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Nonequilibrium Brownian dynamics analysis of negative viscosity induced in a magnetic fluid
subjected to both ac magnetic and shear flow fields

Hisao Morimoto,1 Toru Maekawa,2,* and Yoichiro Matsumoto1
1Graduate School of Engineering, University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
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~Received 4 February 2002; published 24 June 2002!

We study the rheological and magnetic characteristics of a magnetic fluid. The system, which we investigate,
is as follows. Ferromagnetic particles are dispersed in a solvent, which is subjected to both ac magnetic and
shear flow fields. The translational and rotational motions of particles are calculated by the Brownian dynamics
method based on Langevin equations and the rheological and magnetic characteristics of the magnetic fluid
system are estimated. First, we investigate the rheological and magnetic characteristics of the system in a dc
magnetic field and then we analyze the effect of an ac magnetic field on those characteristics. We find that the
negative viscosity effect is induced at a certain frequency range of the ac magnetic field. We also find that there
are two main mechanisms responsible for the occurrence of negative viscosity.~1! Resonance between the
rotational motions of the dipoles of particles and the fluctuation of ac magnetic fields occurs when applied
magnetic fields are weak compared to the shear rate, in which case particles can still rotate in magnetic fields.
Beyond this resonance frequency, negative viscosity appears.~2! The magnetic dipole moments of particles are
forced to stay in the direction of the magnetic field when strong magnetic fields are applied in relatively low
shear flow fields. However, negative viscosity occurs when the frequency of external magnetic fields exceeds
a critical value, in which case the dipoles rotate continuously in a shear flow without stopping. In both cases,
the mean angular velocity of the particles becomes higher than that of the solvent.
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I. INTRODUCTION

Solutions, in which ferromagnetic colloidal particles a
dispersed, are called magnetic fluids@1,2#. The diameter of
each particle is of the order of 10 nm and each particle
composed of a single magnetic domain, the magnitude of
magnetic dipole moment of which is constant. The direct
of the dipole moment changes with the rotational motion
the particle. Since the motion of each particle is affected
interactions with the molecules of the solvent and other
romagnetic particles, macroscopic flow in the solvent, a
external magnetic fields, magnetic fluids show various in
esting rheological and magnetic characteristics under dif
ent conditions. The increase in the apparent viscosity of m
netic fluids in dc magnetic fields has been observed
several experiments@3,4#, which is, in fact, caused by th
reduction or suppression of the rotational motions of fer
magnetic particles by the fields. Shliomis@5# carried out the-
oretical analysis of this viscosity increase based on ferro
drodynamic equations, which consist of the equations
magnetic fluid motions, the Maxwell equations, and the
laxation equation for the system magnetization. The visco
increase is also analyzed on the basis of modified magn
zation equations, which are derived from the Fokker-Pla
equation@6# and irreversible thermodynamics@7#. Morimoto
and Maekawa@8# investigated the rheological property fro
a microscopic point of view by a nonequilibrium Brownia
dynamics method.

*Corresponding author. FAX:181 49 234 2502; emai
addresses: trmkw@eng.toyo.ac.jp, toru.maekawa@physics.org
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The effect of ac magnetic fields on the physical propert
of magnetic fluids has also been studied recently@9#.
Whereas dc magnetic fields reduce or suppress the rotat
motions of ferromagnetic particles as we mentioned abo
ac magnetic fields may encourage the rotational motions
der certain conditions. The mean angular momentum of
romagnetic particles in the solvent is zero without any m
roscopic flow even in ac magnetic fields, but imposing
macroscopic velocity gradient can give it a biased val
Shliomis and Morozov@10# predicted that the apparent vis
cosity of magnetic fluids, which are subjected to both an
magnetic field and velocity gradient, may become negat
Bacri et al. @11# and Zeuner, Richter, and Rehberg@12# actu-
ally observed the negative viscosity effect in the Poiseu
flow of a magnetic fluid. Gazeauet al. @13# investigated the
magnetic characteristics of a magnetic fluid, which was
tating in an ac magnetic field, and discovered the so-ca
vorticomagnetic resonance in the magnetic susceptibi
Furthermore, Gazeauet al. @14# observed the vorticomag
netic resonance and the negative viscosity effect at the s
time using the same experimental system. The negative
cosity effect and the vorticomagnetic resonance have b
analyzed theoretically on the basis of the ferrohydrodyna
equations@10–16#. The above phenomena are induced by
motions of ferromagnetic particles in the solvent, which
subjected to both an external ac magnetic field and velo
gradient. However, in the negative viscosity and vorticom
netic resonance regions, the particle motions in magnetic
ids have not yet been calculated directly from a microsco
point of view and the relation between the motions and
physical properties such as the apparent viscosity and m
netization have also not yet been studied.
©2002 The American Physical Society08-1



