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Energy conversion in ferrofluids: Magnetic nanoparticles as motors or generators
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We submit a CoFe2O4 ferrofluid in rigid rotation~and then in a Couette flow! to an alternating magnetic
field. Rotational viscosity and transverse magnetization are measured simultaneously. Depending on the rela-
tive values of fluid vorticity and field frequency, the magnetic particles behave as nanomotors or nanogenera-
tors. It demonstrates the energy conversion between the magnetic and kinetic degrees of freedom of the
particles. The effect of an hydrodynamic shear on the spectrum of relaxation times evidences an intimate
structure of the ferrofluid consisting of small chains of dipoles.@S1063-651X~97!03106-1#

PACS number~s!: 82.70.Dd, 83.80.Gv, 47.32.2y, 75.50.Mm
-
id
n
d

e

om
n
ng
ti

ll
ly
tic
th
d

ag
e
u
y
th

o

ct

er
s
en
s
n
a
e

-

0%
on.
ter-
f

to
-

.
to
and
his
par-
sity

lsive

ted

l is
es
ls

the
the
nge

ic
eo-
tte
Magnetic fluids~MFs! are colloidal solutions of single
domain magnetic nanoparticles. Actually, such dipolar flu
with anisotropic interactions raise up a growing interest. E
deavors to elucidate their internal structure are put forwar
numerous theoretical and numerical studies@1–5#. MFs are
also attractive because of the interplay between the magn
and the rotational degrees of freedom of the particles@6,7#. It
enriches the picture of hydrodynamic and magnetic phen
ena in MF under time-dependent magnetic fields. Inter
rotation ~particles can rotate relatively to their surroundi
fluid! causes spectacular effects such as under a rota
field, entrainment of the MF by the field@6,8,9# or ‘‘starfish
instability’’ of a MF drop @10#; under an oscillating field, the
‘‘negative viscosity’’ phenomenon in a Poiseuille flow@11–
13# or the vortico-magnetic resonance@14#. In these experi-
ments, the energy of the time-dependent field is partia
transformed into kinetic energy of particles or, converse
an alternating field is created at the expense of the par
spinning. We present below results clearly establishing
nontrivial mechanism of energy conversion. We measure
rectly and simultaneously on the same MF sample~submit-
ted to a solid rotation and experiencing an alternating m
netic field! the coefficient of rotational viscosity and th
transverse magnetic susceptibility. Our experimental res
are clearly understood in the framework of ferrohydrod
namics. We demonstrate that depending on the ratio of
field frequency to the fluid vorticity,v/V, the particles be-
have as nanomotors or nanogenerators, changing their w
ing regime at the crossover pointv5V. We show that the
recent observations in a MF of a ‘‘negative viscosity’’ effe
@12# and of a vortico-magnetic resonance@14# represent two
sides of the same physical phenomenon: they reflect en
conversion between the magnetic and rotational degree
freedom. We also evidence that such dynamical experim
are powerful tools to study the intimate structure of the
dipolar magnetic fluids. A large distribution of relaxatio
times exist inside the MF, we correlate this distribution to
chaining of the magnetic particles under the conjugated
fect of alternating field and mechanical rotation.
561063-651X/97/56~1!/614~5!/$10.00
s
-
in

tic

-
al

ng

y
,
le
is
i-

-

lts
-
e

rk-

gy
of
ts
e

f-

We use an ionic MF@15# composed of cobalt Ferrite mag
netic particles. The magnetic volume fractionw, because of a
nonmagnetic layer at the particle surface, is about 1
smaller than the one measured by chemical titration of ir
Particle sizes and dipolar interaction parameter are de
mined in the dilute regime (w'1%) by measurements o
initial magnetic susceptibilityx and by small angle neutron
scattering~SANS! @16#. The magnetic measurements lead
a magnetic diameterdm513.6 nm~using saturation magne
tization of the cobalt ferriteMs5400 G! to be compared to
the SANS size determinations~dW514.1 nm and Rg
57.8 nm!. The parametere of dipolar interaction is equal to

