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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 gibbgA& OH);] platelets and alumina (AD;)
spheres dispersed in a magnetic fluid, studied together with silica,| ifSpersions 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-hirefringence is expected to be increased at large enough wavelengths only.
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[. INTRODUCTION ordering of such magnetic holes were studied by the same
author in other paperg7—9], while dynamic susceptibility
Magnetic colloids(called magnetic fluidsor ferrofluidg measurements were reported by Faneiral. [10]. In Ref.
[1,2], which consist of single domain magnetic particles[9] pear-shaped particles were dispersed and their structure
(magnetite, iron or cobalt, for exampldispersed in organic imaged. Lu and Rosenblatt observed the orientation of large
polar or nonpolar solvents, have been prepared and studigzhospholipid thin hollow tubules (3gm in length in a
for approximately 35 years. Even though the microstructurenagnetic fluid subjected to an external magnetic fldid].
formation, particle interactions, and phase behavior of thes®agnetorheological effect of inverse magnetic fluids con-
systems are still debatable topics, many macroscopic propetaining spheres and large flaky particles (52 in size
ties together with their applications are known and widelywas measured by Kashevskii al.[12], while yield stress of
used today 3]. dispersions of hollow glass beads f8n in diametey in
In contrast to conventional magnetic fluids, much less iskerosene-based magnetic fluie the presence of a mag-
known aboutinverse magnetic fluidscomposed of “non- netic field was measured by Popplewell and Rosensweig
magnetic” particles dispersed in a magnetic fluid. Although[13]. More detailed magnetorheological studies of practically
several studies on their magnetorheology have appearatonodispersed silic&#00 nm in diameterspheres dispersed
(presented beloyy susceptibility results have been presentedin a magnetic fluid matrix were done by de Gaesal.
only by Volkovaet al. [4], and only one hypothetical model [14,15. A comparison between inverse magnetic fluids and
of particle orientation for magnetobirefringence was pub-magnetorheological fluids, from the magnetorheological
lished very recently by Pshenichnik@s]. No measurements point of view, was done by Volkova in Ref4]. van Ewijk
on magnetobirefringence and no results on magnetodichrg416] observed and studied the attachment of magnetite par-
ism have been reported yet. ticles from a magnetic fluid to the dispersed silica particles.
Highly monodisperse polystyrene spheres (i@ in di- We dispersed different types of nonmagnetic particles in
ametey were for the first time dispersed in a kerosene-base@hagnetic fluids based on nonpolar solveietgclohexane and
magnetic fluid by Skjeltord6]. The nonmagnetic particles decaling: silica spheres (Si§) approximately 400 nm in di-
behave like magnetic holes, and, as a result of a strong a&metey, gibbsite plateletfAl(OH) 5, approximately 150 nm
traction between them, rodlike chains parallel to the magin diameter and 15 nm in thickndssand alumina spheres
netic field were observed. At higher concentrations of mag{Al,O3, approximately 400 nm in diamejeall coated with
netic holes “thick” chains formed6]. Condensation and suitable polymers. Gibbsite platelets and alumina spheres
were dispersed in a magnetic fluid, in order to see the behav-
ior of thin but highly anisotropic particles in the ferrofluid
*Electronic address: m.rasa@chem.uu.nl matrix, and to enhance the magneto-optical effects in inverse

1063-651X/2003/68)/03140216)/$20.00 68 031402-1 ©2003 The American Physical Society



RASA, PHILIPSE, AND JAMON PHYSICAL REVIEW E68, 031402 (2003

ferrofluids due to the higher refractive index of alumina, re- Magnetic properties of inverse magnetic fluids have been
spectively. The properties of dispersed particles are presentesthown to be similar to those of the ferrofluids. In Rdfg8] a

in Sec. Il A and the experimental techniques used for theit'dilution” formula was found experimentally from magne-
characterization, as well as other techniques, are presentedtimmetric measurements, i.e., the magnetization of the mixture

