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Initial susceptibility, flow curves, and magneto-optics of inverse magnetic fluids
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We introduce inverse magnetic fluids, consisting of gibbsite@Al(OH) 3# platelets and alumina (Al2O3)
spheres dispersed in a magnetic fluid, studied together with silica (SiO2) dispersions based on the same
magnetic fluid matrix. Atomic force microscopy, optical microscopy, and alternate gradient magnetometry
confirm the remarkable stability of the samples. Optical microscopy shows aggregation of nonmagnetic
spheres, which, surprisingly, strongly depends on the concentration of the magnetic fluid rather than the
concentration of nonmagnetic particles. Our model for the initial susceptibility of inverse magnetic fluids
agrees very well with experimental data for systems containing spherical particles. The flow curves in an
external magnetic field are strongly influenced by the aggregation of nonmagnetic particles or preformed
nonmagnetic particle clusters, and by their disruption due to the shear flow. Static linear magnetobirefringence
and magnetodichroism of all samples are investigated both experimentally and theoretically. These effects,
which occur in all magnetic fluids, can be enhanced by the additional anisotropy due to the magnetic holes. The
experiments we performed showed that, at a wavelength of 820 nm, the magnetodichroism is increased while
the magneto-birefringence decreases when nonmagnetic particles were dispersed in the magnetic fluid.
Magneto-birefringence is expected to be increased at large enough wavelengths only.

DOI: 10.1103/PhysRevE.68.031402 PACS number~s!: 82.70.2y, 75.50.Mm, 78.20.Ls, 83.80.Gv
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I. INTRODUCTION

Magnetic colloids~called magnetic fluidsor ferrofluids!
@1,2#, which consist of single domain magnetic particl
~magnetite, iron or cobalt, for example! dispersed in organic
polar or nonpolar solvents, have been prepared and stu
for approximately 35 years. Even though the microstruct
formation, particle interactions, and phase behavior of th
systems are still debatable topics, many macroscopic pro
ties together with their applications are known and wid
used today@3#.

In contrast to conventional magnetic fluids, much less
known aboutinverse magnetic fluids, composed of ‘‘non-
magnetic’’ particles dispersed in a magnetic fluid. Althou
several studies on their magnetorheology have appe
~presented below!, susceptibility results have been presen
only by Volkovaet al. @4#, and only one hypothetical mode
of particle orientation for magnetobirefringence was pu
lished very recently by Pshenichnikov@5#. No measurements
on magnetobirefringence and no results on magnetodic
ism have been reported yet.

Highly monodisperse polystyrene spheres (1.9mm in di-
ameter! were for the first time dispersed in a kerosene-ba
magnetic fluid by Skjeltorp@6#. The nonmagnetic particle
behave like magnetic holes, and, as a result of a strong
traction between them, rodlike chains parallel to the m
netic field were observed. At higher concentrations of m
netic holes ‘‘thick’’ chains formed@6#. Condensation and
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ordering of such magnetic holes were studied by the sa
author in other papers@7–9#, while dynamic susceptibility
measurements were reported by Fanninet al. @10#. In Ref.
@9# pear-shaped particles were dispersed and their struc
imaged. Lu and Rosenblatt observed the orientation of la
phospholipid thin hollow tubules (30mm in length! in a
magnetic fluid subjected to an external magnetic field@11#.
Magnetorheological effect of inverse magnetic fluids co
taining spheres and large flaky particles (5 –20mm in size!
was measured by Kashevskiiet al. @12#, while yield stress of
dispersions of hollow glass beads (8mm in diameter! in
kerosene-based magnetic fluids~in the presence of a mag
netic field! was measured by Popplewell and Rosensw
@13#. More detailed magnetorheological studies of practica
monodispersed silica~400 nm in diameter! spheres disperse
in a magnetic fluid matrix were done by de Ganset al.
@14,15#. A comparison between inverse magnetic fluids a
magnetorheological fluids, from the magnetorheologi
point of view, was done by Volkova in Ref.@4#. van Ewijk
@16# observed and studied the attachment of magnetite
ticles from a magnetic fluid to the dispersed silica particl

We dispersed different types of nonmagnetic particles
magnetic fluids based on nonpolar solvents~cyclohexane and
decaline!: silica spheres (SiO2, approximately 400 nm in di-
ameter!, gibbsite platelets@Al(OH) 3, approximately 150 nm
in diameter and 15 nm in thickness#, and alumina sphere
(Al2O3, approximately 400 nm in diameter!, all coated with
suitable polymers. Gibbsite platelets and alumina sphe
were dispersed in a magnetic fluid, in order to see the beh
ior of thin but highly anisotropic particles in the ferroflui
matrix, and to enhance the magneto-optical effects in inve
©2003 The American Physical Society02-1
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RAŞA, PHILIPSE, AND JAMON PHYSICAL REVIEW E68, 031402 ~2003!
ferrofluids due to the higher refractive index of alumina,
spectively. The properties of dispersed particles are prese
in Sec. III A and the experimental techniques used for th
characterization, as well as other techniques, are present
Sec. II B.

Thesenonmagnetic particles~which have actually weak
magnetic properties being either diamagnetic or param
netic! will be also referred to asmagnetic holes. The behav-
ior of nonmagnetic particles as magnetic holes is mainly
lated to their size, compared with the size of magne
particles@14#: if the nonmagnetic particles are much larg
than the magnetic particles, the magnetic fluid can be tre
as a continuous medium and the nonmagnetic particles
have like magnetic holes in a continuous magnetizable
dium. We anticipate that the alumina and silica spheres
behave like magnetic holes in the ferrofluid because of
much larger diameters in comparison with the diameters
magnetite particles, but it is questionable if this is true in
case of the very thin gibbsite platelets.

The ‘‘magnetic charges’’ induced at the interface of t
two media allow one to assign a magnetic moment to suc
hole. Different expressions for the apparent magnetic m
ment of a hole at low fields were proposed in Re
@5,6,13,15#. For an isolated magnetic hole in an infinite co
tinuous magnetic medium, the correct one is due to de G
et al. @15#:

m52
x i f

11
2

3
x i f

VHa , ~1!

wherex i f is the initial susceptibility of the ferrofluid,V is the
volume of the spherical hole, andHa is the applied field.
This equation is in agreement with the results for a spher
hole in an infinite dielectric medium, rigourously derived
Ref. @17# and can be directly obtained if the electrical pe
mittivity, polarization, and electric field strength are replac
by the magnetic permeability, magnetization, and magn
field strength, respectively~this is allowed if there are no fre
currents and magnetization has no curl!. The precise form of
this equation is necessary for Eqs.~18! and ~19!. At higher
fields, Eq.~1! must be generalized but for aggregated m
netic fluids it is no longer in agreement with the experime
tal observations, as it was observed in Sec. III D.

If the medium is finite, then the applied field must b
corrected for the demagnetizing field, the corrected field
ing called internal field, which replacesHa in Eq. ~1!. Since
we correct the data for demagnetizing field~if any! in this
paper, one can keep Eq.~1! formally unchanged but bear i
mind that the magnetic field involved is the corrected fie
throughout in this paper. Based on Eq.~1!, the ‘‘magnetiza-
tion’’ of the hole can be defined asMh5m/V and its suscep-
tibility as xh5Mh /Ha . The orientation of the induced mag
netic moment of the hole, opposite to the external field, a
the high value of its susceptibility~of the order of ferrofluid
susceptibility! resulted in the term ofapparent superdiamag
netismfor the particles immersed in a magnetic fluid. Thu
their intrinsic magnetic properties are irrelevant in this c
cumstance.
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Magnetic properties of inverse magnetic fluids have be
shown to be similar to those of the ferrofluids. In Ref.@18# a
‘‘dilution’’ formula was found experimentally from magne
tometric measurements, i.e., the magnetization of the mix
is

M5M f~12F!, ~2!

whereM f is the magnetization of the ferrofluid andF is the
volume fraction of the holes. However, at low fields, no
magnetic particles are less aggregated into chains or even
aggregated and the field in the holes is different from
applied field. Thus we expect deviations from this result, a
we investigated this aspect theoretically and experiment
for the case of silica inverse ferrofluids in Sec. III B.