et
ot
m

th
n
.
ur

nd
re

ow
nd
ub
u
t,
i

is
p

an
h

y

de
th
T
a

is
is
ar
-
g-

vin

-

rac-
ld.
es

he
and

of
.

rro-
ag-

the
nd
ear
d of

HISAO MORIMOTO, TORU MAEKAWA, AND YOICHIRO MATSUMOTO PHYSICAL REVIEW E65 061508
In this paper, we investigate the rheological and magn
characteristics of a magnetic fluid, which is subjected to b
ac magnetic and shear flow fields, by a nonequilibriu
Brownian dynamics method. We analyze the effect of
amplitude and frequency of an external magnetic field a
the shear rate on the rheological and magnetic features
the Sec. II, we show our numerical modeling and proced
and introduce the interparticle potentials, the equations
motions, the control parameters, and the calculation co
tions. We investigate the rheological and magnetic featu
of the magnetic fluid in both dc magnetic and shear fl
fields. In the Sec. III, we investigate the rheological a
magnetic characteristics of the magnetic fluid, which is s
jected to both ac magnetic and shear flow fields, and disc
the mechanism, which causes the negative viscosity effec
detail. In Sec. IV, we summarize the result we obtained
this study.

II. NUMERICAL MODELING OF MAGNETIC FLUIDS
AND RHEOLOGICAL AND MAGNETIC

CHARACTERISTICS IN A dc MAGNETIC FIELD

Magnetic fluids consist of ferromagnetic particles d
persed in a solvent. We assume that each ferromagnetic
ticle is spherical, composed of a single magnetic domain
covered with surfactant molecules as shown in Fig. 1. T
interparticle potentials are dipole potentialum @17#, the van
der Waals attractionuv , and the repulsion caused b
surfactant-surfactant contactus @2#.

um5
1

4pm0
H mi•mj

r i j
3 2

3

r i j
5 ~mi•r i j !~mj•r i j !J , ~1!

uv52
A

6 H 2R2

r i j
2 24R2 1

2R2

r i j
2 1 lnS r i j

2 24R2

r i j
2 D J , ~2!

us52pR2NkTH 22
r i j 22R

d
2

r i j

d
lnS 2R12d

r i j
D J , ~3!

where m0 , mi , A, R, N, k, T, and d are, respectively, the
permeability, the magnetic dipole moment of particlei, the
Hamaker constant, the radius of the particle, the surface
sity of the surfactant molecules, the Boltzmann constant,
temperature, and the thickness of the surfactant layer.
interactive energy between a particle and an external m
netic field is expressed as

uH52mi•H, ~4!

FIG. 1. Ferromagnetic particles. Each particle is composed
single magnetic domain and covered with surfactant molecules
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whereH is the external magnetic field.
The physical system is shown in Fig. 2. The system

two-dimensional and a uniform external magnetic field
applied in they direction. Particles are subjected to a she
flow field, in which a linear velocity distribution is estab
lished. The translational and rotational motions of ferroma
netic particles are expressed by the following Lange
equations:

]u

]t
52

z t

m
~u2V!1

F

m
1P, ~5!

