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Measurements of the complex, frequency dependent susceptibility,

χ(ω) _ x'(ω)—ix"(ω) of two water based magnetic fluids, over the frequency
range 10 Hz to 1 MHz are reported. Plots of the susceptibility components
against log[f (Hz)] are found to have approximate Debye-type profiles with
the presence of Brownian relaxation being indicated by the frequency, fmax,
of the maximum of the loss-peaks in the χ"(') profiles. Corresponding calcu
-lationsfprcehydnamirusdctehprnofageti.
Frohlich, normal and lognormal distribution functions are used to obtain an
estimate of the aggregate size distribution in the samples.
PACS numbers: 75.50.Tt, 76.20.+q

1. IntroductiOn
Ferrofluids are colloidal suspensions of ultrafine single-domain particles of
ferromagnetic or ferrimagnetic materials dispersed in a carrier liquid and stabilised
by a suitable organic surfactant. The particles have radii ranging from approximately 2-10 nm and as they are single-domain, they are considered to be in a state
of uniform magnetisation with magnetic moment, m, given by
where Μs (Wb/m 2 ) denotes saturation magnetisation and v is the magnetic volume
of the particle. The magnetic moment of each particle has a preferred orientation
(easy axis) relative to the particle due to magnetic anisotropy, K, which generally
arises from a combination of shape and magnetocrystalline anisotropy.
The magnetic moment may relax either by rotational Brownian motion of
the particle within the carrier liquid, with its magnetic moment locked in an axis
of easy magnetisation, or by rotation within the particle. The time associated with
the rotational diffusion is the Brownian relaxation time τB [1]
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where V is the hydrodynamic volume of the particle and η is the dynamic viscosity
of the carrier liquid. In the case of the second relaxation mechanism, the magnetic
moment may reverse direction within the particle by overcoming an energy barrier,
which for uniaxial anisotropy, is given by Κν. This reversal time is referred to as
the Neel relaxation time τN and may be given in terms of Brown's [2] expressions
for high and low barrier heights.
A distribution of particle sizes implies the existence of a distribution of relaxation times, with both relaxation mechanisms contributing to the magnetisation.
They do so with an effective relaxation time τ eff, where

2. COmplex susceptibility

The complex susceptibility χ(ω), may be written in terms of its real and
imaginary components
The theory developed by Debye [3] to account for the anomalous dielectric dispersion in dipolaf fluids may be used to account for the analogous case of magnetic
fluids [4]. According to Debye's theory, χ(ω) has a frequency dependence given by
the equation
where
fmax is the frequency at which χ"(ω) is a maximum, and χ 0 and χ indicate
susceptibility values at ω = 0 and at very high frequencies. χ(ω) may also be
expressed in terms of a logarithmic distribution function, G(ln τ) [5] in the form

For the Frohlich [5] distribution function it is assumed that the distribution of
relaxation times is limited within a certain range from τ 1 to τ2
and, as τ1 and τ2 are proportional to the cube of the maximum and minimum
hydrodynamic radii respectively, then
It is readily shown that [5]

and
The values of τ1 and τ2 can be determined by means of fitting Eqs. (10)
and (11) to the measured susceptibility data. The normal and lognormal distributions have the well-known form [6].
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3. Results and discussion
The frequency-dependent complex susceptibility of two ferrofluid samples,
namely fluids 1 and 2, was measured by means of the toroidal technique [7] over
the frequency range 10 Hz to 1 MHz. The two fluids consisted of suspensions of
magnetite in water with corresponding saturation magnetisations of 107 Gs and
90 Gs and mean magnetic particle radii, as determined by electron micrography,
of 7 nm and 6 nm respectively. The plots of χ' (ω) and χ"(ω) against log[f(Hz)]
for the fluids are found to have a Debye-type profile with a maximum of χ"(ω)
occurring at a frequency of approximately fmax = 1 kHz for fluid 1 and at 1.6 kHz
for fluid 2. From Eq. (2) and using a viscosity of 10 -4 N s m -2 , corresponding
hydrodynamic radii (rH) of 80 nm and 69 nm are determined. Even allowing for
surfactant thickness (say 2 nm) the hydrodynamic radii are greater than the sum
of the magnetic radii plus surfactant thickness and is indicative of the existence of
aggregation. To obtain a measure of the distribution of aggregates the susceptibility profiles were fitted to three distribution functions, namely the Frohlich, normal
and lognormal distributions. The Frohlich distribution function gave an indication of the range of relaxation times, τ1 to τ 2 from which corresponding values of
radii, r max to rmin were obtained. In the case of normal and lognormal distribution
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fits the corresponding range of particle radii within one standard deviation, were
determined. Table lists the standard deviation values σ n , σL (defined in [6]) and
the range and ratio of rmax to rmin together with other data obtained for the two
samples. It can be seen that in both cases σL is greater than σ n . Furthermore,
the Frohlich distribution function gives the largest ratio of rmax/rmin, however it
must be borne in mind that the Frohlich case represents all the particles in the
distribution whilst the corresponding ratios for the other distributions represent
only 68% of the particles.
,

4. Conclusion

From the complex susceptibility measurements both samples were found to
have a Debye-type profile, with average particle radii indicative of the presence of
aggregation. The aggregates had radii ranging from 36 nm to 80 nm, far greater
than the corresponding mean particle radii of 7 nm and 6 nm, respectively. Application of Frohlich, normal and lognormal distribution functions has enabled the
range of particle aggregates to be determined and compared. In the case of the
normal and lognormal distribution functions the range of particle radii were approximately the same, whilst the Frohlich function gave a wider particle range.
This difference occurs because of the fact that the Frohlich case represents all
the particles in the distribution whilst the corresponding particle range for the
other distributions represents the particle sizes within one standard deviation of
the distribution. The results obtained illustrate the usefulness of the susceptibility
technique for the investigation of aggregates in magnetic fluids.
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