Sec. I B. is
Thesenonmagnetic particleswhich have actually weak
magnetic properties being either diamagnetic or paramag- M=M(1-®), )

netic) will be also referred to amagnetic holesThe behav-

ior of nonmagnetic particles as magnetic holes is mainly reyhereM is the magnetization of the ferrofluid adel is the

lated to their size, compared with the size of magnetic,,|yme fraction of the holes. However, at low fields, non-
particles[14]: if the nonmagnetic particles are much larger magnetic particles are less aggregated into chains or even not
than the magnenc par_tlcles, the magnetic fdelcan bg treat gregated and the field in the holes is different from the
as a continuous medium and the nonmagnetic particles begjieq field. Thus we expect deviations from this result, and

have like magnetic holes in a continuous magnetizable M&se inyvestigated this aspect theoretically and experimentally
dium. We anticipate that the alumina and silica spheres wilk,, ihe case of silica inverse ferrofluids in Sec. Il B.

behave like magnetic holes in the ferrofluid because of the Magnetorheological properties of the inverse magnetic
much larger diameters in comparison with the diameters ofy,igs have been the most studied ones, in conection with
magnetite particles, but it is questionable if this is true in theyejr potential applications as magnetorheological fluids. In
case of the very thin gibbsite platelets. our study, we measured the flow curves for silica and gibb-
The “magnetic charges” induced at the interface of thegjie plates inverse ferrofluids, both in the presence and ab-
two media allow one to assign a magnetic moment to SUCh 8gnce of a magnetic field, mainly to have additional informa-
hole. Different expressions for the apparent magr_1et|c MOgion about aggregation or orientation of nonmagnetic
ment of a hole at low fields were proposed in Refs. aicles. We report the first measurements of inverse mag-
[5,6,13,15. For an isolated magnetic hole in an infinite con- petic fluids with the first commercially available magne-
tinuous magnetic medium, the correct one is due to de Gar{%rheological cell(for Phyisca MCR 300 rheomeferThe

et al.[15]; magnetorheological cell was developped for magnetorheo-
logical fluids, but we found that it can be employed for in-
m= — LVHa, (1)  Verse ferrofluids too, though with some limitations for dilute
2 inverse ferrofluids and magnetic fluids, as discussed in Sec.
13X I C.

It is known that magnetic fluids exhibit strong static mag-
whereyi; is the initial susceptibility of the ferrofluid/is the  netobirefringence and significant magnetodichroism, as it
volume of the spherical hole, ard, is the applied field. was observed, for example, in R¢L9]. We expect that by
This equation is in agreement with the results for a sphericadlispersing anisotropic nonmagnetic particles or if the spheri-
hole in an infinite dielectric medium, rigourously derived in cal magnetic holes aggregate into chains, as it was already
Ref. [17] and can be directly obtained if the electrical per- proved in Ref[6], these effects will be enhanced. The mea-
mittivity, polarization, and electric field strength are replacedsurements on all three types of inverse ferrofluids as well as
by the magnetic permeability, magnetization, and magnetitheoretical models are presented in Sec. Il D.
field strength, respectivelfhis is allowed if there are no free It is worth mentioning that the magnetic properties of in-
currents and magnetization has no gufhe precise form of verse magnetic fluiddMF) are determined by those of the
this equation is necessary for Eq48) and (19). At higher  magnetic fluid(MF) matrix [Eq. (2)], the magneto-optical
fields, Eq.(1) must be generalized but for aggregated mag-properties of IMFs can be influenced by the magnetic holes
netic fluids it is no longer in agreement with the experimen-in some extent, but the magnetorheological effect in the case
tal observations, as it was observed in Sec. Il D. of IMFs is practically determined by the structure formation