Magnetorheological properties of the inverse magne
fluids have been the most studied ones, in conection w
their potential applications as magnetorheological fluids.
our study, we measured the flow curves for silica and gi
site plates inverse ferrofluids, both in the presence and
sence of a magnetic field, mainly to have additional inform
tion about aggregation or orientation of nonmagne
particles. We report the first measurements of inverse m
netic fluids with the first commercially available magn
torheological cell~for Phyisca MCR 300 rheometer!. The
magnetorheological cell was developped for magnetorh
logical fluids, but we found that it can be employed for i
verse ferrofluids too, though with some limitations for dilu
inverse ferrofluids and magnetic fluids, as discussed in S
III C.

It is known that magnetic fluids exhibit strong static ma
netobirefringence and significant magnetodichroism, as
was observed, for example, in Ref.@19#. We expect that by
dispersing anisotropic nonmagnetic particles or if the sph
cal magnetic holes aggregate into chains, as it was alre
proved in Ref.@6#, these effects will be enhanced. The me
surements on all three types of inverse ferrofluids as wel
theoretical models are presented in Sec. III D.

It is worth mentioning that the magnetic properties of i
verse magnetic fluids~IMF! are determined by those of th
magnetic fluid~MF! matrix @Eq. ~2!#, the magneto-optica
properties of IMFs can be influenced by the magnetic ho
in some extent, but the magnetorheological effect in the c
of IMFs is practically determined by the structure formati
of nonmagnetic particles, being much stronger than tha
magnetic fluids, except for two cases: diluted IMFs and u
stable magnetic fluids in which large enlongated dropl
aggregates can form. In the magnetorheological experim
the magnetic fluid serves mainly as the continuous fluid m
trix which determines the momentm given by Eq.~1!.

Physical properties of magnetic fluids.The magnetic
properties of MF were studied experimentally, among othe
by Raşa et al. @20#. Several models for particle interaction
and aggregate formation taken from literature are also p
sented and discussed in the same paper. Physically, the
netic moments of single domain particles, randomly orien
due to the Brownian motion, tend to align to the extern
field, but thisorientation processis influenced by particle
interactions. One of the models for interacting particl
2-2
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INITIAL SUSCEPTIBILITY, FLOW CURVES, AND . . . PHYSICAL REVIEW E68, 031402 ~2003!
which gave good results in several cases, is the thermo
namic perturbation theory~TPT! @21,22#. Besides the equa
tion for magnetization it yields the effective field inside th
ferrofluid:

Heff5Ha1
1

3
ML1

1

144
ML

dML

dHa
, ~3!

whereML is the ideal~Langevin! magnetization of the sys
tem ~as if there were no particle interactions!. Aggregation
occurs if the dipole-dipole interaction energy of particles
larger than the thermal energy; it strongly depends on
ferrofluid type, resulting in a large variety of clusters fro
short chains of a few particles to very large agglomerati
of millions of particles. Thus, the few existing models ha
only a very limited area of validity.

The magnetorheological effect in a stable MF is det
mined by the same orientational and agglomeration p
cesses, but an additional observation is necessary:
Brownian particles~which rotate together with their mag
netic moment relative to the solvent! contribute to the orien-
tation mechanism. For low concentrations~negligible inter-
actions and aggregates!, the Shliomis model predicts@23#

h f~Ha!5h f~0!S 11
3

2
F0h

j2tanhj

j1tanhj
sin2b D , ~4!

where h f(0) is the viscosity of the magnetic fluid in zer
field, F0h is the hydrodynamic volume fraction of the ma
netic particles,b is the angle between the external fieldHa
and vorticity, andj5m0mmHa /(kT) is the Langevin param
eter.m0 is the magnetic permeability of vacuum,mm is the
magnetic moment of a magnetic particle,k is Boltzmann’s
constant andT is the absolute temperature. This model c
be improved@24# by taking into account the lognormal siz
distribution of particles:

f ~x!5
1

xSA2p
expS 2

ln2
x

D0

2S2
D , ~5!

wherex is the diameter of particles,D0 is defined by lnD0
5^ln x&, andS is defined as the mean deviation of lnx from
its mean value.

Magneto-optical properties of MF are determined by
same processes of Brownian orientation and agglomera
of magnetic particles, but in this case the important aspe
the deviation from the spherical shape of particles or of th
clusters. Models of particle orientation and chaining and
perimental data are presented, for example, in Refs.@19,25#.
For the case of diluted samples, an orientation model du
Raşa @26# gives the dielectric tensor of a magnetized ferr
luid. The diagonal components are

«115«225

~12F0!«11F0S «'8 1~« i82«'8 !
L~j!

j D
~12F0!1

F0

«2
S «'8 1~« i82«'8 !

L~j!

j D , ~6!
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~12F0!«11F0S « i812~«'8 2« i8!
L~j!

j D
~12F0!1

F0

«2
S « i812~«'8 2« i8!

L~j!

j D , ~7!

in which «1 is the real scalar permittivity of solvent,«2 is the
complex permittivity of magnetite,F0 is the volume fraction
of magnetic particles,L(j)5cothj21/j is the Langevin
function, «'8 5«1«2 /@«11(«22«1)n'# and « i85«1«2 /@«1

1(«22«1)ni#. n',i are the depolarization coefficients pe
pendicular and parallel to the anisotropy axes of sphero
identical particles, respectively. For more concentra
samples, replacing of the external field with an effective fie
was proved to give very good results@27#. Following Ref.
@26#, the birefringence~actually the phase lag between th
ordinary and extraordinary waves! is given by

u5
2p l

l0
@ARe~«33!2ARe~«11!#, ~8!

where l is the thickness of the sample andl0 is the wave-
length in vacuum. In the dilute limit, the birefringence
proportional to@27#

u}

p lF0S 12
3L~j!

j D
l0

, ~9!

exactly the same relation being valid for dichroism@28#,
which is defined as the difference between the imagin
parts of the refractive indeces of extraordinary and ordin
waves, respectively.

II. EXPERIMENTAL DETAILS

A. Samples

The magnetic fluid, prepared by D. Bica@29#, contains
magnetite particles, covered with purified oleic acid and d
persed in cyclohexane.

Powders ofsilica particles, coated with stearyl alcohol a
described in Ref.@30#, were redispersed in cyclohexane.

Gibbsite@Al(OH) 3# platelets, dispersed initially in wate
according to Ref.@31#, were covered with modified poly
isobutene~PIB! provided by Shell~code SAP 230!, and re-
dispersed in cyclohexane, following the method described
Ref. @31#.

Commerciala-aluminapowder~Sumitomo! was first dis-
persed in demi-water under stirring and sonication and
for hydration 24 h. Then, the same method@31# used for
gibbsite platelets was employed to irreversibly graft the s
face of the particles with PIB and to redisperse them in
clohexane. Gravitational sedimentation was used to rem
aggregates while centrifugation was used to remove the
cess of polymer by repeatedly replacing the supernatant
pure solvent.

The inverse magnetic fluidswere prepared in two ways
~1! the magnetic fluid was simply mixed with the nonma
netic dispersion benefitting from the use of the same solv
2-3
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and the same type of stabilization~the steric one! in all
samples and~2! the nonmagnetic particles were dried a
then redispersed in the magnetic fluid as described in
following subsection~item susceptibility measurements!.