]v

]t
52

z r

I
~v2V!1

T

I
1t, ~6!

whereu, v, m, and I are, respectively, the velocity, the an
gular velocity, the mass, and the moment of inertia.F andT
are the force and torque acting on a particle through inte
tions with the other particles and the external magnetic fie
z t andz r are the friction coefficients. We assume that Stok
law applies to the coefficients.P andt are the random force
and torque caused by collisions with solvent molecules. T
mean values and autocorrelations of the random force
torque satisfy the following relations:

^P~ t !&5^t~ t !&50, ~7!

^P~ t !•P~ t1Dt !&5
6z tkT

m2 d~Dt !, ~8!

a

FIG. 2. Schematic representation of the physical system. Fe
magnetic particles are dispersed in the system and dc or ac m
netic fields are applied in they direction. A shear flow field, in
which a linear velocity distribution is established, is imposed in
x direction. Moving boundary conditions developed by Lees a
Edwards are employed. The top and bottom cells, in which lin
velocity distributions are also established, are moved at a spee
ġL and2ġL, respectively.
8-2
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TABLE I. Calculation conditions and physical properties.

Diameter of ferromagnetic core 10~nm!

Thickness of surfactant 2~nm!

Mass of particle 2.9310221 ~kg!

Surface density of surfactant molecules 1018 ~molecules/m2!

Dynamic viscosity of solvent 1023 ~Pa s!
Hamaker constant 10219 ~J!
Temperature of solvent 300~K!

Number density of particles 121 (particles)/0.3522 ~mm2!

900 (particles)/0.9602 ~mm2!
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^t ~ t !•t ~ t1Dt !&5
6z rkT

I 2 d~Dt !, ~9!

where^¯& represents the time average andd is the Diracd
function. V andV are the external velocity and angular v
locity,

V5S ġy
0
0
D , V5

1

2
rotV5S 0

0
2ġ/2

D , ~10!

where ġ is the shear rate. Moving boundary condition
which were developed by Lees and Edwards@18#, are em-
ployed and the Langevin equations are integrated base
Ermak’s procedure@19,20#. After the system has reached th
steady state in a dc magnetic field, a shear flow field is
posed. When the system is subjected to an ac magnetic fi
a shear flow field and a fluctuating magnetic field are app
after the system has reached the steady state in a dc mag
field. The stress tensor,syx , and the apparent viscosity,Dh,
are expressed as follows:

syx52
1

V (
i

S yiFx,i2
Tz,i

2 D , ~11!

Dh5
syx

ġ
5Dh t1Dh r , ~12!

whereV is the volume of the system; that is, the area of t
system multiplied by the diameter of a particle including t
surfactant layer; 2(R1d), and i represents thei th particle.
The first and second terms on the right-hand side of Eq.~11!
are symmetric and asymmetric components, respectiv
Dh t andDh r , which we call the translational and rotation
viscosities, are viscosities induced by the symmetric a
asymmetric components of the stress tensor.

The control parameters are the ratio of the magnetic
pole moment energy to thermal energy,l, the ratio of the
interactive energy between the dipole moment and the ex
nal magnetic field to thermal energy,j, and the Pe´clet num-
ber, Pe, which is the nondimensional shear rate,

l[
umu2

4pm0d3kT
, ~13!
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Pe[
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8kT
, ~15!

wherem, d, H, andh0 are, respectively, the magnetic dipo
moment of a particle, the diameter of a particle, the inten
of the magnetic field, and the viscosity of the solvent.

We carried out Brownian dynamics simulations for inve
tigating the rheological and magnetic characteristics of
magnetic fluid system, using 121 and 900 particles. T
maximum difference in the apparent viscosities caused
the particle number difference was within 6%. Therefore,
result, which we show in the following, is based on the sim
lations, in which 121 particles are used. The calculation c
ditions and physical properties are summarized in Tabl
The value of the control parameter,l, is set at 1.5, which
corresponds to a usual magnetic fluid case, in which for
ample, Fe3O4 particles of 10 nm are dispersed. The ratio
the area of the particles including the surfactant layers to
area of the system is 0.15. If the system is considered to
rectangular parallelepiped, the depth of which is the diam
of the particle, the volume fraction is 0.10. Note that w
calculated the stress tensor and the apparent viscosity b
on the volume of the rectangular parallelepiped, as explai
above.