If the medium is finite, then the applied field must be of nonmagnetic particles, being much stronger than that of
corrected for the demagnetizing field, the corrected field bemagnetic fluids, except for two cases: diluted IMFs and un-
ing called internal field, which replacés, in Eq. (1). Since  stable magnetic fluids in which large enlongated droplike
we correct the data for demagnetizing fiélflany) in this  aggregates can form. In the magnetorheological experiments
paper, one can keep El) formally unchanged but bear in the magnetic fluid serves mainly as the continuous fluid ma-
mind that the magnetic field involved is the corrected field,trix which determines the moment given by Eq.(1).
throughout in this paper. Based on Efy), the “magnetiza- Physical properties of magnetic fluid§he magnetic
tion” of the hole can be defined &4,,=m/V and its suscep- properties of MF were studied experimentally, among others,
tibility as x,=M/H,. The orientation of the induced mag- by Ras et al. [20]. Several models for particle interactions
netic moment of the hole, opposite to the external field, anc&nd aggregate formation taken from literature are also pre-
the high value of its susceptibilitjof the order of ferrofluid sented and discussed in the same paper. Physically, the mag-
susceptibility resulted in the term cipparent superdiamag- netic moments of single domain particles, randomly oriented
netismfor the particles immersed in a magnetic fluid. Thus,due to the Brownian motion, tend to align to the external
their intrinsic magnetic properties are irrelevant in this cir-field, but thisorientation processs influenced by particle
cumstance. interactions. One of the models for interacting particles,
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which gave good results in several cases, is the thermody- L(&)
namic perturbation theor¢TPT) [21,22. Besides the equa- (1-®g)ey +Pg 8|i+2(8i—8|i)—§ )
tion for magnetization it yields the effective field inside the £33= o TGN (7)
ferrofluid: (1-Dg)+ — s’+2(si—s’)—)
1 dM o ¢
L
Het=Hat 3M+ 77M LaH, (3 inwhiche, is the real scalar permittivity of solvent, is the

complex permittivity of magnetiteb, is the volume fraction

whereM, is the ideal(Langevin magnetization of the sys- Of magnetic particles](§)=coth{—1/¢ is the Langevin
tem (as if there were no particle interactiond\ggregation ~ function, e{ =e;e,/[e1+(s,—e1)n, ] and g{=e1e,/[&;
occurs if the dipole-dipole interaction energy of particles is+(s,—e1)n]. n, | are the depolarization coefficients per-
larger than the thermal energy; it strongly depends on th@endicular and parallel to the anisotropy axes of spheroidal
ferrofluid type, resulting in a large variety of clusters from identical particles, respectively. For more concentrated
short chains of a few particles to very large agglomerationsamples, replacing of the external field with an effective field
of millions of particles. Thus, the few existing models havewas proved to give very good result87]. Following Ref.
only a very limited area of validity. [26], the birefringencgactually the phase lag between the
The magnetorheological effect in a stable MF is deter-ordinary and extraordinary waves given by
mined by the same orientational and agglomeration pro-
cesses, but an additional observation is necessary: only
Brownian particles(which rotate together with their mag-
netic moment relative to the solvemontribute to the orien-
tation mechanism. For low concentratiofregligible inter- ~ wherel is the thickness of the sample ang is the wave-
actions and aggregajeshe Shliomis model predic{23] length in vacuum. In the dilute limit, the birefringence is
proportional to[27]

2l
0=)\—:[\/Re(833)— JRe(e 1)1, ®

3 é—tanhé
n1(Ha) = 7¢(0){ 1+ Eq)or]msmzﬁ .4 3L
where 7;(0) is the viscosity of the magnetic fluid in zero o No ' ©)

field, ®qy, is the hydrodynamic volume fraction of the mag-

netic particles8 is the angle between the external fitedg  exactly the same relation being valid for dichroig8],

and vorticity, andé = uomy,H,/(KT) is the Langevin param- which is defined as the difference between the imaginary
eter. ug is the magnetic permeability of vacuum,, is the  parts of the refractive indeces of extraordinary and ordinary
magnetic moment of a magnetic particlejs Boltzmann's  waves, respectively.

constant andl is the absolute temperature. This model can

be improved24] by taking into account the lognormal size Il. EXPERIMENTAL DETAILS

distribution of particles:

A. Samples
In2—~ The magnetic fluig prepared by D. Bicd29], contains
Dy magnetite particles, covered with purified oleic acid and dis-
f(x)= XS\/ZGXIO TR (3 persed in cyclohexane.

