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1. Introduction

Superparamagnetic iron oxide nanoparticles (SPION) are
of great interest due to their wide applications such as
contrast agents in magnetic resonance imaging [1], drug
delivery [2], probing of movement and viscosity of living
cytoplasm [3], magnetic separation [4], and hyperthermia
[5]. A novel tomographic imaging technique called mag-
netic particle imaging (MPI) has been introduced recently

∗E-mail: s.malynych@gmail.com

[6]. As reported, the technique allows imaging of mag-
netic tracer material with spatial resolution well below 1
mm and encoding time of about 100 ms. An advantage
of using SPION in biomedicine relays on their low toxic-
ity in comparison to other magnetic materials while they
still possess useful magnetic properties. Successful ap-
plications of SPION require synthesis of stable colloidal
suspensions of nanoparticles in biocompatible liquids, wa-
ter in particular. The colloids of subdomain paramagnetic
particles dispersed in a liquid carrier are termed ferroflu-
ids. Ferrofluids exhibit a number of interesting magneto-
optical phenomena including magnetically induced bire-
fringence [7, 8], magnetic dichroism [9], Faraday rotation 159
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and ellipticity [10]. Studies on optical limiting proper-
ties of SPION have also been reported [11]. Suspended
magnetic nanoparticles subjected to the external mag-
netic field form linear structures resembling thin columns,
chains and filaments oriented along the field [12–14]. An-
other evidence of chains formation in magnetized ferrofluid
follows from emerging of a diffraction pattern, which can
be visualized on an opaque or translucent screen placed
at a certain distance from a sample [15]. Rablau et al.
presented gracious experiment where diffraction patterns
were simultaneously recorded for the light beams oriented
parallel and orthogonal to the applied magnetic field us-
ing CCD cameras [16]. The authors reported time depen-
dent changes in the transmitted light intensity for both
beam orientations but only polarization parallel to the
magnetic field was considered. Laskar et al. showed that
the light intensity transmitted through the nanoparticle
suspension suffers a dramatic decrease at some critical
magnetic field [17, 18]. It was suggested that the extinc-
tion of light in iron oxide nanoparticle suspension caused
by the resonances within the magnetic scatterers. How-
ever, time variations of the transmission coefficient were
not discussed there. In this paper we present the results of
transmission coefficient measurements recorded with high
temporal resolution for different orientations of the light
beam and polarization plane.

2. Materials and methods

To synthesize SPION (Fe3O4, magnetite nanoparticles)
the procedure described by Massart was used [19]. First,
1M ferric chloride and 2M ferrous chloride in 2M HCl
was prepared. The solutions were mixed with 500 ml of
0.7 M ammonia solution and stirring about 10 min. Upon
addition of the iron chloride solution to the ammonia,
the whole system became instantly black indicating the
formation of iron oxide. The solution was magnetically
decanted and 2M solution of perchloric acid was added
to the reaction flask followed by vigorous stirring. After
centrifuging, the supernatant was decanted and precip-
itate redispersed in de-ionized H2O. No further sample
cleaning was performed and no surfactants or stabilizers
were added to the colloid. The stability of the colloid
was provided by electrical double layer surrounding each
nanoparticle. Electron microscopy studies (STEM) reveal
that the synthesized nanoparticles are nearly spherical in
shape with an average diameter of 10 nm. Volume fraction
of the suspension was determined by thermogravimetric
analysis and amounts 0.0012. Azoisobutyronitrile (AIBN)
and acryl amide were purchased from Aldrich and used as
received. An aqueous SPION suspension was mixed with

Figure 1. STEM image of Fe3O4 (magnetite) nanoparticles.

