , (2)

where 𝜅 ≈ 0.74 in case of close packing of the cubic or hexag-
onal type [39]. Other packing types include quasicrystal-
like structure, corresponding to smaller 𝜅 values. Particularly,
random close packing corresponds to the value 𝜅 ≈ 0.634
[40].The timestamp 𝜏1 (Figure 2) complieswith the condition
of𝐷 = 𝐷0 ∼ 𝜆 [16, 41]:

𝐷0 = ∫
𝜏
1

0

𝜋⟨𝑑𝐿𝐻⟩3 𝐽
3𝜅 𝑑𝑡. (3)

Considering the optical extinction on sole nanoparti-
cles and primary aggregates, further increase in columnar
aggregates’ size means a decrease in total scattering centers
cross section (perpendicular to the laser beam) area, resulting
in an overall optical transmission growth (Figure 2). This
phenomenon is known as the shadowing effect.Themagnetic
field turning off leads to aggregates destruction by the
Brownian motion and a steric or entropic nanoparticles’
repulsion [42].The nanostructure returns to the original state
passing the residual OETI which had been analyzed in [16].

The relative optical transmission coefficient 𝑇 could take
values larger than 1 before turning off the magnetic field for
the 𝜆B and 𝜆G wavelength cases (Figure 2).This phenomenon

can be related to the strong shortwave optical dissipation
in FF [23]. It is important to note that the carrier liquid
itself (kerosene in the present case) does not possess such
properties. Passing of the OETI leads to a reduction of the
separate nanoparticles concentration around bulk columnar
aggregates and, consequently, the effect [23] reduction. An
aggregation effect at the end of the magnetic field pulse
increases the difference between FF and its carrier liquid.

In scope of the given time frames, turning off the
magnetic field leads to FF aggregates destruction in a quite
fast manner and almost simultaneously (in a time of ∼1 s).
This is concluded from the optical transmission coefficient
value of 𝑇 ≈ 1 for all the four wavelengths (Figure 3).
Hence, speeds of aggregates formation are different for 𝜆B,𝜆G, 𝜆R, and 𝜆IR wavelengths. However, the speeds of their
destruction are almost identical. In the absence of the time
reversal symmetry transformation (𝑅 ⋅ 𝑡 → −𝑡), this is an
indicative of strong dissipative nature of the given system.
Moreover, according to graph in Figure 2, the FF aggregates
with diameters in the approximate range of 400–1000 nm are
formed quite slowly (∼1–100 s) and destructedmuch faster (in
a time of ∼1 s).

At the same external magnetic field strength (Figure 2)
for all its researched values (Figure 3), the order of 𝜏B1 <
𝜏G1 < 𝜏R1 < 𝜏IR1 was found effective. Hence, the same initial
and boundary conditions (magnetic field pulse parameters,
FF dispersed phase volume concentration, carrier liquid
viscosity, and investigated samples geometrical dimensions)
correspond to simultaneous growth or decrease of 𝜏1 and 𝜆;
that is, 𝑑𝜏1/𝑑𝜆 > 0. This observation is a justification of the
lateral fusion of chain and columnar aggregates in amagnetic
field (Figure 6).

Minimal values of 𝜏(R)1 and 𝜏(IR)1 dependencies 𝜏1(𝐻)
correspond to almost identical values for the magnetic field
strength of 𝐻1 ≈ 400Oe (Figure 3). This peculiarity can be
related to the FF aggregates “compression,” for example, in
a transition from nondense structures (at small 𝜅 value) to
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Table 1: Increase in average aggregates velocities at various periods
after turning on magnetic field pulse.

