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Novel Convective Instabilities in a Magnetic Fluid
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A field induced novel instability was observed in a horizontal magnetic fluid layer placed in a uniform
vertical magnetic field with a focused laser beam parallel to the field passing through the layer. The
unstable diffraction patterns include triangles and other polygons. We found that the critical field for the
onset of this instability increases with increasing the thickness of the layer. These results are consistent
with our linear stability analysis. A new bifurcation was also observed when an additional horizontal
field was applied. [S0031-9007(99)09113-9]

PACS numbers: 83.10.Ji, 47.27.Te, 66.10.Cb, 82.40.Bj

Nonlinear dynamics outside equilibrium is one of thethe beam is 0.6 mm and the focal length of the lens is
intriguing and ubiquitous phenomena in nature. Explor2 cm. The diffraction patterns at far field above the sample
ing new mechanisms for driving forces and understandingre captured by a charge-coupled device camera and are
relations between structures and dynamics will not onlydigitized by a computer. The details about the experi-
elucidate the underlying physics but also lead to new apmental setup and the sample can be found elsewhere [4].
plications. In most research on instabilities, the driving In the absence of magnetic fields, multiple concentric
forces involve gravity, surface tension, and ponderomorings are observed after the laser is switched on and they
tive force [1,2]. In this Letter, we report the observa-reach a steady state in a time scale of seconds. The
tion of a novel instability in a horizontal magnetic fluid stable rings are illustrated in Fig. 2(a). When a laser beam
layer with a focused laser beam perpendicularly passinwith a Gaussian profile is focused on the sample cell, the
through the layer in the presence of a homogeneous vertiluid’s strong absorption of light (absorption coefficient
cal magnetic field. We found that the diffraction pattern550/cm) leads to a temperature distribution that decreases
formed by the laser beam remained stable when the fielchonotonically in the radial direction about the beam. The
was less than a critical value, whereas it became unstable
when the field was larger than the threshold. This insta-

bility is driven by a force that was rarely studied before— CCD Camera
the magnetic Kelvin body force that originates from the Or Power Meter
interaction of the magnetic moment of the fluid with the L__l

internal field gradient induced by temperature and concen-

tration inhomogeneitiesgven though the external field is Screen

uniform in space. This force can be easily adjusted, by
changing the external field and the laser power, to con-
trol heat and mass transfers in the system. Studies of this z

novel instability should lead to not only new insights in H
fundamental research on nonequilibrium phenomena but D Samol
) L . X pie
also practical applications such as field-controlled heat
transfer devices and liquid optical devices. l g
The magnetic fluid [3] used in our experiment consists Lens

of magnetite particles (volume fraction 6%) suspended in
kerosene. The mean diameter of each particle is 9 nm
and each patrticle is coated with a nonmagnetic surfactant 1
layer of 2 nm in thickness to prevent agglomeration. In ™ Mirror
Fig. 1 we show the schematic diagram for the experimental He-Ne Laser
setup. The fluid sample with a thickness If0 um is
sandwiched between two horizontal parallel glass plate : e

! . ) ion of gravity and the laser beam are along thelirection.
with a d_lmen5|0n o x 2 cn?. A 10 mW He-Ne laser The direction along the in-plane component of the applied field
beam with a wavelength of 632.8 nm is focused normallyis defined as axis. To show the sample and field orientations,
on the sample from below by a lens. The radius oftwo pairs of Helmholtz coils are omitted.

IG. 1. Schematic of experimental setup. Both the accelera-
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significant temperature gradient. The radius of the focused
beam is6.7 um. Our numerical calculation [5] shows
that the temperature difference is about 15 K between the
beam axis and the beam edge. However, the temperature
continues to decrease outside the beam and levels off
at several beam widths; the corresponding temperature
difference is about 40 K. This thermal gradient induces
a particle-concentration gradient via the so-called Soret
effect [6]. The positive Soret constant for our fluid [5,7],
S7 ~ 107! K~!, much larger than many binary liquids [8],
leads to a large positive concentration gradient of particles.
These radial gradients of concentration and temperature
yield the radial distribution in the index of refraction of the
fluid, producing the observed circular rings which reflect
the axisymmetry of the power distribution.

