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Experimental investigation of ultrasonic velocity anisotropy
in magnetic fluids: Influence of grain—grain interaction
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Abstract. Magnetic field-induced dispersion of ultrasonic velocity in a Mng7Zng3Fe;O4 fluid
(applied magnetic field is perpendicular to the ultrasonic propagation vector) is determined by
employing continuous wave method. The magnitude of dispersion initially decreases with increasing
field, then increases and reaches a plateau at higher fields. Results indicate that the velocity anisotropy
is dominated by grain—grain interactions rather than grain—field interaction. At the critical temper-
ature, the grain—grain interaction becomes weak as the transverse component of the particle/cluster
moment is larger than the longitudinal one and the system reaches saturation even at low field.
These observed variations in the field-induced anisotropy are analysed by incorporating the moment
distribution of particles in Tarapov’s theory (J. Magn. Magn. Mater. 39, 51 (1983)).
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1. Introduction

A magnetic fluid is a colloidal dispersion of ferro- or superparamagnetic nanoparticles in
a carrier liquid. The properties of the fluid are isotropic in the absence of magnetic field
but the liquid undergoes restructuring under external magnetic field. This field-induced
anisotropy is manifested in several physical properties of the fluid, like viscosity, which
gives rise to novel properties as elasticity and yield stress [1-4]. Hence, experimental
investigations of field-induced anisotropy are useful to characterize the physical state of a
fluid. But, because the magnetic fluids are opaque, it is difficult to analyse them by optical
methods. Experimental and theoretical studies of ultrasonic wave propagation in magnetic
fluid under the magnetic field were done very extensively [5—18]. It seems that the spatial
ordering of magnetic nanoparticles influences the ultrasonic propagation and by analysing
this it is possible to understand the structure of magnetic fluids. Recently, the interest
has been renewed to understand the structure of magnetic fluid both experimentally and
theoretically using acoustic properties [19-30].
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In dilute magnetic fluid, concentration of the magnetic particles is sufficiently low; the
magnetic grains interact with the external magnetic field but do not interact with each other.
This is true if the coupling constant A = > /dﬁkT (a measure of dipolar strength) of the
neighbouring grain is much smaller [31]. Here u is the magnetic moment of the grain,
dy is the hydrodynamic diameter of the grain, k is the Boltzmann constant and T is the
absolute temperature. But for higher concentration and high magnetic field, it stimulates
the formation of chain/clusters and rigidity of the ferrofluid increases. This affects the
propagation of ultrasound wave in the medium.

In 1975, Parson [7] proposed linear hydrodynamic theory of the magnetic fluid under
a magnetic field and derived an expression for sound attenuation coefficient. He showed
the dependence of velocity and attenuation on the angle between sound wave vector and
external magnetic field. This behaviour can be explained using sin’26 dependence. The
existence of such anisotropic behaviour was confirmed experimentally by Chung and
Isler [8,9,11], but they have observed a deviation from sin?26 behaviour. Gotoh er al
[10], however, have derived the expression for the attenuation coefficient using ferro-
hydrodynamics theory. Later, Tarapov et al [5,6,13] have derived an expression for
perturbation velocity using thermodynamic state equation and assuming a magnetic lig-
uid as a non-homogenously and isotropically magnetized medium. Using this they have
explained quantitatively the experimental results of Chung and Isler [8]. Considering
chain-like cluster formation and rotational and translation motions of the magnetic par-
ticles, Takatomi [14] has derived the expression for attenuation coefficient. This model
seems to explain qualitatively the experimental findings [16]. Recently, Shliomis et al [29]
have shown the absorption of acoustic energy by internal degree of freedom of short chains
as a new viable mechanism of ultrasound attenuation in magnetic fields. They have also
verified their model with the experimental findings of Jozefezak et al [26]. In addition, they
have demonstrated that even though the volume fraction of the chains may be quite small,
such an effect may reach the order of magnitude of viscous damping.

In this study, we measure change in ultrasonic propagation velocity, AV/Vg_o, in a
hydrocarbon-based Mny ;Zn, 3Fe,O4 magnetic fluid for varying temperature and field at
2 MHz frequency. The choice of the method is based on the earlier findings by Chung and
Isler [8,9], where they have shown that pulse-echo experiments are suitable for attenuation
studies whereas continuous wave method is suitable for studying the velocity change due
to the magnetic field. The direction of ultrasonic wave propagation is perpendicular to the
direction of magnetic field. We have to mention that, extensive studies have been carried out
to understand the effect of magnetic field on ultrasonic velocity propagation for § = 0°, but
very few experimental studies are reported for 90°. Results of our investigation show that
considering the moment distribution of magnetic particles and Tarapov’s theory [13], it is
possible to explain the observed behaviour in velocity anisotropy of ultrasound in fluid for
a perpendicular configuration. This can be explained by assuming grain—grain interaction.