𝑖 − 𝑗 Δ𝜆𝑖−𝑗 (nm) Δ𝜏𝑖−𝑗cr (s) V𝑖−𝑗cr (nm/s) Δ𝑡 (s)
G-B ≈80 2.7 ≈30 [0.6 ⋅ ⋅ ⋅ 3.3]
R-G ≈100 11.7 ≈9 [3.3 ⋅ ⋅ ⋅ 15]
IR-R ≈430 102 ≈4 [15 ⋅ ⋅ ⋅ 117]

either random close packing or the close packing structure
at 𝐻1 regardless of the specific value of 𝐷 ∼ 𝜆 at 𝑡 =
𝜏1. The wavelengths of 𝜆B and 𝜆G optical radiations do not
reveal this minimum value. Corresponding aggregates at 𝜏1
are smaller and increase in magnetic field driven aggregate
growth velocity providing a much stronger effect compared
to the compression, resulting in larger negative values of
𝑑𝜏1/𝑑𝐻 in shorter waves.

Achievement of a critical value of 𝐻cr ≈ 1700Oe cor-
responds to limit 𝜏1 values to 𝜏Bcr, 𝜏Gcr, 𝜏Rcr, and 𝜏IRcr (Figure 3).
This can be related to a depletion of sole largemagnetic Fe3O4
nanoparticles and primary aggregates in the environment
surrounding the columnar aggregates at stronger magnetic
fields. Hence, all large particles are ordered in the columnar
aggregates starting from𝐻cr field strength.

The optical transmission at wavelength 𝜆R corresponds to
small oscillations of the optical transmission value (Figure 2).
This can be related to the light interference on aggregates [23,
41]. This result has been observed only for the red laser due
to its better spectral properties. Oscillations 𝑇(𝑡) correspond
to the columnar aggregates motion in the laser beam cross
section during their fusion.Their 2D close packing hexagonal
long-range order is kept unchanged but the lattice constant
increases, as it was observed evenwith the opticalmicroscope
[16].

As an application of the given results, average aggregates
growing velocity could be determined as 𝑑𝐷/𝑑𝑡 in the FF
layer at𝐻 ≥ 𝐻cr:

V𝑖−𝑗cr = Δ𝜆𝑖−𝑗
Δ𝜏𝑖−𝑗cr

= 𝜆𝑖 − 𝜆𝑗
𝜏𝑖cr − 𝜏𝑗cr

, (4)

where 𝜆𝑖 and 𝜆𝑗 are adjacent laser wavelengths; indices
𝑖, 𝑗 could take values of B, G, R, or IR; and 𝜏𝑖cr and 𝜏𝑗cr
are corresponding critical limit values of 𝜏1 (Figure 3). The
average aggregates growth velocities for different period ofΔ𝑡
after turning on themagnetic field pulse are shown in Table 1.

Decrease of the growing velocity value is related to
large nanoparticles’ depletion in a FF environment and
the corresponding condition of 𝑑𝐽/𝑑𝑡 < 0. The obtained
information about the aggregates growth velocity could be
used to practically control the FF submicron structure and,
consequently, its static and dynamic physical properties,
including optical and magnetic properties (magnetic perme-
ability tensor, diffraction properties, photonic crystal param-
eters, and others). Usage of a reversible polymer material as
a carrier liquid provides a restorable FF parameters’ control.
Particularly, a reversible polymer, which can make transition
between liquid state and solid state, can be applied [43].

4. Conclusion

In summary, the optical transmission of thin FF layer at
various wavelengths was investigated. Durable external mag-
netic field pulse produces extinction trend inversion during
the pulse. Turning off the magnetic field recovers the FF
structure to the original state. This behavior is related to the
emergence and growth of the FF columnar aggregates con-
sisting of magnetic nanoparticles. Temporal parameters of
the optical extinction give a tool for the qualitative and quan-
titative determination of FF submicron long-range structure,
which can be used for production of composite materials
with changeable and controllable physical structures and
reversible physical properties in a practical application. The
OETI phenomenon exists only at some 𝜑𝑉 values.

Abbreviations

FF: Ferrofluid
OETI: Optical extinction trend inversion.
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