acryl amide and AIBN as an initiator agent. To allow
polymerization the solution was heated at 60◦C for a few
hours. Magnetite nanoparticles were homogeneously dis-
tributed within polymer matrix. SPION/poly(acryl amide)
nanocomposite was also used in magneto-optical mea-
surements. A standard 10 mm spectrophotometer glass
cuvette poured with SPION colloid was placed between
the poles of a water-cooled DC-operated magnet (GMW
Associates). The magnetic flux density was measured by
Hall probe and ranged within 0…0.72 Tesla. The 5 mm
diameter holes were drilled in the poles of the magnet al-
lowing light beam passage in the direction parallel to the
magnetic field. A He-Ne laser with a 632.8 nm wave-
length was served as a light source. The diameter of
laser beam was about 1 mm, no focusing elements and
diaphragms were set on the beam path. The measure-
ments were performed for both longitudinal (light beam
parallel to the magnetic field) and transverse (light beam
perpendicular to the magnetic field) geometries. In the
latter case two orientations of polarization plane were
considered, namely when the electric field vector of the
electromagnetic wave was either orthogonal or parallel to
the applied magnetic field. Since the laser provides the
polarization ratio not exceeding the magnitude of 1:500
Glan-Thompson prism polarizer (Thorlabs) was used. A Si
photodetector equipped with a ground glass diffuser was
set 30 cm away from a sample cuvette allowing measures
of the light intensity in extinction conditions. The dif-
fuser ensures the uniformity of illumination of the detector
and minimizes any potential polarization dependence on160
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the response of the detector itself. All experiments were
performed at ambient temperature. In order to disperse
nanoparticle agglomerates which may exist in a suspen-
sion, it was sonicated for 20 min. each time prior to the
optical measurements. The analog electrical signals from

Figure 2. Experimental set-up. Transverse geometry when beam
propagation is perpendicular to the applied magnetic field
is shown. Arrows indicate orientation of the light beam and
polarization planes with respect to the magnetic field.

the detector as well as from Hall probe were converted
to digital ones using data acquisition board USB-1408FS
(Measurement Computing) and processed in the LabVIEW
environment. The board allows recording the electrical
signals with 24 kS/s rate with two channels being used.
The experimental set-up is shown in Figure 2.

3. Results and discussion

Time evolution of the relative transmission coefficient of
SPION suspension or ferrofluid after applying the mag-
netic field is shown in Figure 3. The measurements were
performed for three main orientations of the incident beam
and polarization plane with respect to the magnetic field.
In the longitudinal geometry the direction of laser beam
coincides with that of the magnetic field. For transverse
geometry (light beam orthogonal to the magnetic field)
there were two cases differing the orientation of polar-
ization plane. The magnetic flux density in all cases is
0.72 Tesla. Relative transmission coefficient T is defined
by the ratio of the transmitted light intensity after the
magnetic field was applied to that one without the mag-
netic field. Note that magnetite colloid becomes highly
anisotropic when subjected to the magnetic field. As is
clearly seen from Figure 2, each kinetic curve can be di-
vided onto three characteristic regions. The first region
corresponds to a sharp step in the light intensity at the
moment t0 right after the field was switched on. When the
light beam is parallel to the magnetic field or orthogonal
with the polarization plane being also orthogonal to the
field the step looks like a spike corresponding to the rapid

increase of the transmitted light intensity. In other case,
when the direction of light propagation is perpendicular to
the magnetic field while the polarization plane is parallel
to the last one, T instantaneously decreases.

Figure 3. Slow variations of the relative transmission coefficient for
SPION suspension. Solid line corresponds to longitudi-
nal geometry; dotted - transverse geometry, polarization
plane orthogonal to the magnetic field; dashed - trans-
verse geometry, polarization plane parallel to the magnetic
field. Magnetic flux density is 0.72 Tesla.