e5
px

w
5

2m0
2

dm
3 kBT

55.3,

with the particle magnetic momentm05Ms(p/6)dm
3 , kB

being the Boltzman constant, andT the room temperature
The colloidal stability requires a repulsive force in order
counterbalance the van der Waals isotropic attractions
the attractive part of the anisotropic dipolar interaction. T
is realized through screened electrostatic repulsion: the
ticles are also macroions with a negative superficial den
of charges. The SANS study as a function ofw on water
based suspensions of such particles shows that the repu
interaction is ]@w(]m/]w)#/]w'10kBT, where m is the
chemical potential of the solution. In the experiment repor
below, the particles are dispersed in glycerol withw
513%. The dispersive energy of the particles in glycero
even lower because its dielectric constant is two tim
smaller. The initial magnetic susceptibility of the MF equa
4px54.4. The viscosity of glycerol ishgly51 Pa s at 20 °C
and Brownian relaxation times of isolated particles are of
order of millisecond. In the absence of an external field,
sample has a Newtonian behavior in the shear rate ra
20,ġ,100 s21, the relative viscosity of the MF being
h/hgly55.

To probe experimentally the coupling of hydrodynam
and magnetic phenomena, we perform simultaneously rh
logical and magnetic measurements. A cylindrical Coue
614 © 1997 The American Physical Society
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56 615ENERGY CONVERSION IN FERROFLUIDS: MAGNETIC . . .
rheometer is adapted to our experiment~see inset of Fig. 1!.
The MF fills the inner moving cylinder~with radius R1
55 mm! and thus undergoes a rigid rotation around the a
of cylinder ~axis z!. The outer cylinder (R256 mm) is mo-
tionless. The gap is filled with a Newtonian nonmagne
fluid ~NMF! present only because of technical limitation
the apparatus. The whole system is put between two c
creating the alternating fieldHx5H cosvt transverse to the
axis of the cylinder. We measure the angular velocityV of
the MF cylinder~V0 without magnetic field! under a con-
stant applied mechanical torqueM. The magnetizationMy
in the direction perpendicular to the field is detected w
two Hall-effect transducers.

Figures 1~a! and 1~b! show, respectively, the difference o
angular velocitiesV02V and the modulus ofMy as a func-
tion of v/V0 . In this experiment,V05157 rad/s and the
field amplitudeH565 Oe ~taking into account the cylinde
demagnetizing factor!. As can be seen in Fig. 1~a!, the dif-
ferenceV02V is positive forv,1.2V0 expressing the fac
that a stationary or a slow oscillating field impedes free
tation of the MF. The nearerv to V0 , the more drastically
V02V decreases and becomes negative atv.1.2V0 . Thus,
for an applied torqueM5const, the MF cylinder actually
rotates faster under magnetic field than in zero field. Pa
lelly, it is apparent in Fig. 1~b! that uMyu presents a sharp

FIG. 1. Rigid rotation of the magnetic fluid.~a! DifferenceV0

2V of the angular velocities of the MF cylinder without magne
field applied (V05157 rad/s) and under magnetic field~V! as a
function of v/V0 . ~b! Modulus of the transverse magnetizatio
uMyu as a function ofv/V0 . The solid lines illustrate the best fi
using the chain distribution function~see text!: t051.6 ms,e55,
and w513%. Inset: experimental setup for rigid rotation of th
MF. C, coils; Ha, Hall-effect transducers.
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resonance forv5V0 . Qualitatively, if the field is off, the
MF rotates as a whole in a rigid rotation. However, und
field, the MF rotation, strictly speaking, ceases to be rig
since the field causes a particle spin relatively to the s
rounding fluid. The friction experienced by each particle
sults in internal stresses, which may be written as 2h rV,
whereh r is the rotational viscosity. Ifv,V, the field im-
pedes the free particle rotation (h r.0) and it leads to a
certain decrease ofV. Conversely, ifv.V, the field forces
the particles to rotate faster than the fluid. Some part of
ac field energy is transformed into a spinning energy of
particle, which in turn accelerates the MF rotation. This
crease ofV just expresses the negative viscosity effe
@11,12#: h r,0. The other side of the problem is that the M