It is known that ferromagnetic particles form clusters
the solvent under certain conditions and, in particu
straight chain clusters are formed along an external magn
field @21#. The cluster formation process is investigated
detail by the Brownian dynamics method@20,22#. Before
starting the rheological and magnetic analysis, we chec
the cluster formations in the present system. A dc magn
field was imposed in they direction andj was changed from
0 to 30 in the absence of a shear flow. The result shows
the average number of particles included in a cluster is
than 2 even underj530. What is more, the lifetime of eac
cluster is very short, less than 0.05 ms. Therefore, in
present case (l51.5), the chain cluster formation is not sig
nificant.

We also checked the rheological and magnetic charac
istics of the magnetic fluid system in a dc magnetic field
imposing an external shear flow before analyzing those c
acteristics in an ac magnetic field. The dependence of
8-3
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apparent viscosities,Dh r andDh t , on the control parameter
j, is shown in Fig. 3 for Pe51 and 5. The rotational viscos
ity, Dh r , increases with the intensity of the dc magnetic fie
and finally reaches a constant value;Dh r52p(R1d)3n* ,
wheren* is the number density of particles~see Ref.@8# for
the derivation of the equation!, since the rotational motion
of particles are stopped by the magnetic field. The criti
intensity of dc magnetic fields for the suppression of
rotational motions of particles increases with an increase
the Péclet number, that is, the shear rate. The dependenc
the apparent viscosity on the external dc magnetic field
our magnetic fluid system coincides with the experimen

FIG. 4. Dependence of the magnetization of the system on c
trol parameterj, Pe50, 1 and 5. The system magnetization is no
malized by the saturation magnetization. The magnetization in
magnetic field direction,M y ~1, Pe50; s, Pe51; h, Pe55!,
increases with the intensity of the magnetic field and saturates.
magnetization in the shear flow direction,Mx ~d, Pe51; j, Pe
55!, becomes maximum near the frequency at which the partic
rotational motions are stopped.

FIG. 3. Dependence of the apparent viscosities on control
rameterj in a dc magnetic field, Pe51 and 5. The rotational vis-
cosity, Dh r ~s, Pe51; h, Pe55!, increases with the intensity o
the magnetic field and reaches a constant value, 2p(R1d)3n* ,
whereR is the radius of a particle,d the thickness of the surfactan
layer, andn* the number density of particles. The translation
viscosity,Dh t ~d, Pe51; j, Pe55!, is low.
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result@3# and the theoretical predictions@5–7#. The magnetic
characteristics of the magnetic fluid in the dc magnetic fi
are shown in Fig. 4 where the magnetization is normaliz
by the saturation magnetization of the system. The syste
magnetized in the shear flow direction~x direction! as well as
in the magnetic field direction~y direction! when it is sub-
jected to a shear flow field. As is expected, the magnetiza
in the magnetic field direction,M y , increases with the inten
sity of dc magnetic fields and finally becomes saturated.M y
is reduced in shear flow fields since particles rotate and
dipole moments have a component in the shear flow dir
tion. The magnetization in thex direction,Mx , is zero in the
absence of a shear flow and when the system is subjecte
a shear flow field,Mx increases with the intensity of extern
dc magnetic fields as long as magnetic fields are not v
strong, since the particles can rotate in such weak magn
fields and the magnetic dipoles stay longer in thex direction
than in the2x direction. The magnetization in the shear flo
direction becomes maximum near the point where the ro
tional motions of the particles are stopped by the magn
field and beyond this point, it decreases monotonically si
the dipoles tend to line up in the magnetic field direction

III. RHEOLOGICAL AND MAGNETIC
CHARACTERISTICS IN AN ac MAGNETIC FIELD

We carried out Brownian dynamics simulations for inve
tigating the rheological and magnetic characteristics of
magnetic fluid system in an ac magnetic field. The magn
field is changed with time as follows:Hy5H cos(vMt),
wherevM is the angular frequency of the external ac ma
netic field. The order of the apparent viscosity caused by
translational motion,Dh t , was the same as that in the d
magnetic field~see Fig. 3!. Therefore, the rotational viscos
ity, Dh r , mainly accounts for the rheological characterist
of magnetic fluids.