In the presence of a magnetic field, the magnetic fluid
experiences a Kelvin body force per unit volufig =
mo(M - V)H'/, which arises from the interaction between
the local magnetic field’ within the fluid and the mag-
netic moments of the particles characterized by the mag-
netizationM. Here,u is the permeability of free space.
This force tends to move the fluid to higher field regions.
For small magnetic fielddM = y (7, C)H’, wherey is the
magnetic susceptibility of the fluid following Curie’s law,

x « C/T. Inthe presence of a uniform external vertical
field H, the internal magnetic field in the layer of the fluid
has the formH’ = H/(1 + y). SinceV X H' = 0, the
Kelvin body force follows as

_ 1 o _ pox*H? (E _V_C>
fn = 5 moxVH 0+ P \T ) O

whereH is the magnitude oH and H’ the magnitude of
H'. Thus both temperature and concentration gradients
can make this force spatially nonuniform even if the exter-
nal field is uniform. It shows that the inward radial thermal
gradient and the outward radial concentration gradient ren-
derf,, centripetal in the radial direction. Because of these
radial gradients in temperature and concentration, the mass
density of the fluid increases in the radial direction. Since
the magnitude of this centripetal force also increases in this
direction, the fluid is potentially unstable in the sample
plane. When this destabilizing force is strong enough
to overcome the stabilizing dissipative effects of viscos-
ity, thermal conduction, and particle diffusion, the fluid
becomes unstable. Therefore, there exists a critical value
FIG. 2. The far-field diffraction pattern shows the onset : ' L L . :
of instability unambiguously. (a) ICEcolor) In zero field, the H, for the_applled ,ﬂeld_] above Wh'c,h instability sets n.
concentric rings form when a laser beam is focused to BY placing a pair of Helmholtz coils along the vertical
the sample layer. The symmetry of the rings reflects thedirection (parallel to the laser beam), we can apply an ad-
axisymmetry of the laser beam. (b) (color) When the appliedustable dc magnetic field on the fluid. We observed the
field exceeds a thresholdy., the instability starts then the gayistence of a thresholtH. ~ 22 Oe) for the field [9].

circular rings are replaced by “polygons.” Shown here is AR . ;
a triangle, one of the observed unstable patterns. (c) TthhenH < He, the fluid is stable and the circular rings

triangular shape in (b) originates from six convective rolls with 'émain steady. However, these rings become unstable
their axes parallel to the optical axis. for H > H., indicating the onset of instability. We ob-
served different diffraction patterns including “triangle”
like shapes as shown in Fig. 2(b), “tetragon,” and “penta-
effect of the focusing lens is to increase the intensity of thegon.” These patterns switch among different shapes alter-
laser from10°> W/m? to 108 W/m? and hence to create a nately. The switching rate increases with increasing the
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field but no qualitative changes were observed within ouheat source maintains the imposed temperature difference
field range. in the two-dimensional model. Our calculation shows
To analyze this instability, we consider a two- that the vertically averaged total heat per unit length is
dimensional fluid flow in the sample plane confinedinversely proportional to the thickness of the sample layer
between two laterally unbounded parallel lines with alL. Thus, the imposed temperature difference should also
temperature differencAT across them. The fluid flow is be inversely proportional to the thickness, i&T, « 1/L,
governed by approximately. From Egs. (6) and (7) we can conclude
. — _ 2 that the critical field is approximately proportional to the
plofor + v - V)V = VP + prVv + fn, () thickness, i.e.H. « L that fairly agrees with our obser-
(9/at + v - V)T = DyV°T, (3) vation as shown in Fig. 3(a). Contrary to the familiar
. _ 2 _ 2 magnetic Rayleigh-Bénard convection [11,12] and the
(9/61 + v - V)C = Dc[V°C + §7C0 = OVT], (4) magnetically controlled convection in nonconducting
V-v=0, (5)  paramagnetic fluids [13,14], where critical values de-
crease with increasing the thickness of fluid layers, the
critical field for the onset of instability in this system
fncreases with the thickness. For a givén Egs. (6)
and (7) imply thatH,. should decrease with increasing