rotation influences its magnetizationMW . The particles rotate

together with their magnetic moment which determinesMW .
Consequently, the particle angular velocity~always between
v andV! can be considered as the eigenfrequency of rota

of vectorMW . Hence, atv5V, this eigenfrequency coincide
with v, the whole system rotates in a rigid rotation and
vortico-magnetic resonance arises@14#. At the resonance, the

vector MW rotates as a whole, i.e.,Mx
2(t)1My

2(t)5const,
whereas in the quiescent MF (V50) the only component of
magnetization to exist isMx(t). Thus simple arguments pre
dict simultaneously the change of sign ofh r and the mag-
netic resonance ofMy at the same frequencyv5V.

Quantitatively, the friction torqueM acting on our MF
cylinder can be expressed through therw component of the
symmetric stress tensor@6#

s rw5hS ]nw

]r
2

nw

r D2
1

2
~MrHw2MwHr !1

BrHw

4p
, ~1!

whereBr5Hr14pMr . Writing the second term of Eq.~1!

as (MW 3HW )z52MyHx and substituting the velocitiesnw

5Vr for the MF inside the rotating cylinder andñw

5(VR1
2)/(R2

22R1
2)@(R2

2/r )2r # for the NMF in the gap, we
find

s rw5
MyHx

2
1
BrHw

4p
, s̃ rwur5R1

522Ah̃V1
B̃rH̃w

4p
,

~2!

where the tilde refers to NMF andA5R2
2/(R2

22R1
2). Taking

into account the boundary conditions forBr andHw on the
surfacer5R1 of the MF, the torque writes

M54V~ h̃AV1MyHx/4!, ~3!

whereV is the volume of the cylinder and the upper lin
means averaging over the period of the field variation. In
framework of the linear response—the field is lo
enough—we may writeMi5x ikHk with x ik5x id ik2(x' /
V)eiklV l , the tensor of magnetic susceptibility of the mo
ing MF. The tensor components are determined by the e

lution equation of the magnetization@6# dMW /dt5VW 3MW

21/tB(MW 2xHW ), wheretB is the Brownian relaxation time
of magnetic particles andx is the static susceptibility of the
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616 56F. GAZEAU et al.
MF. With MyHx5x'8H
2/2, the second term in Eq.~3! takes

the formh rV where the rotational viscosity coefficienth r is

h r5x'8H
2/8V5~1/8!xtBH

2@11~V22v2!tB
2 #K22,

~4!

with K25@11(V22v2)tB
2 #214v2tB

2. It becomes negative
for v2tB

2.V2tB
211. Let us compare the powers that th

motor and the field spend to rotate and magnetize the m
netic fluid. The field’s power is determined by the express

Pf52V(MW •HW ) and the power of the motor byPm

5(MW •VW ). It yields

Pf5vx i9H
2V/25~1/2!xH2Vv2tB@11~v22V2!tB

2 #K22,

Pm54Ah̃V2V1~1/2!xH2VV2tB@11~V22v2!tB
2 #K22.

~5!

Figure 2 representsPf andPm and the sumPf1Pm , as a
function of the ratiov/V for VtB53. An oscillating field
produces a work (Pf.0) for the field frequenciesv.v1

5VA12(VtB)
22, while a slow oscillating field is gener

ated at theexpenseof the motor (Pf,0) if v,v1 . Con-
versely, the motor is working (Pm.0) at the low field fre-
quencyv,v25VA11(VtB)

22 and rotates at theexpense
of the field (Pm,0) for v.v2 . Thus particles behave a
nanomotorsfor v.v2 and asnanogeneratorsfor v,v1 .
The equationPf5Pm determines the crossover frequency
the field,v* . Neglecting the viscosity of NMF in Eq.~5!,
we findv*5V at the minimum of the sumPf1Pm .