The effect of the amplitude and frequency of an ac m

n-

e

he

s’

FIG. 5. Dependence of the apparent viscosity on the amplit
and frequency of an ac magnetic field, Pe51. d, j52; s, j55;
j, j510; andh, j530.
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netic field on the apparent rotational viscosity,Dh r , is
shown in Fig. 5 for Pe51 where the viscosity,Dh r , and the
frequency of the magnetic field,vM , are normalized by the
solvent viscosity,h0 , and the shear rate,ġ. The viscosity is
high when the frequency of magnetic fields is low and
decreases as the frequency increases. The viscosity bec
negative at an intermediate frequency range and when
frequency is very high, there is no effect of the magne
field on the apparent viscosity. The minimum value in ne
tive viscosity decreases and the frequency correspondin
the minimum viscosity increases as the amplitude of the
magnetic field,j, increases. The frequency range, und
which negative viscosity appears, becomes wider with
increase inj.

Here, we compare the results, which have been obta
in the present analysis, with those obtained by the previ
theoretical and experimental studies. According to the an
sis of Shliomis and Morozov@10#, the minimum value of the
apparent viscosity decreases as the amplitude of the flu
ating magnetic field increases, which agrees with the pre
result, but the frequency of the magnetic field, at which
apparent viscosity becomes zero, decreases with an incr
in the amplitude of the magnetic field, which disagrees w
both the present result~see Fig. 5! and the experimental re
sult obtained by Bacriet al. @11#. Analytical models, in
which magnetization relaxation equations, which are deri
from the Fokker-Planck equation, are used, have been in
duced by Bacriet al. @11# and Feldherhof@15#. Müller and
Liu @16# developed a different model, in which a generaliz
magnetization equation is used. The results obtained by
above models agree with the present result and the ex
mental result obtained by Bacriet al. @11#; that is, the mini-
mum value of the apparent viscosity decreases and the
quency of the magnetic field corresponding to the z
viscosity increases with the amplitude of the magnetic fie
Note that when the demagnetization effect is taken into
count in the Felderhof’s model, the frequency, which giv
zero viscosity, slightly decreases with an increase in the
plitude of the magnetic field. Zeuner, Richter, and Rehb
@12# carried out an experimental investigation of the negat
viscosity effect. Their experimental results, as a whole,
incide with the results obtained by the present analysis, th
models and the experiment of Bacriet al., except that the
negative viscosity effect is not induced any longer when
intensity of the magnetic field exceeds a certain value. T
discrepancy might have been caused by the differences in
interparticle forces, which, in fact, Zeuner, Richter, a
Rehberg themselves also mentioned in their paper. The v
of the control parameterl, which is the ratio of the magneti
dipole moment energy to thermal energy, was approxima
1.1 in the case of the experiment of Bacriet al., whereas it
was 5.1 in the case of the experiment of Zeuner, Richter,
Rehberg, judging by the particle size distributions whi
they measured. Therefore, the interaction between part
is quite strong in the case of the experiment of Zeuner, R
ter, and Rehberg. Since the interparticle forces were
taken into account in the models introduced by Bacriet al.
@11# or Felderhof@15#, the physical conditions in the mode
are quite similar to those in the experiment of Bacriet al.
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The analytical conditions of Mu¨ller and Liu @16# are based
on those of the experiment of Bacriet al. The value ofl in
our analysis is 1.5, which is close to that in the experimen
Bacri et al. Therefore, the interparticle forces are quite we
in the cases of Refs.@11,15,16# and the present analysis
compared to the experiment of Zeuner, Richter, and Rehb
@12#. We need to investigate the effect of the control para
eter l on the rheological and magnetic characteristics
more detail.