The second region corresponds to the time interval be-
tween the jump and the time t1 when a well pronounced
minimum is observed. The appearance of this minimum
can be explained in terms of chain formation composed
from the magnetite nanoparticles oriented along the ex-
ternal magnetic field. According to [20] a condensation of
primary drops of length 5 µm and thickness less than 1
µm starts after the magnetic field is switched on. These
primary drops coalesce into secondary ones of length of
20 µm, which in turn form very elongated (more than 100
µm long) chains. As light travels through the magnetite
colloid it suffers multiple scattering and diffraction on the
chains. This multiple diffraction leads to an emerging of a
diffraction pattern observed on a screen placed orthogo-
nal to the light beam [15, 21]. For the transverse geometry
the pattern appears as a condensation of speckles within
bright narrow line oriented orthogonal to the magnetic
field. Since the thickness and periodicity of the chains are
not regular the line does not contain prominent diffraction
maxima as it is expected for the diffraction from a single
string or grating. As a consequence, light spreads into a
thin line over the screen and the light intensity measured
at the center decreases: a perceptible part of the light
is collected in the diffraction ‘wings’. The energy redis-
tribution between zero-order and higher-orders diffraction
maxima leads to the decrease of the intensity of the trans-
mitted light measured at the beam center. The character-
istic time τ corresponding to the minimum of the optical 161
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transparency follows a power-law dependence with the
magnitude of magnetic flux density as τ ∝ H−α where α

= 0.62; 0.75; 0.92 for longitudinal and transverse geometry
with polarization plane being orthogonal and parallel to
the magnetic field respectively. Finally, the third region
displays relatively slow increase in transparency until it
reaches a plateau. At this stage chains agglomeration
and coarsening play a key role in the optical transmis-
sion of SPION suspension. Our measurements indicate
that transparency remain unchanged for at least 2 hours
with the magnetic field being turned on. Presumably sat-
uration of the chain formation and coarsening may occur.
Also, a depletion of particle aggregates caused by gradi-
ent magnetic field may contribute to the transparency of
the ferrofluid volume probed by the beam.
The overall behavior of the transmission coefficient curves
presented in our paper resembles that reported by Li et
al.[22, 23]. It is worth noting that Li et al. also observed
sharp spike on the transmission curve which appeared in-
stantaneously when the magnetic field is applied. In addi-
tion, another sharp feature on the transmission curve was
observed right after the magnetic field was switched off.
The authors did not discuss the origin of the spike, it is
only mentioned that it appears within 5 s time interval
after the magnetic field was switched on. Their work is
mainly focused on the analysis of controlled modulation of
light transmission by repetitive change of magnetic field.
The effect of light polarization has not been investigated.
Fast optical response of the magnetite nanoparticle sus-
pension induced by the magnetic field was studied using
data acquisition board USB-1408FS. To measure mag-
netic flux density a Hall probe was placed between the
magnet poles close to the sample cuvette. Both Hall probe
and photodetector were connected to the acquisition board
allowing simultaneous recording of two signals with 1 ms
time resolution. Corresponding curves are presented in
Figure 3 As it is clearly seen from the figure, fast op-
tical response after switching on the magnetic field is
faster than the magnetic field increase to its stationary
value. Detailed analysis of the curves in Figure 3 reveals
that the transparency of the SPION suspension starts to
change within 1 ms time interval after the magnetic field
was switched on. The decrease of the nanoparticle con-
centration in ferrofluid leads to the decrease of the step on
the kinetic curves until it vanishes for the cuvette poured
with pure water.
From measured volume fraction of the colloid and taking
into account the nanoparticle diameter one can estimate
the average interparticle spacing, which in given suspen-
sion amounts approximately 7.6 µm. For such a dilute
suspension the interparticle magnetic dipole interactions
are negligible and Langevin theory can be applied to de-

Figure 4. Fast magnetically induced variations of relative transmis-
sion coefficient for transverse geometry. Panel A - polar-
ization plane orthogonal to the magnetic field, B - polar-
ization plane parallel to the magnetic field.

