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A magnetic fluid drop lying on a horizontal solid surface subjected to a vertical magnetic fieldH0

peaks with a cone shape above a threshold valueHc. If H0 is tilted, i.e., not parallel to the gravitational
field, the shape becomes asymmetric. Using a tilted alternating magnetic field we observed the m
of the drop. We have measured this drift velocity, and we propose a simple two-level model to exp
this new motion. Finally, we present another experiment with the same device concerning the
surface of a magnetic fluid: the so-called drifting instability. [S0031-9007(96)00688-6]

PACS numbers: 47.20.–k, 75.50.Mm
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The motion of drops has been known since Marang
[1]. A theoretical explanation for the motion of (nonma
netic) drops on a solid surface has been given by Broch
[2]: it can be induced by a thermal or a chemical gra
ent of the spreading coefficient. This drift motion h
also been experimentally studied [3]. Although stud
of the shape and instabilities of a magnetic fluid (M
drop have been published in recent years [4–7], no d
ing motion of a MF drop has as yet been reported. In
Letter, we present a new experiment where drift mot
of a magnetic drop with an asymmetric shape (Fig. 1)
induced by an external homogeneous alternating magn
field Hext ­ H0 coss2ptyT d, which is not parallel to the
gravitational field. The motion is produced because
asymmetric drop relaxes in a direction other thanHext.

This new type of motion is similar to the motio
of particles induced by a periodic asymmetric poten
without a macroscopic force [8], or of a mercury drop
an asymmetric structure [9]. In these experiments, the
conditions required for the motion to occur are the prese
of a periodic asymmetric potential and of dissipation.
our case, the spatial symmetry is broken by the asymm
shape of the drop, and the magnetic field time depende
involves a dissipation process because of the drop s
relaxations.

We present the experimental results, and propos
simple two-level model which explains qualitatively th
motion. A quantitative prediction of the value of th
drift velocity is also given. Finally, we present oth
experiments concerning a more extended MF system.

Drifting drop: experimental setup and results.—A MF
is a colloidal suspension of magnetic particles. We
an ionic MF (a water and glycerol based mixture) w
cobalt ferrite particles [10]. The viscosity of the MF
hMF ø 0.4 kg m21 s21. The cell, made of Altuglass, i
filled with an organic liquid. The MF droplet is complete
nonwetting because of the oil: the drop slides on a thin fi
of oil in a linear channel dug in the bottom of the cell. T
oil viscosity ishoil ø 1023 kg m21 s21.
0031-9007y96y77(4)y643(4)$10.00
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The cell is placed between two Helmholtz type co
as sketched in Fig. 2; the magnetic field is alternatin
linearly polarized, and can rotate around a horizontal a
in order to make an anglea with the gravitational field
$g (the frequency equals1yT ­ 50 Hz). A time-space
diagram is used to determine the drift velocity, and
image processing unit permits the measurements of
height and the area of the MF drop.

If we use a static vertical field, the magnetic dipol
point in the field direction. There is competition betwe
the dipole-dipole interactions which tend to extend t
drop in the field direction and the gravity and the surfa
energy which tend to return the drop to a hemisphe
shape. Therefore, to minimize its total energy, the dr
becomes a peak above a threshold value of the magn
field. When the static field is tilted witha fi 0, the
MF drop shape becomes asymmetric, but no motion
observed. This means that the total body force acting
the drop equals zero for each value ofa. If an alternating
field is applied witha ­ 0, oscillations of the top of the

FIG. 1. Photograph of an asymmetric ferrofluid drop und
the influence of a tilted alternating magnetic field.
© 1996 The American Physical Society 643
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FIG. 2. Scheme of the experimental setup: two coils in
Helmholtz configuration are used to give a homogene
alternating magnetic field. The coils can be easily tilted throu
an anglea.

drop are observed, and a drifting motion occurs wh
a fi 0. Consequently, we deduce that the motion is d
only to the relaxation of the asymmetric shape due
the peak top oscillations. This conclusion is the cruc
ingredient for the following model.

We have performed many experiments for differe
anglesa ­ 10±, 20±, 30±, 40±, and for different values
of H0. The motion is observed even for values ofH0 less
than the threshold fieldHc (in this case the drop has a
asymmetric ellipsoidal shape). We have experiment
established that the peak base areaS0 and the peak
heightP are only functions ofH0 and do not depend o
a. The drift velocity yx is plotted in Fig. 3:yx varies
roughly linearly with the productPsH0d tansad; the slope

FIG. 3. Experimental data of the drift velocity;P is the
maximal height of the peak, anda the angle between th
gravitational field andHext. The calculated values are obtain
using the experimentally determinated oil film depthe under the
drop. The slope of the calculated curve has been determ
by a least squares method using expression (3).
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of this curve defines a characteristic time of the order
uexp ø 1.9 s.