In the negative viscosity regions, the mean angular vel
ity of the particles should be higher than the angular veloc
of the solvent. Therefore, we checked the time variations
the mean angular displacement of the particles. The t

FIG. 6. Time variations of the mean angular displacement
ferromagnetic particles in both ac magnetic and shear flow fie
Pe51. ~a! j52, ~b! j510. The slope gives the mean angular v
locity. The angular velocity of particles is higher than that of t
solvent in the negative viscosity regions.
8-5
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HISAO MORIMOTO, TORU MAEKAWA, AND YOICHIRO MATSUMOTO PHYSICAL REVIEW E65 061508
variations of the mean angular displacement,^Dw(t)&, are
shown in Fig. 6 forj52 and 10, where the Pe´clet number is
fixed at 1. The mean angular velocity,^v&, is calculated by
^Dw(t)&/t. Note that the slope in Fig. 6 gives the me
angular velocity. In the case ofj52 @Fig. 6~a!#, the angular
velocity of the particles increases as the magnetic field
quency,vM , increases and whenvM /ġ51.0, the mean par
ticle angular velocity is higher than the solvent angular
locity; u^v&u.ġ/2. The mechanism, which causes th
negative viscosity effect in rather weak magnetic fields, w
be discussed later. WhenvM /ġ510, the particles’ rotationa
motions do not follow the magnetic field fluctuation an
therefore the angular velocity of the particles is almost
same as that of the solvent. When the amplitude of the m
netic field is as large asj510 @Fig. 6~b!#, on the other hand
the mode of the rotational motions of particles becomes
ferent depending on the frequency of the magnetic fie
vM . WhenvM is low (vM /ġ50.1,0.5), the particles’ mo
tions become cyclic; that is, the particles’ rotational motio
stop for some period and then rotate quickly. The exter
magnetic field is strong enough to stop the rotational moti
of the particles even in the shear flow field~see Fig. 3!.
However, the external magnetic field is fluctuating from thy
direction to2y direction and vice versa, and therefore, on
the intensity of the magnetic field in they direction becomes
low, the particles start rotating quickly due to the shear
plied to the system, but as the intensity of the magnetic fi
in the 2y direction becomes higher in the meantime, t
particles’ rotational motions stop again. WhenvM /ġ52.0,
the mode is changed. The rotational motions become sm
and the mean angular velocity becomes higher than tha
the solvent. The mechanism responsible for the negative
cosity effect in strong magnetic fields will also be discuss
later. WhenvM /ġ510, the particles’ rotational motions can
not follow the magnetic field fluctuation and therefore t

FIG. 7. Dependence of the apparent viscosity on the freque
of an ac magnetic field and the Pe´clet number.j510: d, Pe51; s,
Pe55.
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effect of the ac magnetic field on the apparent viscosity d
appears.

As we have shown in the above, the rheological char
teristics of magnetic fluids are influenced by the frequen
vM , as well as the amplitude,j, of ac magnetic fields. In this
section, to understand the basic mechanism that cause
negative viscosity effect more clearly, we investigate the
teractions between the rotational motions of the particles
dipoles and the magnetic field fluctuations, changing the´-
clet number, 1 and 5 under a fixed magnetic field,j510.
Note that in the case of Pe51 in a dc magnetic field, the
rotational motions of the particles are stopped and the
cosity reaches the constant value for 5,j, whereas in the
case of Pe55, the rotational motions are not stopped forj
,10 ~see Fig. 3!. The dependence of the apparent viscos
on the frequency of the ac magnetic field and the Pe´clet
number is shown in Fig. 7 wherej is fixed at 10 and Pe
51 and 5. In the case of Pe55, the frequency of the mag
netic field corresponding to the minimum viscosity is low
and the frequency range, which gives the negative visco
effect, is narrower, compared to the case of Pe51. The rela-
tion between the amplitude of the magnetization fluctuat
in the magnetic fluid system,^Mx

21M y
2&, and the frequency

of the ac magnetic field is shown in Fig. 8 forj510, Pe
51 and 5, where the amplitude of the magnetization fluct

cy

FIG. 8. Dependence of the magnetization of the system on
frequency of an ac magnetic field and the Pe´clet number.j510: d,
Pe51; s, Pe55.