Experimentally, we measure the modulusux'u and the
difference (V02V) of the angular velocities at a give
torque; this difference is related to the rotational viscosity
h r5Ah̃(V02V)/V. The theoretical dependences of the
quantities on the ratiov/V reveal that the largerVtB , the
sharper is the magnetic resonance@14# and the more steeply
falls the rotational viscosity nearby the resonance frequen
Therefore, to describe the sharp-edge resonance maxim

FIG. 2. Energetical description. Power of the motor rotating

cylinder Pm5(MW •VW ) ~solid line!, power of the field Pf5

2V(MW •HW ) ~dashed line!, and total powerPm1Pf ~dotted line! as a
function ofv/V. dV5v22v1 . For these curves,VtB53 ~single
relaxation time model!.
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experimentally obtained~see Fig. 1!, we have to admit the
existence of a sufficiently wide spectrum of relaxation tim
tB , including very long time compared to the Brownian tim
for an isolated particle of volumeV, t053hV/kBT. We
suppose that such a spectrum originates from spatially
tributed chains of dipoles aligning nose to tails, each ch
behaving independently. Indeed, the pioneer work of
Gennes and Pincus@1# show that the highly anisotropic na
ture of the interaction between dipolar spheres favors ch
formation. Recent numerical simulations taking into acco
dispersive interactions, report the existence of internal
namical structures if the isotropic attractive energy in t
colloid is below a specific threshold@2–4#. In ferrofluids,
apart from SANS studies@17#, experimental work to eluci-
date this stage of structuration—chaining of a fe
nanoparticles—is lacking. Evidence for anisotropic chain
exist only in analogous systems with microscopic, and th
directly observable, length scale@18,19#.

In the present MF, an additional clue supporting the int
nal structures existence is given by the effect of an hydro
namic shear. Figure 3 shows the difference of angular vel
ties V02V @Fig. 3~a!# and the modulus of transvers
magnetizationuMyu @Fig. 3~b!# as a function ofv/V l , in an

e

FIG. 3. Couette flow of the magnetic fluid.~a! DifferenceV0

2V of the angular velocities of the MF cylinder~V l563 rad/s and
ġ530 s21! as a function ofv/V l . ~b! Modulus of the transverse
magnetizationuMyu as a function ofv/V l . The (V02V) signal is
weak and the experimental discrete values are connected to
apparatus resolution. The solid lines illustrate the best fit using
chain distribution function:t051.6 ms, ẽ53.2, andw513%. In-
set: experimental setup for Couette flow of the MF. C, coils; H
Hall-effect transducers.
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56 617ENERGY CONVERSION IN FERROFLUIDS: MAGNETIC . . .
experiment where the MF~see the inset in Fig. 3! fills the
gap between the two cylinders~Couette flow of the MF!.
Thus contrary to the first experiment, where the shear
ġ is zero~solid rotation!, for this Couette flow,ġ530 s21. It
corresponds in our geometry to the local vorticityV l

563 rad/s. It is apparent that theuMyu sharp resonance an
the drastic decrease of rotational viscosity do not exist in
shear flow configuration: it indicates that long relaxati
times associated with the most long chains do not exist
more in the system. This change of dynamical behavior
der shear may thus be related to a modification of inter
structure of the MF.

