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Intensity dependent transmission dynamics in magnetic fluids
Tengda Du and Weili Luoa)
Department of Physics, Advanced Material Processing and Analysis Center, Center for Diagnostics
and Drug Discovery, University of Central Florida, Orlando, Florida 32826

The time dependent transmission is observed when a laser beam passes through a thin layer of a
magnetic fluid. We found that the transmission reaches a peak at a time that depends on the intensity
of the incident beam—the peak position shifts to shorter time when the input intensity is increased.
The peak value of transmitted power decreases with increasing magnetic field. A simplified model
is provided to explain these complex dynamics. © 1999 American Institute of Physics.
@S0021-8979~99!79608-8#

I. INTRODUCTION

III. RESULTS AND DISCUSSIONS

The interaction of light with binary liquids has been of
growing interest recently due to its broad applications.1–6
However, the physical mechanisms associated with many interesting phenomena are still not completely understood. In
our previous works,5 we reported a new nonlinear optical
~NLO! effect in magnetic fluids ~MFS! that is attributed to
the cross coupling between the temperature and concentration of particles, which in turn leads to the spatial distribution of the refractive index or self-phase modulation. In this
article, we report intensity dependent transmission dynamics
in a magnetic fluid—we found that there is a maximum in
the time dependent transmission and this peak position
changes with incident intensity. The mechanism can be explained by a simplified model. We also observed that the
peak value of transmitted power decreases while the peak
position slightly shifts to longer time in an applied magnetic
field below the threshold for field induced instabilities.7

We measure the output power transmitted from the
sample, P out , versus time when the laser beam is abruptly
switched on. In Fig. 2 we plot time dependence of P out for
input laser power P in56.6 mW and for focal length f 520,
25, 40, 60, 80, and 100 mm, respectively. From the relation
between the focal length, f, and the beam width w, w
5l f / p w 0 ~w 0 is the original beam radius!, we know that the
longer the focal length f, the smaller the intensity because the
intensity follows the relation I 0 5 P in / p w 2 , I(r)5I 0 exp
(2r2/w2). Results in Fig. 2 show that the peak position shifts
towards longer time with decreased intensity. The time dependence indicates that, before the peaks appear, the magnetic particles move away from the optical axis therefore the
sample becomes more transparent, thus P out increases. The
decrease of P out , after reaching the maximum, is corresponding to the reverse process. The concentration change
obeys thermal conduction and mass conservation equations8,9

]T
sI
2 x DT5
,
]t
rCp

II. EXPERIMENTAL SETUP

~1!

The sample used in this study is a magnetic fluid consisting of magnetite particles ~volume fraction 6%! suspended in kerosene. Each particle has a diameter of 9 nm and
is coated with a surfactant layer of 2 nm in thickness. The
absorption coefficient of the magnetic fluid, s, is measured
to be 550 cm21. The sample is confined between two parallel
glass plates separated by a spacer with a thickness of 100
mm. Figure 1 illustrates the schematic of the experiment
setup. A He–Ne laser ~l5633 nm! with a maximum output
of 40 mW in a single Gaussian mode is used. The laser beam
is focused from an original diameter of 1.2 mm to smaller
sizes on the sample by different lenses. The output power is
detected by a photodiode connecting to a computer. The
magnetic field is applied normally to the sample and parallel
to the laser beam.
a!
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FIG. 1. The schematic of experimental setup.
5953

© 1999 American Institute of Physics

5954

J. Appl. Phys., Vol. 85, No. 8, 15 April 1999

T. Du and W. Luo

FIG. 2. The transmitted power from the sample vs time in zero field with
different focusing lenses.
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where I(r,z)5I 0 exp(2r2/w22sz), T is temperature, c the
particle concentration, I the intensity of laser beam, w the
laser beam width, r the density of the fluid, C p the heat
capacity, and x the thermal diffusivity. D and D T are mass
and thermal diffusion coefficients, respectively. For low concentration we assume the absorption coefficient, s, is proportional to concentration c, or s 5 a c, a is a constant, so Eqs.
~1! and ~2! are coupled. To solve the coupled differential
equations is not easy, but we can qualitatively describe the
temporal behavior at a fixed location, assuming that the
beam shape always follows a Gaussian profile.
We rewrite c5c 0 (11c 1 ) where c 0 is concentration at
room temperature, c 1 is the relative change of concentration;
Eq. ~2! becomes