scribe magnetization of ferrofluid. When a gradient exter-
nal magnetic field is applied to a ferrofluid each particle
undergoes a drift resulting from the magnetic force. Ac-
cording to the theory the velocity of a particle relatively
to a carrier liquid under the magnetic field is given as [24]

v = Msd
2

18η
L(ξ)∇H, (1)

were Ms is magnetization saturation, d is the particle di-
ameter, η is the viscosity of the carrier liquid, L(ξ) =
coth ξ −ξ−1 is the Langevin function with ξ ≡ mH/kBT , m

is the magnetic moment of a particle, ∇H is the magnetic
field gradient, kB is the Boltzmann constant. The value
of the particle velocity is vanishingly small and amounts
∼ 10−7 m·s−1 at ∇B = 10 T·m−1 for the 10 nm diameter
particle [24]. For the studied suspension cluster forma-
tion due to coalescence of the nanoparticles requires time
intervals on the order of seconds and more.
Another plausible reason of the fast magneto-optical re-
sponse of SPION suspension is reorientation of the mag-162
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netic moments associated with nanoparticles along the
magnetic field direction. Assuming Rayleigh scattering
regime (particle diameter d ≪ λ) Bhagat et al. derived
the expressions for the extinction coefficients when polar-
ized light travels through the system containing dispersed
magnetic particles [25]

C|| = −
8π2N

λ

[
Imβ0 + Im (βe − βo)

(
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2
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)]
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where λ is the wavelength of light and βj = αj − 8π2i
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∣
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∣

∣

2,
N is the particles concentration. Subscripts || and ⊥ de-
note the situation where the polarization plane of incident
light is parallel and perpendicular to the magnetic field
respectively; αj (j=e,o) are the components of the parti-
cle’s optical polarizability tensor parallel (perpendicular)
to the optic axis. Under the ambient conditions, when no
magnetic field is applied to the SPION system and its
temperature greatly exceeds so called blocking tempera-
ture (see below), magnetic moments of the nanoparticles
are randomly oriented. In that case an iron oxide aqueous
ferrofluid acts as an isotropic medium. Both absorption
and scattering of light by magnetite nanoparticles are av-
eraged over the particles ensemble and thus are indifferent
to the polarization state of the incident light. The exter-
nal magnetic field arranges all magnetic moments in ac-
cordance with its direction introducing optical anisotropy.
The ferrofluid resembles now optically uniaxial medium.
From the expressions (2), (3) it follows that light extinc-
tion by such anisotropic system depends on the orienta-
tion of the polarization plane with respect to the magnetic
field direction. For the light polarized perpendicular to
the magnetic field direction the extinction coefficient ap-
pears to be less than that for parallel polarization and
sharp increase of transparency is observed (Fig. 3A). In
the other case, for parallel polarization the intensity of
light transmitted through the SPION ferrofluid rapidly de-
creases (Fig. 3B). Time intervals required for the arrange-
ment of the magnetic moments are usually much shorter
than those for particles aggregation caused by external
magnetic field.
Two different mechanisms take place when the magnetic
field is applied to the superparamagnetic nanoparticles
suspended in a medium. The particle’s magnetic moment
has a number of stable directions separated by potential
barriers caused by magnetic anisotropy. The magnetic
moment within the nanoparticle orients along the mag-
netic field determining the particle’s magnetic energy. At

low temperatures, when the observation time turns out
to be shorter than the characteristic time of the process,
the magnetic moment rotates about the potential mini-
mum while the overbarrier transition is blocked [26]. This
temperature is termed blocking temperature and its value
for the SPION lies between 90 - 150 K [27, 28]. The
characteristic time for that process can be written in the
Arrhenius form as

τN = τ0 exp
(

KV

kBT

)

, (4)

where τ0 ∼ 10−9 s, K is the anisotropy constant, V is the
volume of the particle [29]. Such a process is known as
Néel relaxation.
The second process by which superparamagnetic nanopar-
ticles interact with the external magnetic field is the reori-
entation of the particle itself in the carrier. The process is
commonly referred to as Brown relaxation with the char-
acteristic time

τB = 3ηVh
kBT

, (5)

where η is the viscosity of the carrier liquid, and Vh is the
hydrodynamic volume of the particle [29]. At the tempera-
tures above blocking temperature and when the particles
are submerged in low viscous media the relative contribu-
tion of these two processes is disputable. Generally, in
a ferrofluid both mechanisms occur when the faster of the
relaxation mechanisms dominates and an effective charac-
teristic time is defined by [30]

