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Observation of the processes of formation and growth of aggregates in a
magnetic fluid by laser correlation spectroscopy
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The laser correlation spectroscopy technique is applied to the study of magnetic fluids placed in a magnetic field.
Colloidal solutions of magnetite in kerosene and water are used as samples. It is shown that switching on the field
leads to the rapid appearance of large aggregates of nanoparticles of the dispersed solid phase, which continue to
grow after that, and in a field of the order of hundreds of oersteds the average size of the aggregates increases three
to five times with a characteristic time estimated in minutes.
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Magnetic fluids (MFs) are colloidal solutions with their
solid phase being a magnetically ordered substance, which
lends certain unique qualities to them [1,2]. These materials
have been discovered several decades ago and are still
being studied extensively. For example, they are currently
planned to be used in various photonic devices [3-6]. The
examination of application potential of MFs in biology and
medicine is also a promising trend [7-9].

The formation of structures in MFs under the influence
of a magnetic field is the main factor that governs the
properties of these substances and the features of their
application in the above-mentioned fields and various other
areas. It is known that a magnetic field induces the
emergence of aggregates in MFs in the form of extended
formations oriented along it. Their dimensions depend on
field strength H, the characteristics of the medium, the
type of solid phase material, and other factors [10]. Being
aggregates of many nanoparticles, they grow to a significant
size (a thickness on the order of tens of micrometers and,
as a rule, a much greater length [11]). The emergence and
evolution of such aggregates is one of the topical issues
in the physics of dispersed systems, which is of particular
significance for biomedical applications [12].

Laser correlation spectroscopy (LCS), which is based
on the analysis of scattered radiation, provides data on
the size and behavior of microparticles in solutions [13]
and has been applied numerous times to MFs. However,
reports from experiments carried out with the application
of H, which is essentially the main cause of agglomeration,
are extremely rare. This is largely attributable to the fact
that standard LCS devices do not allow for the application
of a magnetic field. However, the authors of [14] have
managed to perform such measurements, but the obtained
data covered only the region of weak fields and are, in
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general, preliminary in nature. The need for a more
detailed investigation of the structures induced in various
MFs by sufficiently strong fields and the dynamics of their
formation is evident, which is why this was made the goal
of the present study. To achieve it, the LCS method was
supplemented with the possibility of application of a field
varying within several hundred oersteds to a sample.

The samples were aqueous and kerosene solutions of
magnetite Fe;O4 with organic and polymer stabilization
purchased at ,,Mir Magnitov* and produced by OOO ”NPP”
AM-Kub (i.e., commercial MFs). The approximate size of
individual colloidal particles was 10nm. These fluids were
diluted from initial solid phase concentrations ¢ of several
tens of percent to concentrations ¢ = 0.0023—0.027 %,
which were highly transparent but still provided a suffi-
ciently strong scattered radiation signal.

The procedure of LCS experiments is illustrated in Fig. 1.
The block diagram of the setup is shown in Fig. 1,a.
A laser beam (He—Ne, 4 = 633nm) was focused on the
sample positioned in a cell. Radiation scattered by the MF
at an angle of 90° was fed into optical fiber, propagated
along it, and was detected by a photomultiplier (Hamamatsu
H10723-20). The focal length of the lens was 5 cm, and the
distance from the focal point to the end of the receiving fiber
was 7 cm. The core diameter of the latter was 50 um, and its
axis was perpendicular to the laser beam and to the input
and scattered radiation polarization. With this geometry,
the signal intensity was fairly high. The signal was then
processed in an electronic circuit consisting of an analog-to-
digital converter and a computer. Comparing the intensities
of scattered light and radiation transmitted through the fluid,
we found that scattering could be considered single. The
algorithm of processing (its time was approximately equal to
5min per measurement) was based on correlation analysis
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Figure 1. On the LCS experiment procedure. a — Block diagram
of the setup. I — Laser, 2 — laser beam, 3 — lens, 4 — sample
cell, 5 — scattered radiation, 6 — optical fiber, 7 — photodetector,
8 — analog-to-digital converter, and 9 — computer. Radiation
polarization p and magnetic field orientation H are indicated.
b — Examples of normalized autocorrelation functions G for an
aqueous solution (¢ = 0.027 vol%) at H = 0 (/) and 400 Oe (2).

of fluctuating scattered radiation. The distribution of size of
scattering objects d was extracted from the autocorrelation
functions of this signal (see the examples in Fig. 1,5) and
is presented below in the form of dependences of relative
intensity | of scattered radiation on d. Certain details
pertinent to this analysis may be found in [15], where the
same setup and methodology were used.