We analyze those experiments with a statistical mode
chains taking into account only dipole-dipole interacti
through the parametere. This energy scale determines bo
the energy gain due to the particle chain formation and
flexibility of the chains: the valueed represents the chai
correlation length@1#. The dipole-dipole interaction free en
ergymN

0 per particle in chains ofN particles ismN
052@(N

21)/N#kBT ln@sinh(e)/e#. Equilibrium thermodynamic re-
quires@20# thatXN , the total volume of chains ofN particles
by unit volume of MF, writesXN5NpNe/sinh(e), with p
5X1sinh(e)/e. The global volume fractionw of particles may
be expressed asw5(NXN5@p/(12p)2#@e/sinh(e)#. The
probability PN to have a chain ofN particles beingPN

5(XN /N)/(N(XN /N), is completely determined byw ande.
It gives for the mean number of particles in a chain in a z
field, ^N&5(NNPN and^N&'1, for p!1. In order to aver-
ageh r andux'u over the chain distribution, it is necessary
know the contributionxN of N-particle chains to the stati
susceptibility and their Brownian timetBN . xN may be writ-

ten asxN5(XN /NV)(m0
2/3kBT)(^rW

2&N /dm
2 ), where the end-

to-end vector of the chain is given fore.1 by the expres-

sion ^rW2&N52Nedm
2 {12@(12e2N/e)/(N/e)#} @21#. We

propose@22# the following expression for the Brownian tim

tBN : tBN5t0(^rW
2&N /dm

2 )3/2(113dm
2 /^rW2&N)/4. The results

of averagingh r and ux'u are presented in Figs. 1 and 3 b
solid lines together with experimental data. The same a
aging parameters fit bothh r and ux'u. We find e55, t0
51.6 ms, andw513% in zero hydrodynamic shear~rigid
rotation: Fig. 1!. Experimental features such as the sha
resonance and the steep decrease of rotational viscosit
sociated with an asymmetry of the curves are correctly
produced. Moreover, the interaction parameter deduced f
this experimente55, is very close to the above evaluatio
coming from static magnetic measurements in more di
solutions (p,0.2), e55.3. For the Couette flow~Fig. 3!, we
obtain a reduced apparent parameterẽ53.2, t051.6 ms,
andw513%. The distributions of the numberN of particles
per chain and of the relaxation times, corresponding to
cases of rigid rotation and shear flow, are compared in Fig
without shear, the mean number of particles in a chain
^N&52.0 and the mean relaxation time^tBN&55.2t0 ; under
our experimental shear however, they become^N&51.36
and ^tBN&51.84t0 . It appears that, in addition to therm
fluctuations which in both cases of rigid rotation and sh
flow limit the chain formation, the shear induces fracture
the chains. It thus leads to a reduced interaction param
te
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ẽ53.2 taking into account the hydrodynamic forces, whi
in our situation are of the same order of magnitude as th
mal random forces.

Finally, the obtained distributions confirm the existence
polydisperse chaining structures with living times of the o
der of ms, which are partly broken by an hydrodynam
shear. They also demonstrate that our dynamical experim
is sensitive to very thin structuration at the nanoscale.

In conclusion, through the coupled phenomena of ne
tive viscosity and vortico-magnetic resonance, we give a
rect and vivid experimental evidence of the energy conv
sion between the magnetic and mechanical degrees
freedom of particles. The opportunity to drive the viscos
by a tiny change of ac field frequency may clear the way
new applications such as tunable dampers. Besides, the
distribution of relaxation time responsible for the sharp ma
netic resonance could be related to the existence of s
chains in the MF without applying strong magnetic field.
theoretical analysis for chain distribution supports this
sumption. So far, the dynamic behavior of chaining dipo
spheres was studied only for particles of microscopic dim
sions@18,19#. Thus the experiments presented in this pa
open new trends in the dynamic of chaining systems at
nanoscale.

We are indebted to S. Neveu for providing us with the M
sample and to J. Servais and P. Lepert for their techn
assistance. We are grateful to A. Cebers and to D. Quem
for fruitful discussions. M.I.S. thanks the Universite´ Paris 6
for providing him a PAST position. J.-C.B. is affiliated wit
the Universite´ Paris 7.

FIG. 4. ~a! Distribution PN of the numberN of particles per
chain. ~b! Relaxation time distribution. Solid lines:t051.6 ms,e
55, and w513% ~rigid rotation!. Dashed lines:t051.6 ms, ẽ
53.2, andw513% ~Couette flow!.
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