Now we discuss the two-level model.
(A) Qualitative explanation of the drifting motion.—

The magnetic energy of a MF drop, for the values
the magnetic field used here, depends on the squar
Hext. In this simple model, the time dependence ofHext
is approximated by a square function with a periodTy2
(Fig. 4). The phenomenon can thus be separated into
stages, depending on the presence or absence ofHext. The
drop motion can be explained by the relaxation proc
of the drop shape during these two stages, using
following assumptions. First, the drop shape is suppo
to be conical (the surface curvature is neglected). Seco
we assume that the cone generatrix tends to be parall
theHext direction whenHext ­ 6H0.

Supposepstd is the cone height, andpeq the equilibrium
height fixed by the field strengthHext ­ 6H0. The center
of gravity of the drop is situated on the cone generatr
with a height equal topstdy4. Let us consider a MF cone
with Hext ­ 6H0 (stage 0 in Fig. 4): When the field
is switched off, the cone top drops vertically because
gravity (stage 1), with a relaxation timet0. The center

FIG. 4. Response of the MF drop to a periodic squa
magnetic field. On the upper graph, the hachured l
represents the magnetic field square as a function of time.
full line shows the drop height evolutionpstd as a result of
two relaxation processes towards equilibrium, with two tim
scalest0 and tH . The dotted line represents the relaxation
pstd towards equilibrium fort ! `. In the lower plot, the
drop shape is sketched at different times: stage 0 repres
the peak shape whenHext ­ 6H0, just before the field switch
off, stage 1 squares with the cone breaking down forHext ­ 0,
and stage 2 represents a new state whenHext fi 0. In stage
1, the cone top falls vertically because of gravity, and in sta
2, it moves upwards following the direction ofHext. Because
of the asymmetric drop shape, the cone top motion gener
a translational motion of the center of gravity in the horizon
direction.
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of gravity is thus shifted of a quantityDx0 corresponding
to the displacement of the cone generatrix. After a tim
Ty4, Hext is switched on: The cone top moves up towar
peq following the generatrix direction, without reachin
the equilibrium state because the relaxation timetH is
longer thanTy4 (stage 2). Let us callP the maximum
value reached bypstd; P depends on the period and th
relaxation times. A displacement,DxH , of the center of
gravity is produced in this stage.

(B) Drifting velocity formula.—The expression
for the center of mass coordinates$r ­ sx, z ­ py4d
is given by the balance of the forces acting on t
drop. It can be demonstrated that the motion is ov
damped; thus the inertial term is neglected. We obt
$F0yH s$r d ­ hoilsS0yedyxe!x 1 hMFfspeqdV 1y3

0 $y, where
fspeqd is a dimensionless function of the drop geomet
V0 ­ 25 mm3 the drop volume,e the oil film depth under
the cone, and$y ­ Ù$r. The term on the left-hand side is th
total force acting on the drop, respectively, without (0) a
with (H) an external magnetic field. On the right-han
side, the first term represents the dissipation due to
oil shear under the drop [11], and the second term is
Stokes force [11], which describes the viscous dissipat
inside the drop. Let us call$R ­ sssP tansady4, Py4ddd the
maximum position of the center of mass (we assu
that the cone generatrix is parallel to the field dire
tion when $r ­ $R). $F0yH s$r d can be developed to the
first order since the drop displacementd $r ­ $r 2 $R
remains small (in our experiment,dpyp ø 5 3 1022):
$F0yH s$r d ø $F0yHs $R d 2 K0yHd $r. In the horizontal direc-
tion the Stokes force can be neglected regarding the
shear under the drop; it means that the drop is conside
in the horizontal direction as a rigid object. We have

hMFfspeqdV 1y3
0 d Ùz 1 K0yHdz 2 $F0yH s $R d ? $ez ­ 0 ,

hoil
S0

e
d Ùx 1 K0yHdx 2 $F0yHs $R d ? $ex ­ 0 ,

(1)

with x ­ z tansad. We thus obtain exponential relax
ations for vertical motions with relaxation timest0 and
tH related to the unknown constantK0yH by t0yH ­

hMFfspeqdV1y3
0 yK0yH . Solving (1) during a periodTy2

and using the continuity condition$r0sTy4d ­ $rHsTy4d,
both displacements of the center of mass are given by