B. Experimental techniques and details

Atomic force microscopy (AFM).A multimode AFM
~Nanoscope IIIa, Digital Instruments! was used to image th
magnetic and nonmagnetic colloidal particles. Particles fr
very diluted dispersions were spread on a freshly clea
mica substrate, which was spun until the sample dried.
obtained specimen was scanned with standard silicon
~TESP, Digital Instruments! in tapping mode@32#.

Optical microscopy.A Zeiss Axiolab microscope with an
1003 objective was used to imagein situ structures of par-
ticles in the ferrofluid and inverse ferrofluids. VitroCo
~glass! flat capillaries, with an optical path of 0.05 mm, we
used as optical cells. The maximum uniform magnetic fi
was B50.1 T. The images were acquired with a CC
camera.

Susceptibility measurementswere done with a KLY-3S
Kappabridge susceptometer~AGICO!. The applied field is
300 A/m at a frequency of 875 Hz. The volume fractio
dependence of susceptibility of silica inverse ferrofluids w
measured. Silica particles~in different amounts! were dried
and redispersed in the magnetic fluid. The system was a
nately stirred~a couple of hours! and sonicated~5–20 min!
until a homogeneous mixture was obtained. The volu
fraction of silica in each sample was determined from d
sity and mass measurements. The susceptibility was m
sured at constant temperature (2260.2 °C) using a thin cyl-
inder completely filled and sealed, oriented parallel to
field. The measured accuracy was 0.05% and the meas
reproducibility was 0.3%. Data were corrected for the sm
demagnetizing field.

Magnetization measurementswere performed with an Al-
ternating Gradient Magnetometer~AGM! ~Micromag 2900,
Princeton Measurements!. The sample holder was a very th
flat capillary glass, placed with the narrow section perp
dicular to the magnetic field. In this case, the demagnetiz
field is completely negligible.

Static light scattering (SLS)was used for size determina
tion of nonmagnetic particles. Very dilute dust free samp
were measured for this purpose by using a FICA 50 se
The wavelength of the incident linearly polarized light w
l05436 nm.

Dynamic light scattering (DLS)was performed with a
home made setup using a Malvern 7032 CE correlator~128
channels! on the same samples designed for SLS. The wa
length of the incident linearly polarized light was 647.1 n

Rheological and magnetorheological measurementswere
done with a Physica MCR 300 rheometer~Anton Paar!. In
zero magnetic field, the cone-plate CP-50 1 geometry
preferred because we could perform measurements at lo
shear rates. The commercial magnetorheological cell PP
MR, which is a plate-plate measuring system, was used
obtain flow curves at different values of the applied fie
The distance between the plates was adjusted to optimize
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sensitivity and varied between 0.2 and 0.4 mm. Magne
particles were transfered to decaline to prevent evapora
during depositing the layer of the magnetic fluid on the
ferior plate. The inverse ferrofluids were prepared as for s
ceptibility measurements but using decaline-based magn
fluids. The maximum field in vacuum between the two pla
is 0.43 T. The reproducibility was dependent on the sh
rate values. In most cases the measurements were not r
ducible at low shear rates~due to the irreversible microstruc
tural changes determined by the shear flow! but the repro-
ducibility was good at higher shear rates~above 50 s21).
Consequently, the sample, which was left in the external fi
enough time~approximately 10 min! before measuring the
magnetoviscous effect, was replaced before a new meas
ment was performed.

Linear static magnetobirefringence and dichroismmea-
surements were done with a null ellipsometry setup,
scribed, together with the determination of birefringence a
dichroism, in Refs.@33,34#. The laser beam passes through
thin layer of fluid and the polarizers are rotated until t
amplitude of the first harmonic of the modulated light inte
sity vanishes. The birefringence and dichroism are de
mined from the rotation angles of the polarizers. The disp
sions were prepared as for susceptibility measurements.
solvents were cyclohexane and decaline. For cyclohex
based samples we used flat capillary glass~VitroCom! com-
pletely filled and sealed with glue, while for decaline-bas
samples we used detachable glass plates. The optical
was in both cases 0.1 mm and the wavelengthl0

5820 nm. In the case of birefringence the accuracy is
while the reproducibility is about 2.5% in the case of usi
capillaries.

Other techniques.Densities were accurately measur
with a DMA 5000 Anton Paar densimeter and sedimentat
was performed with a L-60 Beckman ultracentrifuge.

III. RESULTS AND DISCUSSIONS

A. Characterization of particles and dispersions

Magnetic fluid.Particle analysis in magnetic fluids wa
done by using magnetization curves and AFM pictures. T
magnetization curve of a very dilute sample allows the
termination of the mean magnetic diameter of magnetite p
ticles ^Dm& and standard deviations, according to Eqs.~13!
and ~14! derived and presented in Ref.@24#. The physical
diameter^D& is obtained after adding the thickness of t
nonmagnetic layer of the particles, which for magnet
nanoparticles is 1.7 nm@2#. The AFM pictures allow to de-
termine the mean lateral diameter and mean height of
ticles^hAFM&. Since the first is strongly overestimated due
the tip convolution@32#, only the latter can be reliable. How
ever, we observed that the underestimation of^hAFM&, is not
only due to the small deviation from the spherical shape
the particles@32#, but also because of the tip-substrate int
action, being also influenced by the scanning parame
~like amplitude setpoint and drive frequency!. This explains
the difference in the values obtained and presented in Tab
2-4
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TABLE I. Magnetite, silica, and gibbsite particle analysis.

Particle ^Dm& s ^DSLS& sSLS DSLS DDLS ^hAFM& ^DAFM&
~nm! ~nm! ~nm! ~nm! ~nm! ~nm! ~nm! ~nm!

Magnetite 7.8 2.33 6.8
Silica 380 391 330
Gibbsite 131 25 13.8 152
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The stock magnetic fluid we used here exhibits aggreg
observed even with the optical microscope. Previous inv
tigations on similar magnetic fluids, but based on noneva
rating solvents @20#, showed very short chains~mostly
dimers and trimers! and important particle interactions abov
volume fractions of 1%. The presence of aggregates in
stock sample we used in this paper might be a resul
cluster formation on the bottle walls due to the fa
evaporating cyclohexane solvent~the sample was prepare
two years ago!. These clusters behave like centers of nuc
ation for reversible thick chain formation in external field,
observed by optical microscopy.

Silica particles.The mean diameter of silica particles w
determined from SLS measurements from the first minim
(DSLS) of the scattered intensity profile. The fit of the sca
tered intensity, done by using the form factor for spheri
particles @35# and lognormal size distribution@Eq. ~5!#,
failed, indicating the presence of some aggregates~the pres-
ence of impurities is not excluded too!. The mean height of
particles was determined from AFM pictures and the hyd
dynamic diameterDDLS from DLS measurements. They a
in fairly good agreement: the hydrodynamic diameter is
ways larger than the SLS diameter while both of them
larger in this case than the AFM height mainly because of
presence of aggregates. The results are also present
Table I. The second cumulant analysis@36#, tried on DLS
data, failed, indicating a polydispersity significantly larg
than 5%. This confirms the aggregate presence.

FIG. 1. Fitted relative scattered intensity vsK
5(4p/l0)sin(u/2), whereu is the scattering angle. The measur
intensities are normalized byI 0, which is the scattered intensity a
the smallest measured angle (30°). Fit residual bars are plo
above.
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Gibbsite plates.The mean diameter of gibbsite plate
^DSLS& and standard deviationsSLS were determined from
SLS after a good fit~Fig. 1!, by using the form factor for
very thin disks@37# and the lognormal size distribution. Th
mean diameter was also determined from AFM measu
ments, ^DAFM& ~tip convolution in this case is negligible
@32#!, together with the mean height^hAFM& ~Table I!.