]c1
5DDc 1 1D T DT1D T ¹T•¹c 1 ,
]t

~3!

where we assume the change of concentration c 1 !1 for low
c. It is reasonable to choose a location where changes of T
and c reach extremes ~such on optical axis and the first interface at the glass plates!. We further assume that the temperature and concentration in radial direction follow the distribution of the intensity, i.e., the Gaussian, the only
difference compared with the beam profile outside the
sample is that the beam has a wider distribution width: w 1
5kw, with k.1. We also assume that the temperature
change in the sample follows a parabolic distribution in z
direction with a maximum at z50, where the laser beam
enters the sample, and vanishes at z5L, where the beam
exits the system, assuming that the glass plates have a perfect
conductivity. The cross term in Eq. ~3! is zero at this reference point ~r50, z50!. We obtain
Dc 1 ~ r50 ! '2c 1 ~ r50 !
DT ~ r50 ! '2T ~ r50 !
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FIG. 3. The term 1/t max as a function of incident intensity I 0 , where t max is
the peak position.

where L is the thickness of the sample. Substitute Dc 1 and
DT into Eqs. ~1! and ~3!, and eliminate one parameter, for
example T, and we finally get
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where 1/R 2 54/w 21 12/L 2 , g(I 0 ) is a function of intensity.
This is exactly a damping oscillation equation. To have an
oscillation term, the following condition must be satisfied:

S D S
x 1D
R2

2

24

D

D x s D TI 0
1
,0.
R 4 R 2r C p

The oscillation frequency is equal to
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The peak position t max in experiments should be proportional
to 1/v, if we assume the dynamics of total transmission follows the concentration change at the reference point ~r50,
z50! ~the distribution shape of c does not change with time!.
In our system, D/ x ;1023 . The above expression can be
further simplified as
1
v5 2
2R
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Substituting the relation between w 1 and I 0 , finally we have
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Here we take k51 or w 1 5w for simplicity. Let us look at
two extreme cases
~1! w 1 @L, or lower intensity, then: 1/t 2max5aI02b,
where a and b are constants.
~2! w 1 !L, or higher intensity, then: 1/t max}I0 .
This relation is qualitatively confirmed by the experimental
results. In Fig. 3 we plot 1/t max as a function of intensity
using experimental results. It reasonably agrees with the
above qualitative analysis.
Besides the thermal diffusion and mass diffusion that are
important mechanisms responsible for redistribution of particles under the influence of laser beam, other factors such as
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toward the center of the system, the Kelvin force is centripetal. The pressure from this force may resist thermal diffusion when the laser is switched on. To completely understand the effect of Kelvin force on transmission we need to
solve several coupled differential equations. Because analytical solutions to these coupled equations are unlikely, numerical calculations will be studied in the near future.
IV. CONCLUSION

FIG. 4. The transmitted power vs time in different applied magnetic fields
with focal length f 520 mm.

radiation pressure, which includes gradient force ~proportional to the gradient of intensity!, scattering force, and absorption force,10 should be considered as well. For the intensity range we used, these effects are not key factors.
Now we consider the effect of magnetic field on the
complex dynamics. Figure 4 shows output powers versus
time for different fields. The peak position slightly shifts, but
more importantly, the peak value decreases when magnetic
field increases from 0 to 18 Oe. This suppression of the
transmission might be due to a magnetic body force that
results from the spatial distribution of concentration and temperature, namely, the so-called Kelvin force. The force density can be expressed as7

S

D

m 0 x 2m H 2 ¹T ¹c
2
f5
,
c
~ 11 x m ! 3 T

~6!

where H is the external magnetic field, x m is the susceptibility of the magnetic fluid. Because both ¹T and 2¹c are

Complex behaviors are observed in the dynamics of
transmission from a magnetic fluid. We found that the transmission reaches a peak position that depends on incident
intensity. The observations are explained by the cross coupling between the temperature and particle concentration of
the system via thermal diffusion. The intensity dependence
indicates a nonlinear optical behavior that originates from
above novel mechanism. The influence of magnetic field on
the transmission is also discussed. Kelvin body force might
play an important role. These results will have potential applications in heat and mass transfers and optical devices.
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