Powders ofsilica particles, coated with stearyl alcohol as

wherex is the diameter of particle®), is defined by ID, ~ described in Refi30], were redispersed in cyclohexane.
—(Inx), andSis defined as the mean deviation oflfrom Gibbsite[ AI(OH) 5] platelets, dispersed initially in water
its mean value. according to Ref[31], were covered with modified poly-
Magneto-optical properties of MF are determined by thelSOPutene(PIB) provided by Shellcode SAP 230) and re-
same processes of Brownian orientation and agglomeratiows’persed in cyclohexane, following the method described in
of magnetic particles, but in this case the important aspect igef. [31]. ) ) . . .
the deviation from the spherical shape of particles or of their COmmerciala-aluminapowder(Sumitomg was first dis-
clusters. Models of particle orientation and chaining and exPersed in demi-water under stirring and sonication and left
perimental data are presented, for example, in Ha@25.  fof hydration 24 h. Then, the same methi&l] used for
For the case of diluted samples, an orientation model due t8iPPsite platelets was employed to irreversibly graft the sur-
Ras [26] gives the dielectric tensor of a magnetized ferrof-face of the particles with PIB and to redisperse them in cy-

luid. The diagonal components are clohexane. Gravitational sedimentation was used to remove
aggregates while centrifugation was used to remove the ex-
L(&) cess of polymer by repeatedly replacing the supernatant with
(1-®g)e+ Dy ei+(si—ei)T) pure solvent.
£11= €= , (6) The inverse .magpetic quiqlwere p_repareq in two ways:
(1- Do)+ % e +(ef—c! )ﬁ) (1) the magnetic fluid was simply mixed with the nonmag-
7T g, |7 =g netic dispersion benefitting from the use of the same solvent

031402-3



RASA, PHILIPSE, AND JAMON PHYSICAL REVIEW E68, 031402 (2003

and the same type of stabilizatidthe steric ongin all sensitivity and varied between 0.2 and 0.4 mm. Magnetite
samples and2) the nonmagnetic particles were dried andparticles were transfered to decaline to prevent evaporation
then redispersed in the magnetic fluid as described in thduring depositing the layer of the magnetic fluid on the in-

following subsectior(item susceptibility measuremeints ferior plate. The inverse ferrofluids were prepared as for sus-
ceptibility measurements but using decaline-based magnetic
B. Experimental techniques and details fluids. The maximum field in vacuum between the two plates

is 0.43 T. The reproducibility was dependent on the shear

Atomic force microscopy (AFM)A multimode AFM
(Nanoscope llla, Digital Instrumentsias used to image the rate values. In most cases the measurements were not repro-
' ducible at low shear ratdglue to the irreversible microstruc-

magnetic and nonmagnetic colloidal particles. Particles fron%

very diluted dispersions were spread on a freshl cleaveéJral changes determined by the shear jldwit the repro-
Y P P y ucibility was good at higher shear ratésbove 50 s1).

mica substrate, which was spun until the sample dried. Th% . : '
) . . . . Consequently, the sample, which was left in the external field
obtained specimen was scanned with standard silicon tips