The magnetic field was produced by an electromagnet
with a ferrite core with an approximate relative permeability
of 2000, which provided a magnetic field strength up
to 400 Oe at supply currents up to several amperes. It could
be oriented both along the laser beam and perpendicular
to it. However, since the effects associated with H were
found to be virtually undetectable in the first case, all
measurements were performed in an orthogonal field, which
was aligned with the plane of polarization of incident
radiation (Fig. 1).

Kerosene- and water-based samples behaved in qual-
itatively similar ways: application of the field induced
the formation of aggregates significantly larger than those
already present at H =0. This was manifested as a
significant broadening of the 1(d) distribution that evolved
with H. Representative results illustrating each of these
cases are reported below.
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The typical temporal variation of the distribution function
in the aqueous solution is shown in Fig. 2. In the
experiment, it was recorded before the application of the
field and at certain time intervals t after it. It is evident
that 1(d) shifts fairly rapidly toward larger d when H
is applied. Given the complex varying structure of this
function, it is almost impossible to trace the motion of
individual peaks; therefore, the median of the distribution
(the d value separating equal areas below the 1(d) curve)
was used to characterize it. Inset I in Fig. 2 illustrates the
growth of median dn,, of the aqueous MF with time after
the application of field H = 400 Oe. The field dependence
of this parameter is shown below (Inset II in the same
figure). Here and elsewhere, the moment of measurement
is assumed to correspond to the middle of the interval
within which the signal is accumulated and processed (i.e.,
t = 2.5 min after switching on H).

The field dependence of d is illustrated using the example
of experiments with the kerosene-based sample (Fig. 3). In
this case, the | (d) function was first determined in zero field
and then in a field intensifying with each new measurement
(with the measurement starting immediately after switching
the field on). Inset I in Fig. 3 shows the growth of median
dmk of the specified MF as a function of H, and Inset II
shows the time dependence of this parameter.

In zero field, the | (d) function has a fairly complex shape
in both studied substances. Multiple peaks are indicative
of the presence of certain formations in the initial solutions
(curves I in Figs. 2 and 3); i.e., they contain both individual
particles with a hydrodynamic diameter on the order of
tens of nanometers and relatively large scattering centers
(note that the initial size distribution in aqueous MFs is
significantly wider than in kerosene ones).

The application of H leads almost immediately to the
rearrangement of |(d) due to the emergence and growth
of large agglomerates (curves 2 and 3 in Fig. 3). The
shifted peaks cannot be identified with any centers of the
initial solutions, since, in addition to the fact that the pattern
becomes qualitatively different at H # 0, it evolves with a
change in positions of the maxima (curve 3 for the aqueous
MF in Fig. 2 makes this particularly evident). Thus, it can
be argued that aggregates in a magnetic field do not simply
grow due to the addition of single and weakly agglomerated
colloidal nanoparticles, but form a new complex system of
objects with increased average sizes. To a somewhat lesser
extent, this applies also to kerosene-based samples: a fairly
rapid emergence of a strongly broadened, yet single peak
was observed in experiments with them at H = 400 Oe.
This is illustrated by curve 3 in Fig. 3, where the presence
of a very small number of particles unaffected by the field
(presumably non-magnetic) is also discernible. In general,
the properties of aqueous and kerosene-based MFs are
similar, although the average sizes of aggregates in the
aqueous solution are several times greater (see the plots for
the corresponding medians in the insets to Figs. 2 and 3).

Since the formation of structures from particles is asso-
ciated with their motion in the carrier fluid, it should be
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Figure 2. Variation of the size distribution of scattering centers in the water-based MF (¢ = 0.027 vol.%) at H = 0 and 400 Oe with time.
1—t=0(H=0),2—t=25min (H=4000e¢), 3 —t=12.5min (H =4000e¢), and 4 —t = 22.5min (H = 400 Oe). Insets: I —
time dependence of the median value at H = 400 Oe (H = 0 for the origin point); I — dependence of the median value on the magnetic
field strength at t = 2.5 min.

largely governed by the properties of the latter (above all respectively (see Inset I in Fig. 2 and Inset II in Fig. 3).
else, its viscosity). Indeed, the rates of processes turned This result is quite consistent with the existing concepts of

out to be different in solutions that differed greatly in this agglomeration in MFs.
parameter: the characteristic process time for aqueous and The efficiency of laser correlation spectroscopy in study-
kerosene samples was estimated at 4—5 and 1.0—1.5min, ing aggregation in magnetic colloids under the influence
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Figure 3. Variation of the size distribution of scattering centers in the kerosene-based MF (¢ = 0.0023 vol.%) with magnetic field
strength. ] —H =0,2 — H =2000e¢ (t =2.5min), and 3 — H = 4000e (t = 2.5min). Insets: I — field dependence of the median
value; II — time dependence of the median value at H = 400 Oe (H = 0 for the origin point).
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