2. Experimental procedure

2.1 Magnetic fluid synthesis

Mng 7Zn 3Fe; O, nanoparticles were synthesized by co-precipitation technique followed by
digestion. Analytical grade reagents of ferric, manganese and zinc chloride were mixed in
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an appropriate ratio to get a solution containing Fe**, Zn>* and Mn?* ions. By adding 8 M
NaOH solution at 300 K ferrite particles were precipitated which were digested at 90°C for
30 min. During this time, the particles grew and transformed to the crystalline state. Oleic
acid was then added to the mixture and stirred for an hour. The fluid was heated at 92°C
for 5 min and peptized by adding dilute HCI. The oleic acid-coated particles were washed
repeatedly with double-distilled water and separated by magnetic sedimentation. Finally,
the coated particles were washed with acetone to remove the water. This acetone wet slurry
was dispersed in kerosene, and acetone was removed by heating. This kerosene-based fluid
is stable with time.

X-ray diffraction pattern of Mng7Zng3Fe,O4 nanoparticles is shown in figure 1. The
pattern reveals the formation of single-phase fcc spinel structure. Detailed analysis of the
pattern has been carried out using a Rietveld refinement program [32]. In figure 1 solid line
shows Rietveld refined fit of the experimental data (open symbol). The relevant parameters
derived from the fit are: lattice parameter: 0.846 + 0.001 nm, oxygen parameter: 0.0261 +
0.0001, particle diameter: 9.7 &+ 0.5 nm.

2.2 Magnetic characterization

The room temperature (300 K) magnetization of Mng 7Zng 3Fe,O4 nanomagnetic fluid as a
function of magnetic field (B) is shown in figure 2. It exhibits superparamagnetic nature
at a given temperature. In the nanoparticle system, to analyse the data, one considers size
or moment distribution as volume distributions are ubiquitous. In ideal superparamagnetic
systems, p is proportional to volume and the moment distribution arises only due to a
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Figure 1. Powder X-ray diffraction profile of the dried Mng 7Zng3Fe>O4 ferrofluid
sample. The solid line through the data points are Rietveld fit. The best fit parameters
are: lattice constant: 0.846 = 0.001 nm, oxygen parameter: 0.026 £ 0.001, particle
diameter: 9.7 + 1 nm. x?2 value is 1.89.
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Figure 2. The room temperature (300 K) magnetization curve for Mn—Zn fluid sample.
The line shows the best fit to eq. (1) after incorporating the moment distribution function
given by eq. (2). The fit parameters are: ;o = 2.6 x 107'°Am? and o = 1.04. Inset:
Size distribution obtained from SANS and magnetization.

volume distribution. However, in real systems, surface disorder, frustration and spin cant-
ing may contribute to moment distribution unlike the volume distribution. Therefore, in
this work we have analysed the magnetization curve by considering moment distribution,
with the total magnetization expressed as

Mmax

M(B,T) = n / WL(E) () dp, (1)

Mmin

where
L(§) = coth& — /£,
& = uB/kT.

n is the number density of the particle, u is the particle moment and f{ 1) is the normalized
moment distribution expressed by

1 In (14/110)°
f(M)—M—meXP[_{T}] )

The mean particle moment (i) is equal to 1o exp(o2/2), where o2 is the variance of

the normally distributed In(w). In figure 2 the fit to eqs (1) and (2) is shown by a solid
line. The experimental data match well with theory, and the parameters obtained are: ©o =
2.6 x 107" Am? and o = 1.04. If one considers that the mean particle magnetic moment
is proportional to the volume (i.e () = My * V, where V is the volume of the particle);
considering the domain magnetization (My) of the particle as 320 kA/m (obtained from
magnetization measurements), the mean particle diameter (D) is 13.9 nm and o (D) =
o (n)/3 = 0.35. This observed value of size is higher than that obtained from SANS (small
angle neutron scattering) (inset of figure 2) [33] and X-ray. This deviation can be due to
grain—grain interaction, as dipolar interaction among particles introduces a self-averaging
effect over the correlation length, which results in larger average ‘magnetic’ size of the
apparent particles together with a narrower size distribution.

348 Pramana - J. Phys., Vol. 77, No. 2, August 2011



Experimental investigation of ultrasonic velocity anisotropy

12404 °
[ J
[}
— 1200+
0 °
S
Y o) @) [ ]
1160 ©
O
O
1ol qre— °
20 30 40 50
TC

Figure 3. Temperature dependence of ultrasonic propagation velocity of (e) carrier
fluid and (o) magnetic fluid.