(TESP, Digital Instrumenjsin tapping modd32]. eénough time(approximately 10 minbefore measuring the
Opt;cal microscopy Zeiss Axiolab microscope with an magnetoviscous effect, was replaced before a new measure-

o ST ment was performed.
100X objective was used to image situ structures of par- . . o : .
. : : . . : Linear static magnetobirefringence and dichroisnea-
ticles in the ferrofluid and inverse ferrofluids. VitroCom . .
(glass flat capillaries, with an optical path of 0.05 mm, were surements were done with a null ellipsometry setup, de-
9 P ' P P ' ' cribed, together with the determination of birefringence and

used as optical cells. The maximum uniform magnetic field. ) ;
was B=0.1 T. The images were acquired with a CCD dichroism, in Refs[33,34]. The laser beam passes through a

thin layer of fluid and the polarizers are rotated until the

camera. ) ) : L

Susceptibility measurementgere done with a KLY-3S a'mphtud'e of the first *.‘ar”.‘O”'C of the mopulatgd light inten-
Kappabridge susceptometéhGICO). The applied field is 5|t'y vanishes. The pwefrmgence and dlchr0|sm are Qeter-
300 A/m at a frequency of 875 Hz. The volume fraction n_uned from the rotation angles of th_e _polanzers. The disper-
dependence of susceptibility of silica inverse ferrofluids wasSions were prepared as for susceptibility measurements. The
measured. Silica particlegén different amountswere dried ~ Solvents were cyclohexane and decaline. For cyclohexane
and redispersed in the magnetic fluid. The system was altePased samples we used flat capillary gladroCom) com-
nately stirred(a couple of hounsand sonicated5—20 min pletely filled and sealed with glue, while for decaline-based
until a homogeneous mixture was obtained. The volumeamples we used detachable glass plates. The optical path
fraction of silica in each sample was determined from denwas in both cases 0.1 mm and the wavelength
sity and mass measurements. The susceptibility was mea=820 nm. In the case of birefringence the accuracy is 1°,
sured at constant temperature ¢22.2 °C) using a thin cyl- while the reproducibility is about 2.5% in the case of using
inder completely filled and sealed, oriented parallel to thecapillaries.
field. The measured accuracy was 0.05% and the measured Other techniquesDensities were accurately measured
reproducibility was 0.3%. Data were corrected for the smallith a DMA 5000 Anton Paar densimeter and sedimentation

demagnetizing field. was performed with a L-60 Beckman ultracentrifuge.
Magnetization measurementere performed with an Al-

ternating Gradient MagnetometéhGM) (Micromag 2900, IIl. RESULTS AND DISCUSSIONS

Princeton Measurements he sample holder was a very thin

flat capillary glass, placed with the narrow section perpen- A. Characterization of particles and dispersions

dicular to the magnetic field. In this case, the demagnetizing

’ ; o Magnetic fluid.Particle analysis in magnetic fluids was
field is completely negligible. gnetic Tl ! ySIS | ghetc Tuids w

o . . . done by using magnetization curves and AFM pictures. The
Static light scattering (SLSyas used for size determina- magnetization curve of a very dilute sample allows the de-

tion of nonmagnetic particles. Very dilute dust free S"’Imple'q‘termination of the mean magnetic diameter of magnetite par-
were measured for this purpose by using a FICA 50 setup

The wavelength of the incident linearly polarized light was 1¢/€S(Dm» and standard deviatiom, according to Eqs(13)
No=436 nm. a!nd (14 derlyed anq presented in RdR4]. The physical
Dynamic light scattering (DLSwas performed with a dlameter(D} is obtained after qddlng thg thickness of the
home made setup using a Malvern 7032 CE correldtag ~ honmagnetic layer of the particles, which for magnetite
channelson the same samples designed for SLS. The wavedanoparticles is 1.7 nii2]. The AFM pictures allow to de-
length of the incident linearly polarized light was 647.1 nm.termine the mean lateral diameter and mean height of par-
Rheological and magnetorheological measuremevese ticIes(hApM). Since the first is strongly overestimated due to
done with a Physica MCR 300 rheomefénton Paay. In the tip convolutior{32], only the latter can be reliable. How-
zero magnetic field, the cone-plate CP-50 1 geometry wasver, we observed that the underestimatiofigf-y), is not
preferred because we could perform measurements at lowenly due to the small deviation from the spherical shape of
shear rates. The commercial magnetorheological cell PP 2@he particled32], but also because of the tip-substrate inter-
MR, which is a plate-plate measuring system, was used taction, being also influenced by the scanning parameters
obtain flow curves at different values of the applied field. (like amplitude setpoint and drive frequencihis explains
The distance between the plates was adjusted to optimize thiee difference in the values obtained and presented in Table I.
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TABLE I. Magnetite, silica, and gibbsite particle analysis.