Commerciala-alumina particleshave a mean physica
diameter of 400 nm but the AFM and TEM pictures show
higher polydispersity in size and shape than in the case
silica particles.

Inverse magnetic fluids.The mixtures of the magnetic
fluid with nonmagnetic colloids showed a remarkable sta
ity. Eye inspection was completed with optical microsco
observation, AFM pictures of diluted mixtures, and magn

ed
FIG. 2. Optical microscopy image (100375 mm) of alumina

inverse magnetic fluid in zero field~a! and in a 0.1 T external field
~b!. The ferrofluid contains 10% vol magnetite particles.
2-5
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tization measurements, done for the samples that were m
sured in Sec. III C.

Optical microscopy showed homogeneous dispersion
all cases. In the case of ferrofluids and platelets inverse
rofluids, visible features appeared only in the presence
magnetic field, because of aggregation of magnetic partic
No visible aggregates of plates could be observed. In
case of silica and alumina inverse ferrofluids, the ima
were similar. The image in zero field is different from th
ferrofluid image and the applied field induces larger agg
gates than those observed in the ferrofluid due to magn
hole chaining~Fig. 2!.

Magnetization curves~Fig. 3! measured with AGM
showed no microstructural changes in the magnetic ph

FIG. 3. Reduced magnetization curves for inverse and p
magnetic fluids.

FIG. 4. AFM height image of gibbsite platelets dispersed in
magnetic fluid. The smaller features are the magnetite particles
03140
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after dispersing nonmagnetic particles: reduced magne
tion curves stay superimposed.

AFM pictures~an example for the plates inverse ferroflu
is given in Fig. 4! show a high degree of dispersion of no
magnetic particles among magnetite colloids. However
was difficult to obtain good AFM images because of agg
gation of particles on the mica substrate due to capill
forces, which act on the particles during drying of the th
layer of colloid, and result mainly in two-dimensional clust
formation.

B. Initial susceptibility of silica inverse magnetic fluids

The initial susceptibility of silica inverse ferrofluids ve
sus volume fraction of silica, measured as described in S
II B, is presented in Fig. 5. The ‘‘dilution’’ formula@Eq. ~2!#,
now written for susceptibilities, is not in good agreeme
with the data, and this is because the field in the silica p
ticles, not aggregated at such a small external field, is dif
ent from the applied field. In order to calculate the susce
bility of silica IMF we considered the magnetic fluid
continuous medium with the initial susceptibilityx i f , in
which silica spheres are dispersed. The definition of the
fective permittivity of a mixture given in Ref.@38# is rewrit-
ten here for magnetostatics as

^B&5meff^H&, ~10!

where, for example,

^H&5
1

Vt
S E

Vf

H1dV1E
VNM

H2dVD ~11!

is the field strength averaged over volumesVt much larger
than the volume of a silica particle~the same for theB field!.
Index 1 corresponds to the magnetic fluid matrix of volum
Vf and index 2 corresponds to silica particles of total volu
VNM , so thatVt5Vf1VNM . For spheres and in the mor

re
FIG. 5. Susceptibility of silica inverse magnetic fluids vs vo

ume fractionF of silica. The top scale is relative to the volum
fraction F50.3 considered unity. Equations~16! and ~20! are re-
ferred to as the linear and effective models, respectively.
2-6
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INITIAL SUSCEPTIBILITY, FLOW CURVES, AND . . . PHYSICAL REVIEW E68, 031402 ~2003!
general case of ellipsoids, the field inside particles is u
form. The demagnetizing factor of a magnetic hole in t
direction of the field is denoted byN. If the volume fraction
F of nonmagnetic particles is very low, then the mean fie
can be easily written as follows:

^H&5~12F!H11FH2 , ~12!

^B&5~12F!B11FB2 . ~13!

At very low F, the field in the ferrofluid isH15Ha . Then,
B15Ha1M1 whereM15x i f Ha is the magnetization of the
ferrofluid at low fields. The fieldH2 inside a magnetic hole is
given by

H25
11x i f

11x i f 2Nx i f
Ha ~14!

and can be easily obtained from the expression of the ele
field inside a dielectric ellipsoid in an external field@39#,
replacing the electrical permittivity by 1/m, wherem is the
magnetic permeability (m511x). This is because of the
fact that in our case we deal with a hole in a polarized m
dium and the replaced permittivity must be inverted@17#.
Taking into account that in a holeB25H2, one obtains

xeff5x i f 2
F~11x i f !x i f

11x i f 2x i f ~12F!N
. ~15!

It is correct to linearize this equation since it is valid at lo
F only. One obtains

xeff5x i f F12
~11x i f !

11x i f ~12N!
FG ~16!

in agreement with Ref.@38#. We can see that a ‘‘dilution’’
formula @xeff5x i f (12F)# is obtained only for long rods, if
the external field is strong enough for keeping them align
thenN→0. In our caseN should be close to 1/3 because
the practically monodisperse~in shape! silica spheres. At 300
A/m, the dipole-dipole energy between two silica sphere
much smaller than the thermal energy~their ratio is 0.005!,
so we do not expect aggregates~induced by the field! which
would modify the value ofN. The possible anisotropic ag
gregates present in the system may influence the valueN
only if their volume is large enough to be aligned by t
weak magnetic field.

We can see from Fig. 5 that the data points are in v
good agreement with Eq.~16! at low and even medium vol
ume fractions, while at high volume fractions there is a sm
deviation. This is because of the field produced by the si
particles. The top scale in this figure was obtained after m
ing some successive dilutions from the sample withF
50.3, considered with a relative volume fraction equal
unity. It was used to fit the low fraction data points with E
~16! and to determine the volume fraction of the sili
spheres in the original silica dispersion. AssumingN51/3,
we obtainedFs512.26%, which is very close to the valu
12.30%, determined from density and mass measureme
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At higher volume fractions of holes, we may replace t
applied fieldHa that acts on the magnetic particles in th
ferrofluid with an effective fieldHeff determined by the po-
larized silica spheres. It can be perturbatively introduced
it was done for pure ferrofluids by Ivanov@22# @Eq. ~3!#,
because of the very weak dipole-dipole interaction energy
magnetic holes in comparison with the thermal energy. In
first order,

Heff5Ha1 1
3 MNM , ~17!

but now MNM is the magnetization of the magnetic ho
subsystem. The factor 1/3 changes if magnetic holes w
various shapes would be dispersed or if the spheres are
gregated. Because their magnetic moments are always p
lel ~but oppositely oriented! to the external magnetic field
we have

MNM5FMh , ~18!

whereMh is the ~virtual! magnetization of one particle, i.e
Mh5m/V, with m given by

m52
x i f

11x i f ~12N!
VHa , ~19!

which is a generalization of Eq.~1! for ellipsoids. Following
the same procedure as for lowF, we obtain for the effective
initial susceptibility,

xeff5x i f 2
F~11x i f !x i f

11x i f 2x i f ~12F!N2
1

3
~12F!Fx i f

.

~20!

A very good agreement with data can be seen in Fig. 5.
At higher fields aggregates form. They will reduce t

value ofN down to 0. At quasisaturation, the applied field
also much higher than that produced by the holes, so tha
magnetization of the inverse ferrofluid is simply reduced
the factor 12F, as it was found in Ref.@14#. This fact is
useful for estimating the volume fraction of nonmagne
particles from the saturation magnetization.