2.3 Measurement of ultrasonic propagation velocity

To study the frequency dispersion in magnetic fluids, we have used a multi-frequency
ultrasonic interferometer (Model M-82, Mittal Enterprises, India) operating in the range
1-10 MHz. The multi-frequency generator generates very stable continuous ultrasonic
waves (£0.03%) in the given range. The desired frequency was selected and the signal
was then fed through a coaxial cable to the measuring cells. Each cell was provided with
a quartz crystal whose resonant frequency coincided with that of the signal. The velocity
could be measured with an accuracy of £0.3%. To measure the velocity at different mag-
netic fields the measuring cell was placed in an electromagnet having a pole gap of 2 inch.
The maximum field strength of the electromagnet was 0.1 T. The angle () between the
magnetic field direction and the direction of ultrasonic wave propagation was 90°.

Figure 3 shows the temperature dependence of ultrasonic velocity of the carrier and the
magnetic fluid at 2 MHz frequency. The velocity of the fluid is 7% lower than that of
the carrier liquid in the absence of magnetic field, which shows the influence of dispersed
particles on the ultrasonic propagation velocity. The velocity profile of the carrier fluid and
the magnetic fluid with temperature is nearly similar indicating the minimal influence on
the ultrasonic propagation velocity.

3. Results and discussion

3.1 Magnetic field dependence

Figure 4 shows the magnetic field dependence of ultrasonic propagation velocity an-
isotropy, AV /Vg—o, at 308 K. In this experiment, the magnetic field was applied, and
data were recorded after 20 min. This procedure was repeated for each field. From figure 4
it is observed that the magnitude of AV /Vy_ decreases initially with field, reaches a min-
imum, and thereafter it increases. At a higher field, it exhibits saturation behaviour. This is
similar to the observations by Chung et al [7,8].
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Figure 4. Anisotropy in velocity at 2 MHz with magnetic field at 308 K. The dotted
line is best fit to Tarapov’s theory [13] for g = 3.2 £ 0.02 x 10~'°Am?. The solid

line is fit to Tarapov’s theory after incorporating polydispersity in the magnetic moment.
The fit values are: po = 3.02 £0.02 x 107'°Am? and o = 0.33 (see text).

In magnetic fluids, sound waves are coupled to the magnetic variables as the magneti-
zation oscillates with fluid density. Tarapov et al [13] have derived the equation for the
sound wave propagation in magnetic fluid, based on hydrodynamical equations of motions.
It is known that in the absence of magnetic field the fluid is being treated as homogeneous
and isotropic, but under the influence of the field, due to aggregation and restructuring of
dispersed particles, fluid becomes inhomogeneous and anisotropic. The degree of inho-
mogeneity depends on volume fraction, field strength, temperature and other such factors.
These factors influence magnetic as well as thermodynamic properties of the magnetic
fluids. Considering the propagation of weak oscillations in such a fluid with the wave-
length much greater than aggregate size, their effect on anisotropy can be neglected and the
ferrofluids can be considered as inhomogeneous and isotropically magnetized media. Nev-
ertheless, based on this argument, Tarapov et al [13] have derived the equation for velocity
of weak perturbation propagation.

According to [13], the change in ultrasonic propagation velocity is given by

(AV)(7 . L sin’0 3)
— |70 = Iy e
Vo 0 (14 Lysin®0)

For 6 = 90°, the variation of velocity anisotropy with field for o = 3 x 107! Am?
is calculated and the contribution of each term A and B (terms A and B are the first
and second terms of eq. (3), respectively) along with the resultant curve is shown in
figure 5. It is evident from figure 5 that by increasing field the first term A saturates at about
0.0175 T and at same time B starts decreasing. The variation of velocity anisotropy for
different values of 1 is shown in figure 6. It is clear from figure 6 that as the moment
increases (i.e.increase in size and/or domain magnetization of the particle) the contribution
of B increases faster compared to A which result in a net decrease in velocity anisotropy.
The inset of figure 6 shows the modulus of velocity anisotropy for py = 2 x 10~'°Am?.
The observed behaviour is similar to that obtained by Chung and Isler [8]. In figure 4,
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Figure 5. Contribution of each term A and B of Tarapov’s theory (eq. (3)) along with
the resultant graph for pg = 3 x 107 9Am? (see text).

the fit generated using o = 3.2 x 10~'?Am? is shown as red line. The fit is not good
at intermediate fields. The value of particle diameter corresponding to this value of w is
12.4 nm.