FIG. 9. Time variations of the magnetization components of
system and the phase diagram.j510, Pe55, andvM /ġ50.5. ~a!
Magnetization components~ , Mx ; , M y!. ~b! Phase dia-
gram. Resonance occurs between the magnetization and the e
nal magnetic field fluctuation. Beyond this resonance frequency,
apparent viscosity becomes negative.
8-6
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tion is normalized by the saturation magnetization. In
case of Pe55, the amplitude of the magnetization fluctuatio
becomes maximum at the magnetic field frequency, wh
corresponds to the angular velocity of the solvent;vM
5ġ/2, in which case the apparent viscosity is zero~see Fig.
7!. This magnetization resonance is induced by the sync
nization between the magnetic field fluctuation and the ro
tional motions of the dipoles of the particles. To demonstr
the synchronization, we show the time variations of the m
netization components atvM5ġ/2 in Fig. 9~a! and the cor-
responding phase diagram in Fig. 9~b!. In such a case as th
shear rate is, relatively speaking, higher than the amplit
of magnetic fields, the negative viscosity effect is induc
beyond the resonance frequency, at which the synchron
tion between the magnetic field fluctuation and the rotatio
motions of the dipoles of the particles occurs. As a result,
frequency range of magnetic fields, under which nega
viscosity appears, is limited near the resonance freque
~Fig. 7! and therefore the peak in the amplitude of the m
netization becomes sharp~Fig. 8!. Gazeauet al.observed the
vorticomagnetic resonance in a system where magnetic
is confined in a rotating circular cylinder which is subject
to an ac magnetic field@13# and investigated the relatio
between the negative viscosity effect and the resonance@14#.
They found that the resonance in the system magnetiza
occurs when the angular velocity of the fluid becomes
same as the frequency of the magnetic field and the appa
viscosity becomes negative when the frequency of the m
netic field exceeds the resonance frequency, which ag
very well with the present result obtained in the case o
rather weak magnetic field compared to the shear rate~see
Figs. 7 and 8!. The time variations of the magnetization com
ponents and the phase diagram when the frequency is as
asvM /ġ50.03 is shown in Figs. 10~a! and 10~b!, in which
case the apparent viscosity is positive. When the freque
of ac magnetic fields is lower than the resonance freque
in general, the angular velocity of particles does not coinc
with the angular frequency of the magnetization fluctuat
of the system. WhenvM /ġ50.03, the fundamental fre
quency of the magnetization fluctuation is the same as tha
the external ac magnetic field, but the angular frequency
the rotating particles is higher than that of the magnetiza
fluctuation. Although the angular velocity of the particles
higher than that of the fluctuating magnetic field, it is s

FIG. 10. Time variations of the magnetization components
the system and the phase diagram.j510, Pe55, and vM /ġ
50.03.~a! Magnetization components~ , Mx ; , M y!. ~b!
Phase diagram. The angular frequency of the particles is higher
that of the external magnetic field, but lower than that of the s
vent.
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lower than the angular velocity of the solvent due to t
magnetic field, which causes the increase in the appa
viscosity. In the case of Pe51, on the other hand, the nega
tive viscosity effect is more significant than that in the ca
of Pe55; that is, the minimum value of the viscosity
lower and the frequency range, under which negative visc
ity occurs, is wider~Fig. 7!. The amplitude of the magneti
zation of the system decreases monotonically with an
crease in the magnetic field frequency and the rate
decrease is low, in contrast to the magnetization feature
Pe55, in which case the amplitude becomes maximum at
resonance frequency and decreases sharply beyond the
nance frequency. In such a case as when the magnetic
system is subjected to a strong magnetic field and relativ
low shear rate (j510,Pe51), the dipoles are orientated i
the direction of the external magnetic field~see Figs. 3 and
4!. In the present case, as the magnetic field fluctuates
time, the orientation of the dipoles occurs while the intens
of the magnetic field is high. In order to check this dipole
orientation in the system, we calculated the time variatio
of the magnetization components and the phase diagra
which are shown in Fig. 11 forvM /ġ50.5 and in Fig. 12 for
vM /ġ52. When the frequency of the external ac magne
field is low (vM /ġ50.5), the magnetization in the magnet
field direction, M y , becomes high and constant for som
period ~Fig. 11!. During this moment, the dipoles are orie
tated in the magnetic field direction and therefore the ro
tional motions of the particles are stopped. As a result,