C. Flow curves of inverse magnetic fluids

The flow curves in zero fieldof the magnetic fluid~the
volume fraction of magnetite wasF0510%), silica inverse
magnetic fluids (F52.5% and 10%!, and plates inverse
magnetic fluids (F52.5%) are presented in Fig. 6. Th
same magnetic fluid was used as a solvent matrix for all
composites studied in this paragraph. The magnetic fl
showed a Newtonian behavior in the range of shear rateġ
P(2,103) s21, at which we had enough sensitivity to me
sure. This behavior is consistent with the assumption tha
zero field the clusters are small. The silica 2.5% inverse m
netic fluid is non-Newtonian at low shear rates, but forġ
between 200 and 103 s21 is also Newtonian. The transla
tional Peclet number
2-7
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RAŞA, PHILIPSE, AND JAMON PHYSICAL REVIEW E68, 031402 ~2003!
Pet5
h0R3ġ

kT
, ~21!

whereh0 is the viscosity of the carrier liquid~the magnetic
fluid in our case! and R is the radius of the spheres,
slightly larger than 1 only ifġ.120 s21. At these values,
however, the shear thinning is negligible. Since the conc
tration of silica is relatively low for particle interactions, w
consider that the shear thinning behavior at low shear rate
mainly determined by the silica clusters that are disrupted
the shear flow, decreasing the viscosity towards its Newt
ian limit. The presence of some silica aggregates~due to van
der Waals interactions! in zero field is in agreement with th
observations based on the SLS and DLS measurement
addition, redispersion of dried particles may leave more
gregates behind while the sample concentration is hig
than in the case of light scattering measurements. The
cosities (h) determined by linear fit~for 2.5% silica IMF
from the linear part only! are found in Table II.

The 10% silica IMF is non-Newtonian in the whole ran
measured, suggesting a higher concentration of aggreg
and significant interactions between silica particles in t
more concentrated system. The 2.5% plates IMF is also n
Newtonian, showing larger apparent viscosities than
2.5% silica IMF. In zero field, unlike the previous samples
was measured with the magnetorheological cell, thus
could not go to lower shear rates. In addition to aggrega

FIG. 6. Apparent viscosities in the absence of external magn
field vs shear rate.
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breaking, flow-induced orientation may now further decrea
the viscosity if the rotational Peclet number for sing
platelets,

Per5
32h0R3ġ

3kT
, ~22!

is significantly larger than 1. HereR is the radius of the disk.
For ġ.175 s21 the Peclet number is larger than 1, so th
the orientation of particles contributes to the decrease of
cosity at high shear rates only, while the aggregate disrup
at low rates. However, because of the larger viscosities
comparison to 2.5% silica IMF at high shear rates, flo
induced orientation does not seem to play an important r

The simplest and frequently used law for describing no
Newtonian fluids is the power law:

t5mġn, ~23!

wheret is the shear stress andm and n are fit parameters
The fit to the data for the non-Newtonian systems is good
medium shear rates~more details in the following paragraph!
but it was not satisfactory at low rates. In addition, the
verse ferrofluids measured in this paper become or ten
become Newtonian, thus a better agreement with the d
was found if we consider the following function:

t5mġn1h`ġ, ~24!

which describes explicitly the assymptotic Newtonian
gime and yields its viscosityh` . A better description in the
low rate range was obtained. The disadvantage is the la
number of fit parameters; nevertheless, the value ofh` for
2.5% silica IMF is very close to that obtained from the Ne
tonian part of the flow curve~Table II!. A good fit to the
apparent viscosity~defined ast/ġ) of 10% silica IMF with
the apparent viscosity given by Eq.~24! is shown in Fig. 7.

The flow curves in a magnetic fieldwere measured with
the magnetorheological cell. Built for magnetorheologic
fluids @40#, it also appears useful for measuring magne
fluids and their composites. The only drawback is the lack
sensitivity at low shear rates for magnetic fluids and dilu
inverse magnetic fluids~we could not measure them belo
80–100 s21). On the contrary, in the case of 10% silica IM
we could measure in the whole possible range of shear ra
i.e., ġP(1022,103) s21.

ic
hear
of a
TABLE II. Viscosity h of the Newtonian sample or determined from the Newtonian region at high s
rates and the viscosity at high shear ratesh` of inverse magnetic fluids, in the absence and presence
magnetic fieldH.

Sample h (H50) h` (H50) h (H5313 kA/m) h` (H563.7 kA/m)
~mPa s! ~mPa s! ~mPa s! ~mPa s!

1. Magnetic fluid 5.8361.031023 8.1762.031022

2. MF1silica 2.5% 6.2566.931023 6.2369.031023 7.1668.531022

3. MF1silica 10% 7.8064.931022 8.7860.26
2-8
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INITIAL SUSCEPTIBILITY, FLOW CURVES, AND . . . PHYSICAL REVIEW E68, 031402 ~2003!
The magnetic fluid exhibited a magnetorheological eff
of 40% according to Fig. 8, where the viscosity at the ma
mum field~313 kA/m! was plotted together with the viscos
ity in zero field. In the measured range it remained Newt
ian. The Shliomis model@Eq. ~4!# cannot be applied to
estimate the particle orientation contribution to the magne
viscous effect because of the large aggregate formation in
presence of the field. We observed however that, in the s
rate range in which we could measure, it gives a good e
mation of the order of magnitude of the effect, probab
because the aggregates are significantly reduced in siz
the shear flow. But the study of how this model works is n
our goal in this paper.

The magnetic flux density in the sample can be calcula
by using the following equation@40#:

B57.53931024
I

0.00352d~121/m r !
@T#, ~25!

whereI is the current intensity~in A! through the coil which
produces the magnetic field,d is the gap between the ce

FIG. 7. Fit with the apparent viscosity given by Eq.~24! to the
measured apparent viscosity of 10% silica inverse ferrofluid, a
function of shear rate.

FIG. 8. Viscosity of the pure magnetic fluid with a volume fra
tion of magnetite of 10% in the absence and in the presence o
external magnetic field vs shear rate.
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plates~in m!, andm r511x is the relative magnetic perme
ability of the sample. The field strength is given byH
5B/(m0m r). The relative permeability is constant at ve
low fields only. At high fields it tends to 1. Since our sampl
have an initial susceptibility close to 1, we will make a
error below 6%~decreasing to zero with the field! if we use
the relative permeability of vacuum in Eq.~25!. The demag-
netizing field was not taken into account in Eq.~25!, so that
Hd52NM must be subtracted from the applied field. T
demagnetizing factorN is practically 1 andM ~the magneti-
zation of the sample! is obtained from the interpolation o
the magnetization curve for the applied field value in a
This final value is mentioned in this paper.

The viscosity of silica IMFs is strongly affected by th
magnetic field. As an example, the flow curve for 10% sili
IMF at 63.7 kA/m is shown in Fig. 9. The chains formed b
the magnetic holes~due to dipole-dipole interactions! signifi-
cantly modify the viscosity of the sample, which exhibits
shear thinning effect due to chain disruption. The effect w
observed for 2.5% silica IMF too, but it was measured w
much lower accuracy in the low rate region, because of
smaller viscosities achieved. The fit to the data of Fig. 9 w
Eq. ~24! was better than with the power law. However, E
~24! does not describe accurately the flow curve over
entire range ofġ.