where v is the kinematic viscosityDr the thermal dif-
fusivity, and D¢ the concentration diffusivity. Our lin-
ear stability analysis yields the criterion for the onset o

instability, . S . !
the input laser power, which is also consistent with our
K>K — 277*Le experiments [see Fig. 3(b)].
B+ V)1 + W)Le + 2 + V)T]° By placing another pair of Helmholtz coils along the
(6) horizontal direction, we add a horizontal fietfl in addi-
] . ] tion to the vertical field?,. Our observation shows that the
where'W = Sr(1 — Co)To is the separation ratid,e = jnstability is mainly controlled by,. However, we found
Dc¢/Dr the Lewis number, and the existence of another critical valu€, for H,(H! ~

oo H2AT2d> 10 O¢). WhenH, < H(, the diffraction patterns remained
= 2(1 + y0)2vD (7)  almost the same as withodt,. For H, > H', oscilla-
poTo(1 + xo)vDr tions aroundH, were observed. Figure 4 illustrates the
the Kelvin number. Here, the subscript O represents the
reference point in the middle between the two lines and

d the width between them. An estimation of the critical 30
field H. for H yields a value of the same order as 25 + -
observed, confirming our qualitative analysis. 1 .
To interpret the relation between the observed diffrac- 2 20 =
tion patterns and the configurations of the convective rolls, S 154 s =
we notice that the laterally unbounded direction in the con- = ot = *
sidered ideal system corresponds to the azimuthal direction
within the sample plane with respect to the beam axis and 57 (a)
the higher temperature side corresponds to the center of the 0 , , ; ,

beam. Therefore, the two-dimensional convective rolls are
distributed along the azimuthal direction of the beam. The
axes of these rolls are parallel to the beam axis. The num- L (um)
ber of the rolls must be even because of periodicity and

20 40 60 80 100 120

axisymmetry. In a cylindrical shell containing a magnetic 23

fluid with imposed radial magnetic and temperature gradi- 5 .

ents, a stability analysis [10] shows that convective states .

with six, eight, and ten rolls are the easiest states to excite. g 1.5 .

When H > H,, the observed triangle diffraction pattern 5 L N
reflects a six-roll state as shown in Fig. 2(c). Any two ad- 1 ‘t
jacent rolls with outward radial flow between them form a 05

corner and the six rolls form the triangle. Accordingly, an '

eight-roll state gives rise to a tetragon and a ten-roll state 0 : : : ®)
a pentagon. All these patterns have been observed in our 0 02 04 0.6 08 1
experiments. PP,

The radialltempe_rature gradient in the fluid OUtsiqe thq:IG. 3. (&) The critical field,H., increases with increasing
laser beam is provided by the heat produced within th%ample thicknessL., for a given Ciﬁput laser powep; (b) H.

laser beam due to the strong light absorption of the pardecreases with increasir for a givenL. H, is the critical
ticles in the fluid. So it is plausible to assume that thisfield for the input powerr, = 7 mw.
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horizontal moment away from the horizontal field, this ten-
dency in turn should yield an effect on the flow. For a
small H,, this effect is small and the diffraction patterns
should remain almost the same as withAyt However, a
largeH, yields a large effect that could be strong enough to
alter these patterns as observed. Its study could reveal the
insights about the interactions between convective flows
and magnetic fields.

In conclusion, a new convective instability was observed
in a magnetic fluid. The corresponding mechanism is at-
tributed to the interaction between the magnetization of
the fluid and the magnetic field gradient originated from
the inhomogeneity of both temperature and particle con-
centration. In the presence of the second field that breaks
the axisymmetry of the system, an additional bifurcation
was found, indicating the importance of symmetry break-
ing. The obtained results suggest that the heat and par-
ticle transfers in colloidal fluids could be monitored and
controlled by an external field. Because the applied field
also modulates the index of refraction, the results from this
work demonstrate that the Kelvin force could also be used
effectively in field-controlled liquid optical devices as well.
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