τ = 1
1

τB
+ 1

τN

. (6)

Hergt et al. have experimentally found that hydrodynamic
diameter of 14 nm of iron oxide nanoparticles in aqueous
suspension is approximately 3 times of that measured by
TEM [31]. Using this finding and substituting K = 1.5·104

J·m−3 [32], T = 300 K and η = 1.01·10−3 Pa·s into equa-
tions (4) and (5) one can calculate the characteristic time
for Néel and Brown relaxation. The calculation results in
τN = 6.7 · 10−9s, τB = 1.03 · 10−5s for Néel and Brown re-
laxation respectively. According to our measurements ris-
ing of the magnetic field strength to the defined value after
the DC magnet was switched on takes tens of millisec-
onds (Figure 33). This fact impedes determining whether
Néel or Brown process is responsible for the magneti-
cally induced changes in the transparency of iron oxide
nanoparticle suspension.
To lower the rotational mobility of the nanoparticles we
incorporated them into a highly viscous medium, namely
poly(acryl amide). After polymerization the compound 163
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constituted a jelly substance exhibiting no fluidity. Es-
timated viscosity of such a polymer is on the order of
100 Pa·s which increases τB up to seconds. High viscos-
ity of surrounding medium not only limits the nanopar-
ticles rotation but also increases hydrodynamic diameter
of a particle even more increasing the characteristic time
of Brown relaxation [31]. Experimental measurements of
the optical transmission of the SPION/poly(acryl amide)
composite indicate that fast variations take the same time
within millisecond range as in the case of SPION aqueous
suspension. Observed phenomenon is a strong argument
that magnetically induced variations in the optical trans-
mission of SPION ferrofluid are connected with the reori-
entation of the magnetic moments within nanoparticles. It
should be mentioned however, that Brownian rotation may
not be completely blocked by the poly(acryl amide) matrix
since the mesh size of a gel network is unknown while it
should not exceed particle’s diameter. To clarify conclu-
sively the relative contribution of both Néel and Brown
processes into optical response of SPION suspension ad-
ditional experiments are required. First of all magnetite
nanoparticles can be embedded not into a gel but a solid
matrix, e.g. poly(methyl methacrylate). The disadvantage
is that oleic acid used for the stabilization of nanoparti-
cles during this process forms a layer of iron oleate on
a particle’s surface thus modifying SPION optical proper-
ties. Another way is using a high-frequency (0.5 - 1 MHz)
AC magnetic field. Rovers et al. [29] have shown that Néel
relaxation contributes to the magnetic heating of SPION
suspension subjected to the alternating magnetic field at
a frequency of 745 kHz.

4. Conclusions

An aqueous suspension of superparamagnetic iron oxide
nanoparticles subjected to the external magnetic field ex-
hibit a number of interesting optical phenomena when
light beam propagates perpendicular to the magnetic field
direction. Besides the emergence of the diffraction pat-
tern, which results from the formation of chain-like struc-
tures in ferrofluid two types of variations in the transmitted
light intensity are observed. Long-term variations in the
time span of ∼ 10 s … ∼ 100 minutes is a consequence
of aggregation of the nanoparticles due to magnetic inter-
actions between them. Short-term variations are caused
either by particles rotation or by the reorientation of the
magnetic moment inside a nanoparticle according to the
direction of the external magnetic field. Arrangement of
the magnetic moments along the magnetic field direction
leads to the different values of extinction coefficients for
light polarized parallel and perpendicular to the magnetic

field direction. The characteristic time of the fast response
is found to be less than 1 ms which makes SPION an ap-
pealing platform for high-speed magneto-controlled op-
tical devices. Understanding of the interaction of light
with magnetite nanoparticles in a presence of the mag-
netic field is also of great fundamental interest.
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