The 2.5% plates IMF, in the presence of the external fie
has lower viscosities in the low rate region in comparison
2.5% silica IMF, which made the measurements bel
50 s21 impossible~Fig. 10!. At high shear rates the appare
viscosity was larger. In addition to the contribution of th
magnetic fluid matrix to the effect, aggregate formatio
smaller than in the case of silica IMFs~not observed opti-
cally! but more anisometric, can explain the experimen
facts. At high fields, not only the magnetoviscous effect w
larger than that of the pure magnetic fluid but also the n
Newtonian behavior was more pronounced. The orienta
of plates by the magnetic field~parallel to the field!, if it
occurs, may also increase the viscosity while the flo
induced orientation~which tends to allign plates perpendicu

a

an

FIG. 9. Fitted apparent viscosity of the 10% silica inverse m
netic fluid in the presence of a field of 63.7 kA/m, vs shear ra
Apparent viscosity in zero field is shown for comparison.
2-9
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RAŞA, PHILIPSE, AND JAMON PHYSICAL REVIEW E68, 031402 ~2003!
lar to the external field! can contribute to the shear thinnin
at high rates only. Taking into account the behavior in z
field, where shear thinning was mainly due to aggregate
ruption, we consider that this is the dominant effect in t
presence of magnetic fields too. More concisely, the p
formed clusters~observed in zero field! serve as nuclei for
chaining, behaving as magnetic holes; we may not concl
that the same thing is valid for single plates neither from
data nor phenomenologically, because of their too small v
ume and thickness. That is why the field orientation of p
ticles is also considered not significant. For plates IMF,
power law describes well the data for this narrow range ofġ,
too narrow for a three-parameter fit with Eq.~24!, which was
unsuccesful. To show the validity of the power law in th
region, we calculated numerically the ratiot/h, which
should vary linearly withġ if Eq. ~23! is valid. The measured
shear stress was smoothed and divided by the numeric
calculated derivative of the original shear stress–shear
curve ~actual viscosity!. The result is presented in Fig. 1
(H5313 kA/m) together with the linear fit with the equatio

FIG. 10. Apparent viscosity of the 2.5% plates inverse magn
fluid for different external magnetic fields vs shear rate.

FIG. 11. Ratio of shear stress to actual viscosity, numeric
obtained from the measured shear stress–shear rate curve, for
plates inverse magnetic fluid vs shear rate (H5313 kA/m).
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t/h5(1/n)ġ, which led ton50.81, close to the value ob
tained by fitting oft2ġ curve with Eq.~23! (n50.86).

Hexagonal plates IMF have not been prepared until n
but flow curves of similar silica inverse ferrofluids, in th
presence of magnetic field only, were previously reported
Ref. @14#. However we measured a magnetoviscous eff
even for the magnetic fluid matrix, while in Ref.@14#, it was
not measurable and we found a non-Newtonian behavio
zero field. Even though the magnetoviscous effect of
10% silica IMF has the same order of magnitude as in
measurements, the derivative of Eq.~24! describes our data
less accurate at higher shear rates than in Ref.@14#, with a
value of20.92 for the exponent ofġ.

For the case of 10% silica IMF, we could fit the da
presented in Fig. 9 at very low shear rates on
(0.015–0.035 s21) with the Bingham model:t5t01hBġ,
wheret0 is the yield stress. A value of 0.59 Pa for the yie
stress was found. In the other cases the low shear rate re
was not accessible.

D. Magneto-optical properties of inverse magnetic fluids

First, measurements were done on silica and plates
verse ferrofluids. The ferrofluid matrices were based on
clohexane and decaline. The ferrofluid based on decaline
a 2% volume fraction of magnetite~diluted in order to im-
prove the transmission through the sample and to make
sible dichroism measurements! while the ferrofluid based on
cyclohexane, a volume fraction of 5.7%. Alumina particl
were dispersed in a different magnetic fluid ('4.5% vol!
prepared by D. Bica; it is the TR30 based sample descri
and studied in Ref.@20#, and contains very small aggregate
In the last case, the magnetic particles were redisperse
decaline. The samples were prepared as for susceptib
measurements.

Only low volume fraction dispersions are analyzed.
this case, the magnetic field produced by the holes affe
negligibly the magnetic fluid matrix and its magneto-optic
properties.

ic

y
.5%

FIG. 12. Birefringence of silica inverse magnetic fluids vs a
plied magnetic field. A decaline-based ferrofluid with a volum
fraction of magnetite of 2% was used in this case.
2-10
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INITIAL SUSCEPTIBILITY, FLOW CURVES, AND . . . PHYSICAL REVIEW E68, 031402 ~2003!
Magnetobirefringencemeasurements of silica inverse fe
rofluids are presented in Fig. 12 and of gibbsite plates
verse ferrofluids in Fig. 13. The carrier liquids of MF we
decaline~index of refractionn51.4810) and cyclohexan
(n51.4266), respectively. Similar results were obtained
the case of silica particles in cyclohexane-based magn
fluid. The increase in birefringence, because of silica ch
formation and cluster formation/orientation of plates, resp
tively, was not observed.

We try to analyze the experimental facts below, first
silica dispersions. By dispersing silica spheres~in general
nonmagnetic particles!, we dilute the strongly birefringen
ferrofluid. The volume fraction of magnetite particles in t
inverse ferrofluids becomesF085F0(12F).

The relative permittivity of silica to that of the ferroflui
matrix also influences the effect. This may come out i
similar approach as in Sec. III B is employed to calculate
effective permittivity of the inverse ferrofluid. Starting from
the definition of effective permittivity@Eq. ~10!#, we ob-
tained for very low silica volume fractions,

«effi5« f i1
F~«s2« f i!« f i

« f i1~«s2« f i!^N&
, ~26!

«eff'5« f'1
F~«s2« f'!« f'

« f'1~«s2« f'!
12^N&

2

. ~27!

Directionsi ,' are again relative to the direction of the a
plied magnetic field,«s is the permittivity of silica, and̂N&
is the mean depolarizing factor of chains~a mean value mus
be taken because of chain polydispersity!. A change in nota-
tions occurred, to make equations clearer:« f i is the quantity
given by Eq.~7! and« f' by Eq. ~6!. The birefringence can
be calculated by using Eq.~8!. This model is correct whithin
theRayleigh approximation only, i.e.,D!l0. Our attempt to
measure in infrared region failed because the transmis
was not good enough in our setup~probably due to a too
weak laser!. At the wavelength we measured (l0

FIG. 13. Birefringence of plates inverse magnetic fluids vs
plied magnetic field. A cyclohexane-based ferrofluid with a volu
fraction of magnetite of 5.7% was used for these samples.
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5820 nm), the above model does not work~we cannot de-
fine an effective dielectric tensor!, so it could be that the
increase in birefringence does not take place.

Within the frame of Rayleigh approximation, Eqs.~26!
and ~27! show that, depending on the values of^N& andF,
the birefringence of the inverse ferrofluid can be smaller
larger than that of the ferrofluid matrix~Fig. 14!; if aggre-
gates oriented perpendicular to the magnetic field, the b
fringence of the inverse ferrofluid would never be larger th
that of the ferrofluid. However, even though long aggrega
parallel to the magnetic field form, their effect upon birefri
gence may not be observed if the permittivity of silica is ve
close to that of the ferrofluid~Fig. 15!.

For decaline-based samples~Fig. 12!, the particularity
was the lower concentration of magnetite in the ferroflu
matrix in comparison with the silica IMFs studied in Se
III C, Fig. 9, which exhibited large silica chains, also co
firmed by optical microscopy. A 1:1 dilution with decaline o
the sample mentioned~originally 10% magnetite ferrofluid
containing 10% dispersed silica!, did not affect the optical
microscopy image in the presence of the same magnetic
@the image was similar to that of Fig. 2~b!#, but a 1:3 dilution
with decaline of the same sample~the obtained sample is
similar to that measured here!, exhibited no visible magnetic

-

FIG. 14. Difference in birefringence of an inverse magnetic flu
and magnetic fluid matrix vs depolarization factorN (F50.5%)
and volume fractionF of nonmagnetic particles, calculated usin
Eqs. ~8!, ~26!, and ~27!. The value of the nonmagnetic particl
permittivity was 3.115~the permittivity for alumina! and the value
of the ferrofluid permittivity was 2.119.
2-11
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RAŞA, PHILIPSE, AND JAMON PHYSICAL REVIEW E68, 031402 ~2003!
hole chains, which was unexpected because the dipole-di
energy between two magnetic holes for this system at 0
is of the order of 9 kT. For this estimation we used a gen
alization of Eq. ~1! for higher fields. Thus, no additiona
anisotropy due to magnetic holes is present in this sampl
seems that the concentration of the magnetic fluid ma
affects significantly the structure formation of holes, a ph
transition being possible. Further studies are necessar
explain what we observed here, this complex phenome
being dependent on the magnetic field value, microstruct
properties of the magnetic fluid, size of magnetic holes,
volume fractions of both types of dispersed particles. We
also conclude that for our systems and at higher fields,
~1! does not describe correctly the moment of the holes
our systems.