f

an
l-

FIG. 11. Time variations of the magnetization components
the system and the phase diagram.j510, Pe51, andvM /ġ50.5.
~a! Magnetization components~ , Mx ; , M y!. ~b! Phase
diagram. The dipoles are pointing in the magnetic field direction
some period due to the strong magnetic field and low frequency
a result, the apparent viscosity increases.

FIG. 12. Time variations of the magnetization components
the system and the phase diagram.j510, Pe51, andvM /ġ52.0.
~a! Magnetization components~ , Mx ; , M y!. ~b! Phase
diagram. The direction of the dipoles changes smoothly follow
the magnetic field fluctuation due to the strong magnetic field
rather high frequency. The viscosity becomes negative becaus
the high frequency.
8-7
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apparent viscosity becomes positive and high. WhenvM /ġ
52, on the other hand, the directions of the dipoles
forced to change continuously without stopping by the ex
nal magnetic field~Fig. 12! and since the angular velocity o
the dipoles or particles is higher than that of the solvent,
negative viscosity effect appears. Thanks to this mechan
the particles can still rotate, following the magnetic fie
fluctuation, at higher frequencies compared to the resona
case. However, since the dipoles cannot follow the magn
field fluctuation when the frequency of the magnetic field
very high, the system magnetization decreases gradually
the negative viscosity effect is reduced with an increase
the magnetic field frequency~see Figs. 7 and 8!.

In summary, the negative viscosity effect is induced
two mechanisms:

~1! Resonance between the magnetic field fluctuation
the rotational motions of dipoles is induced in a magne
field, which is, relatively speaking, weaker than a shear r
Beyond the resonance frequency, negative viscosity app

~2! Forced fluctuations of dipoles are induced by strong
magnetic fields under comparatively low shear rates. Ge
ally speaking, the above two mechanisms are coupled
pending on the combinations of the amplitude of ac magn
fields, j, and the Pe´clet number, Pe.

IV. CONCLUSIONS

We investigated the rheological and magnetic characte
tics of a magnetic fluid, which is subjected to both ac ma
netic and shear flow fields, by a nonequilibrium Browni
dynamics method and obtained the following results.

~1! The viscosity is high when the frequency of magne
fields is low and it becomes negative in an intermediate
quency range. The minimum value in the negative visco
id
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decreases and the frequency corresponding to the minim
viscosity increases as the amplitude of magnetic fields
creases. The frequency range, under which the negative
cosity effect appears, becomes wider with an increase in
amplitude of ac magnetic fields.

~2! In the negative viscosity regions, the average angu
velocity of particles is higher than the angular velocity of t
solvent.

There are two mechanisms responsible for the occurre
of negative viscosity.

~a! When the amplitude of external ac magnetic fields
low, compared to the shear rate, resonance occurs betw
the rotational motions of the dipoles of particles and t
fluctuation of the magnetic fields and beyond the resona
frequency, negative viscosity appears.

~b! When strong magnetic fields are applied in relative
low shear flow fields, the magnetic dipoles of particles a
forced to stop for some period at low magnetic field fr
quency regions. However, negative viscosity appears
higher frequency regions where the dipoles rotate conti
ously following the magnetic field fluctuation.
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