Dx0std ­
3
4

P tansadf1 2 e2tyu0 g

DxHstd ­
1
4

P tansad
1 2 e2Ty4t0

eTy4tH 2 1
eTy4uH

3 f1 2 e2st2Ty4dyuH g
(2)

with

u0yH ­
hoil

hMF

S0

eV
1y3
0

t0yH

fspeqd
.
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The drifting velocity of the drop is given byyx ­
fD Ùx0std 1 D ÙxHstdgy2.

In order to estimate the characteristic relaxation tim
t0 and tH , we have performed measurement ofpstd
with a stroboscopic apparatus. The results show
exponential decay of the droplet height as sugges
above. We obtain thatt0 and tH are of the order of
1 s. The variation of the oil film depthe with respect
to the parametersH0 and a must also be determined
On the theoretical side,e is a solution of the balance o
magnetic, hydrostatic, curvature, and disjoining pressu
on the cone base [12]. However, the complex geome
of the drop makes the problem somewhat difficult and it
impossible to determinee ab initio. Therefore, we obtain
the values ofe by measuring the sliding velocityys of
the drop along an inclined plane. The balance betwe
gravity and oil-shearing stress gives an expression foe:
hoilS0ye ­ mg sinsbdyys, where b is the plane tilting
angle. In these experiments, a tilted static magnetic fi
is applied in order to reproduce the asymmetric shape
the drop; the field is static to avoid the motion induced
the asymmetric shape relaxation.

A first order development of (2) inTyu gives (3):
yxyP tansad ­ s2u0d21. Using the experimental slope
uexp ø 1.9 s and determination ofu0 (2) we can deduce
the value of the quantityfspeqdyt0 ø 1.4 s21, which is
reasonable sincefspeqd andt0 are of the order of unity.
We can use this determination in order to compare
calculated value and the experimental data as shown
Fig. 3. The agreement is quite good if we consider t
simplicity of our model: we consider only an idealize
geometry and study the response to a square signal ins
of a cosine signal.

Beyond the drop: the drifting surface instability.—
Using an elongated MF drop several peaks are nuclea
aboveHc. The distance between two peaks is fixed

FIG. 5. Photographs (on the left) of the motion of a tra
made by several peaks, and a time-space diagram (on the r
of this motion. The top line of the peaks is recorded as
function of time (the vertical line is a static defect of the cell)
645
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the capillary length [13]. If the external field is tilte
and alternating, we observe the motion of the en
drop as shown in Fig. 5, with a group velocityVx. The
macroscopic angles of the drop are different at the h
and the tail of the drop because of the drift. The sha
of the drop is more elongated at the end of the d
and thus becomes unstable with respect to the magn
field: A new peak is nucleated at the tail of the dro
Since the volume and the distance between two pe
are fixed, this peak has to disappear. In fact, the sec
peak, starting from the head, disappears. This mechan
(creation of a new peak followed by the annihilation
another peak) occurs with a phase velocityyx , which
is naturally greater than the group velocity. We ha
measuredVx ­ 1.26 mm s21 andyx ­ 1.72 mm s21, for
a ­ 10± andH0 ­ 4.7 kA m21.

If the channel of the cell is completely filled wit
MF, we obtain a free interface which becomes unsta
above Hc: A periodic line of peaks is formed with
a wavelength equal to the capillary length. When t
external alternating field is tilted, we can observe t
asymmetric peaks which drift at the surface of the M
(corresponding to a phase velocity) without motion of t
MF (i.e., the group velocity equals zero). The driftin
peak instability is similar to the primary ink instabilit
[14]. The addition of a static magnetic field may allo
the obtention of a nonlinear period doubling [15] an
consequently, secondary instabilities; the second fi
plays the same role than the second roller in the
instability.

To summarize, we have presented a new experim
where the relaxation of an asymmetric magnetic flu
drop, subjected to a homogeneous alternating magn
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field, gives rise to translational motion. This new kind
mechanism could be used to build liquid motors.
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during experiments, P. Lepert for realization of the e
perimental setup, and S. Neveu for synthesis and ch
acterization of the magnetic fluid. We also acknowled
F. Graner, S. Douady, Y. Couder, and F. Brochard
fruitful discussions concerning this study.
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