In eq. (3), the parameters L, L and L, are functions of magnetization, field and tem-
perature. The magnetic particles dispersed in the magnetic fluids are not mono-dispersed,
thus one needs to account for the polydispersity in the moment. Figures 7a and 7b, show
respectively, the effect of 1y and o on the velocity anisotropy generated using eqs (1) and
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Figure 6. Anisotropy of ultrasonic velocity for & = 90° and for different values of ¢
calculated using eq. (3) at 308 K. Inset: |AV/Vy| with field for nog = 2 x 10~ 19Am?2.
The behaviour is similar to that obtained in ref. [8].
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(3). The following conclusions can be drawn from figure 7. By increasing the moment dis-
tribution, the minimum first shifts towards the lower field and then decreases in magnitude
(figure 7a). This change in magnitude is higher when the moment is reduced (figure 7b).
Thus the moment and its distribution do influence the behaviour of velocity anisotropy. To
get better fit to the observed experimental result, we have introduced the moment distri-
bution function (eq. (1)) and recalculated. The solid line in figure 4 is the line generated
for o = 3.05 4 0.02 x 10"?Am? and 0 = 0.32 & 0.01. This corresponds to the mean
diameter (D) = 12.5 nm and o (D) = 0.1. The observed narrow size distribution indicates
the influence of the interparticle interaction in the system.

3.2 Temperature dependence

In steric stabilized magnetic fluid, the forces responsible for stability are long-range van-
der Waals’s interaction, steric interaction and dipole—dipole interaction. The first two are
isotropic in nature whereas the third is anisotropic (i.e. directional) in nature. The magnetic
dipole—dipole interaction profile is the same whether particles are dispersed in an aqueous
or non-aqueous carrier, but van-der Waals’s interaction profile differs considerably. In a
non-aqueous carrier, the surfactants are essentially indistinguishable from the solvent, and
therefore, their contribution to overall van-der Waals’s interaction is negligible. Thus the
only interaction which contributes to total interaction energy is the dipole—dipole interac-
tion, which favours chain formation, the magnitude of which is of the order of 1-2kT. This
means that they are susceptible to thermal force.

In view of the above we have studied the temperature dependence of ultrasonic prop-
agation under different magnetic fields. Figure 8 shows the effect of temperature on
the velocity anisotropy. The following observations are drawn from figure 8: (i) The
anisotropy minimum shifts towards the lower field as the temperature is increased,
and the minimum gets broader, (ii) the sign of AV /Vy_o changes at 42°C. When

AV, AV,
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Figure 7. Influence of moment distribution on anisotropy velocity calculated using eqs
(2) and (3) for (a) different values of o when 9 = 3 x 1071 Am?, (b) different values
of no when o = 0.6.
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Figure 8. Temperature dependence of velocity anisotropy. (H) 22°C, (e) 32°C,

(V) 35°C, (A) 37°C, (O) 42°C, («) 47°C, (») 52°C. The line is fit to eqs (2) and

(3). With increasing temperature the moment distribution becomes broader, indicating

the decrease in grain—grain interaction.

all these data were fitted using eqs (1) and (3), it is observed that py remains con-
stant (,uo =3.05£0.02 x 10’19Am2) but o increases with temperature from 0.1 to 1.67
(figure 9). This corresponds to the variation of effective mean particle diameter from
12.4 nm to 19.1 nm. This indicates that with an increase in temperature mean diameter
increases 1.6 times but the size distribution becomes 16 times broader. This is understand-
able because with an increase in thermal energy randomizing Brownian energy increases,
which reduces the magnitude of the anisotropy and broadens the minimum. Thus, in the

1

0.04

T T T T T T T T T T T T T

20 25 30 35 40 45 50 55
T(C)

Figure 9. Variation in size distribution with temperature obtained from figure 8. The

orientation of the cluster/particle moment, with respect to the magnetic field, below and

above the critical temperature region (shaded area) is also shown.
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present system, the change in velocity anisotropy is dominated by grain—grain interaction
rather than grain—field interaction.

4. Conclusion

The magnetic field-induced ultrasonic velocity anisotropy (for & = 90°) in Mng7Zng 3
Fe, 04 magnetic fluid was studied as a function of temperature. It is reported that variation
in velocity anisotropy at a given temperature depends on the value of the magnetic moment
and the size distribution. The observed behaviour is explained by incorporating the moment
distribution function in Tarapov’s theory. The study reveals that the anisotropy is dominated
by grain—grain interaction and the magnitude of this interaction decreases with increasing
temperature.
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