In the case of cyclohexane-based samples, optical mic
copy shows aggregation of holes~the concentration of mag
netite in this ferrofluid matrix was higher!. Before drawing
the final conclusion, we mention that we observe that wh
the ~negative! ‘‘dilution’’ contribution is always present, it is
possible in this case that the~positive! effect due to chaining
to be masked by the too small difference in permittivitie
The permittivity of silica is«s52.103, while the determined
permittivity of the ferrofluid was 2.119, so that the differen
could be small enough to mask the effect of aggregates~Fig.
15!. Other explanations are also possible here. It is poss
that the aggregates formed by the magnetic holes to ha
smaller anisotropy than those of the displaced magnetic fl
~we recall that the aggregates in the magnetic fluid are q
large, being visible with an optical microscope!. Thus we
changed the magnetic fluid used until now with the ‘‘agg
gate free’’ magnetic fluid, in which alumina particles we
dispersed so that the optical contrast is higher. No increas
birefringence was observed, even though the sample is
isotropic, as it was shown by the optical microscopy.
seems now that, indeed, the effect is not present at w
lengths smaller than the length of the hole structures, e
though their thickness is comparable to the waveleng

FIG. 15. Difference in birefringence of an inverse magnetic flu
and magnetic fluid matrix vs depolarization factor of nonmagne
particles, calculated using Eqs.~8!, ~26!, and~27!. The value of the
nonmagnetic particle permittivity was 2.1025~the permittivity for
silica! and the value of the ferrofluid permittivity was 2.119. Th
volume fraction of nonmagnetic particles was 0.5%. No increas
birefringence is predicted.
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Larger wavelengths must be tried.
In the case of platelets~smaller than silica spheres an

very thin!, the small increase observed for the 0.5% sam
is of the order of experimental reproducibility and thus n
interpretable. The permittivity of gibbsite particles is larg
than that of silica~the average permittivity of gibbsite is«g
52.484), but the structures are smaller~not observed by
optical microscopy, observed in magnetorheological m
surements but for a more concentrated ferrofluid matr!.
Orientation of platelets seems not to play any role in th
samples at these fields~dichroism also decreased!. Conse-
quently, the ‘‘dilution’’ of the MF matrix with gibbsite is still
not overcompensated by the anisotropy of the nonmagn
phase.

Magnetodichroismcan be treated more rigorously. Th
small difference in the permittivities of nonmagnetic pa
ticles and ferrofluid may be regarded as an advantage
allows one to use the relatively simple Rayleigh-Gans-De
~RGD! theory of scattering. Extremely small difference
may, however, cause problems.

We have to add two contributions:~1! the anisotropic ab-
sorption due to magnetite particlesDnabs9 , and~2! the aniso-
tropic scattering due to nonmagnetic particles:

Dnsca9 5
l0

4p
~t i2t'!, ~28!

wheret i ,' are the turbidity coefficients for parallel and pe
pendicular polarization of the incident light relative to th
magnetic field direction. They are defined by the extincti
law

I t5I 0 exp~2t l !, ~29!

whereI 0 and I t are the incident and transmitted light inte
sities through a sample of thicknessl, respectively. Equation
~29! is further on equivalent withI t5I 0exp(24pn9l/l0).

~1! We may think of relatingDnabs9 to the measured di-
chroism of the pure magnetic fluid matrixDnf9 , defined as
the differenceni92n'9 of the imaginary components of th
refractive indices for extraordinary and ordinary waves.
the case of magnetic fluids, the contribution of absorption
magnetodichroism is dominant@41# in comparison with that
of scattering due to the small magnetic particles~which are
Rayleigh scatterers!. If large aggregates of magnetic particle
form, scattering also contributes to the dichroism of the m
netic fluid as it was observed, for example, in Ref.@19#. That
is why we preferred to replace the magnetic fluid mat
described in Sec. III A with the ‘‘aggregate free’’ magnet
fluid mentioned in the beginning of Sec. III D. It also co
tains magnetite particles covered with pure oleic ac
but only the presence of dimers and trimers was fou
significant@20#.

Speaking only about absorption, the dichroism of the
verse magnetic fluids is apparently decreased because o
dilution of the magnetic fluid with holes~actually the de-
crease always occurs!. The absorption due to holes them
selves is completely negligible because we used practic
transparent particles, like silica and alumina. If the holes
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not aggregated, we may write at first sightDnabs9 5(1
2F)Dnf9 , if the magnetic fluid is diluted enough, not aggr
gated, and particle interactions are negligible@it obeys then
Eq. ~9!#. But if the holes are aggregated into linear chai
the extraordinary wave is less absorbed than the ordin
wave.

~2! In this paper we focus, however, on the anisotro
scattering due to aggregated holesDnsca9 , according to the
following comments. Starting from the discussion in t
above paragraph, the significant scattering contribut
comes from the aggregated holes only. They also contrib
to the magnetodichroism of the inverse magnetic fluid
means of the anisotropic absorption~at the inverse magneti
fluid scale!, but that can be less important than the ani
tropic scattering contribution. It was shown@41#, for ferro-
fluids, that if the average volume of aggregatesVagg is larger
then l0

3, the anisotropic absorption contribution becom
negligible. The Rayleigh scattering cross section was use
Ref. @41#, but actually large aggregates are not Rayleigh s
terers anymore. In such a case the RGD model is bette~if
optical contrast is low enough!, and it can be obtained if the
Rayleigh scattering equation is multiplied by form and stru
ture factors@see Eq.~30!#. But the termVagg /l0

3 remains~in
the final equation for the transmission coefficients! and plays
the same role. Neglecting the anisotropic absorption con
bution still depends on the optical contrast and can be d
at large enough values of contrast, which actually enhan
the scattering. Generally speaking, however, both effe
may be important and useful for applications.

Further on, we discuss only the contribution of the sphe
cal nonmagnetic particles, which aggregate in the prese
of a magnetic field. The turbidity is given by@42#

t5
k0

4

~4p!2
rVp

2U «

«sol
21U2

3E
0

pE
0

2p

P~u,f!S~u,f! f ~u,f!sinu du df, ~30!

wherek0 is the incident wave vector,r is the particle number
density of scatterers,Vp is the volume of one scatterer,« is
the permittivity of the scatterer,«sol is the permittivity of the
solvent,P is the form factor,S is the structure factor, andf is
the cosine of the angle between the polarization direction
the incident and scattered light. The magnetic hole chains
the presence of a magnetic field, which are the scattere
our case, can be modeled as circular cylinders parallel to
magnetic field direction, with diameterD and length L
5ncD, wherenc is the number of spheres in a cylinder. F
dilute dispersions of cylindersS51. The permittivity of
magnetic holes«s is practically real but the permittivity o
the ferrofluid is complex and anisotropic@according to Eqs.
~6! and~7!#. However, the imaginary parts were found to
much smaller than the real parts. The functionf depends on
the polarization of the incident light and has the express
f i(u,f)5cos2f1sin2f cos2u for parallel polarization and
f'(u,f)5sin2f1cos2f cos2u for perpendicular polarization
~Fig. 16!. The form factor for cylinders is given by@37#
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Pc~u,f!5
p

2v cosb FJ1/2~v cosb!
2J1~u sinb!

u sinb G2

,

~31!

whereJ1 andJ1/2 are Bessel’s functions,u52k0D sin(u/2),
v5k0L sin(u/2), and b is the angle between the cylinde
axis and the directionks2k0, whereks is the scattered wave
vector. For cylinders perpendicular tok0, one obtains~ac-
cording to the notations in Fig. 16!

cosb5cos
u

2
sinf. ~32!

Finally, we obtained for the turbidity coefficients for ord
nary and extraordinary waves,

t i ,'5
k0

4

~4p!2
ncF

pD3

6 F S «s

« f i ,'8
21D 2

1
«s

2« f i ,'9 2

« f i ,'8 4 G
3E

0

pE
0

2p

Pc~u,f,nc! f i ,'~u,f!sinu du df.

~33!

If the form factor depends onu only ~as for spheres! then
t i5t' . The contribution due to shape anisotropy of p
ticles to dichroism is thus determined by the dependence
f only, because the form factor does not depend on po
ization. The dependence on magnetic field is related to
average length of the silica chains. In zero field there are
aggregated spheres, thus no dichroism due to magnetic h
while in the presence of the magnetic field the chain len
increases with the field. Of course there are clusters of si
in zero field but they do not contribute either to the dichr
ism because they are randomly oriented. An example of
calculated contribution to dichroism of silica and alumi
chains relative to the dichroism of the magnetic fluid mat
at the highest magnetic field attained in our experiments,
several average numbers of particles per chain, by using

FIG. 16. Experimental configuration for the case of light sc
tering by aggregated magnetic holes in a magnetic field. The
vectorb denotes the direction ofks2k0. NotationsEi andE' cor-
responds to the waves polarized parallel and perpendicular to
magnetic field, respectively~extraordinary and ordinary waves!.
2-13
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~28! and ~33!, led to the results presented in Fig. 17. T
measured dichroism of 2% decaline-based pure magn
fluid was used here.

Alternatively, the form factor for spherical holes can
used in Eq.~30!, but then the structure factor must be calc
lated as a function of magnetic field.

The model presented here is quantitatively valid as lo
as RGD model is valid. Its applicability is limited by th
chain size~for a certain type of particles and solvent!: in our
case, the silica chains may contain up to 100 particles, w
in the case of alumina, which has a higher permittivity, on
a few particle chains can be described with our model.

Alumina particles with a volume fraction ofF50.89%
were dispersed in the ‘‘aggregate free’’ magnetic fluid~with a
volume fraction of magnetite of approximately 4.5%!. The
results are presented in Fig. 18. We observe in this ca
significant increase in magnetodichroism in comparison w

FIG. 17. Theoretical relative increase in dichroism due to
anisotropic scattering generated by silica and alumina chains w
may form in a magnetic fluid~MF! vs the average number of pa
ticles per chain. The right scale applies for alumina inverse fe
fluid only.

FIG. 18. Dichroism of alumina inverse ferrofluid vs applie
magnetic field.
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that of the magnetic fluid matrix, which is within the pre
dicted limits of our model. At higher fields the dichroism
decreases. This is a result of chain-chain interactions, wh
lead to thick chain formation, with a smaller aspect ratio
decreases the dichroism of the sample in time. Chain a
ciation was confirmed by the images taken with an opti
microscope.

IV. CONCLUSIONS

We have prepared new inverse magnetic fluids contain
gibbsite plates and alumina spheres by grafting the parti
with polyisobutene and dispersing them in apolar magn
fluids. Silica inverse magnetic fluids have also been p
pared. All these systems are remarkably homogeneous
stable, as it was shown by optical microscopy and atom
force microscopy investigations. No measurable changes
cured in the the magnetic phase of these systems after
persing the nonmagnetic particles, as it was shown by a
nating gradient magnetometry. In the presence of a magn
field, the aggregation of spherical magnetic holes was o
cally observed. Optical microscopy also evidenced the p
ence of magnetic particle aggregates in the pure magn
fluid.

Particles were characterized using various techniqu
atomic force microscopy, transmission electron microsco
alternating gradient magnetometry, and static and dyna
light scattering. The methods, results, and the differences
tween the determined values were discussed.

The initial susceptibility of inverse ferrofluids was calc
lated in the case of noninteracting and interacting nonm
netic particles, by calculating the effective susceptibility o
mixture of magnetic holes in a continuous magnetizable m
dium. The agreement with the experimental data was v
good, so that the ‘‘dilution’’ equation for magnetization, pr
viously observed, is not valid at small fields.

The magnetorheological cell for Physica MCR 300 rh
ometer, done for magneto-rheological fluids, could also
used for measuring the flow curves of moderately conc
trated inverse magnetic fluids in the whole range of sh
rates. The other samples were possible to measure at h
shear rates only.

The flow curves were measured in the absence and in
presence of a magnetic field. In spite of the aggrega
present in the magnetic fluid, it remained Newtonian at
fields ~in the shear rate range in which we had enough s
sitivity to measure!, exhibiting a 40% effect at the highes
field. The inverse magnetic fluids were non-Newtonian at
fields and a significant magnetorheological effect was
ticed in the case of the moderately concentrated~10%! silica
inverse ferrofluid. An improved form of power law fitte
well most of thet2ġ curves. The non-Newtonian behavio
of silica inverse ferrofluids in zero field was explaine
mainly by the presence of preformed clusters~due to the van
der Waals interaction! of nonmagnetic particles, and, in th
case of the more concentrated sample~10%! by particle in-
teractions too. Their magnetorheological effect was due
the chaining of silica particles~due to the dipole-dipole in-
teraction!. In the case of platelets inverse magnetic fluid, t
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-
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effect was explained by the aggregation of the preform
clusters of platelets. The disruption of aggregates, cause
the shear flow, explains the shear thinning. In the case
platelets, only at high shear rates, shear flow orientation
particles may occur, but this effect was considered not
portant. No rigorous conclusion about magnetic field orie
tation of plates could be inferred, but, if it occurred in o
experiments, its influence on the magnetoviscous effec
plates inverse ferrofluid was supposed to be small. We d
onstrated the validity of the power law in the case of flo
curves of plates inverse ferrofluid, but that takes place i
rather small range of shear rates.

The static magnetobirefringence of silica, plates, and a
mina inverse magnetic fluids was measured, modeled wi
the Rayleigh approximation, and discussed. The biref
gence of silica/alumina inverse ferrofluids decreases in c
parison to the birefringence of the magnetic fluid. An i
crease might be observed at large wavelengths only. In
case of gibbsite plates inverse ferrofluids, the insignific
orientation of platelets in the external magnetic field and
small aggregation in the measured samples were not ab
overcompensate the ‘‘dilution’’ of the ferrofluid matrix.

The unexpected disappearance~from the optical micro-
scope images! of magnetic hole chaining showed that th
concentration, together with the microstructural properties
the magnetic fluid, play an important role in magnetic ho
aggregation~a fact not studied yet!. Further studies are nec
essary to clearify this phenomenon.

The contribution of nonmagnetic particle chains to t
static magnetodichroism was theoretically calculated
s,
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discussed, in the frame of the Rayleigh-Gans-Debye the
of scattering. The effect was observed when alumina p
ticles were dispersed in an ‘‘aggregate free’’ magnetic flu
The fact that the effect decreased with the field~relative to
that of the magnetic fluid! was explained by the presence
chain-chain interactions.

In conclusion, at a wavelength of 820 nm, our samp
exhibit a smaller birefringence but a higher dichroism af
nonmagnetic particles were dispersed in the magnetic flu
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