PHYSICAL REVIEW E68, 031402 (2003

Particle (D) o (Dsie) OsiLs Dsis Dpis (haem) (Darm)
(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

The stock magnetic fluid we used here exhibits aggregates Gibbsite plates.The mean diameter of gibbsite plates
observed even with the optical microscope. Previous investDg s and standard deviatiotrg 5 were determined from
tigations on similar magnetic fluids, but based on nonevapoSLS after a good fi{Fig. 1), by using the form factor for
rating solvents[20], showed very short chainémostly  very thin diskg/37] and the lognormal size distribution. The
dimers and trimepsand important particle interactions above mean diameter was also determined from AFM measure-
volume fractions of 1%. The presence of aggregates in thenents,(Dry) (tip convolution in this case is negligible
stock sample we used in this paper might be a result of32]), together with the mean heighlary,) (Table ).
cluster formation on the bottle walls due to the fast- Commercial@-alumina particleshave a mean physical
evaporating cyclohexane solvefihe sample was prepared diameter of 400 nm but the AFM and TEM pictures show a
two years agp These clusters behave like centers of nucle-higher polydispersity in size and shape than in the case of
ation for reversible thick chain formation in external field, assilica particles.
observed by optical microscopy. Inverse magnetic fluidsThe mixtures of the magnetic

Silica particles.The mean diameter of silica particles was fluid with nonmagnetic colloids showed a remarkable stabil-
determined from SLS measurements from the first minimunity. Eye inspection was completed with optical microscopy
(DsLg) of the scattered intensity profile. The fit of the scat- observation, AFM pictures of diluted mixtures, and magne-
tered intensity, done by using the form factor for spherical
particles [35] and lognormal size distributiofEq. (5)],
failed, indicating the presence of some aggregétes pres-
ence of impurities is not excluded tbd’he mean height of
particles was determined from AFM pictures and the hydro-
dynamic diameteDp, 5 from DLS measurements. They are
in fairly good agreement: the hydrodynamic diameter is al-
ways larger than the SLS diameter while both of them are
larger in this case than the AFM height mainly because of the
presence of aggregates. The results are also presented in ¢
Table I. The second cumulant analy$86], tried on DLS
data, failed, indicating a polydispersity significantly larger
than 5%. This confirms the aggregate presence.
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=0.61 L0.6
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0.4 to.4
0.3 F0.3
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0.5 1.5 25 35
K (107 m-1)
FIG. 1. Fitted relative scattered intensity vsK

=(4m/\g)sin(A/2), wheref is the scattering angle. The measured

intensities are normalized Hy;,, which is the scattered intensity at FIG. 2. Optical microscopy image (18075 uwm) of alumina
the smallest measured angle (30°). Fit residual bars are plotteidverse magnetic fluid in zero fiel@) and in a 0.1 T external field
above. (b). The ferrofluid contains 10% vol magnetite particles.
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FIG. 3. Reduced magnetization curves for inverse and pure

magnetic fluids. FIG. 5. Susceptibility of silica inverse magnetic fluids vs vol-

ume fractiond of silica. The top scale is relative to the volume

o fraction ®=0.3 considered unity. Equatiori46) and (20) are re-
tization measurements, done for the samples that were mefired to as the linear and effective models, respectively.

sured in Sec. Il C.

Optical microscopy showed homogeneous dispersions i@fter dispersing nonmagnetic particles: reduced magnetiza-
all cases. In the case of ferrofluids and platelets inverse fetion curves stay superimposed.
rofluids, visible features appeared only in the presence of a AFM pictures(an example for the plates inverse ferrofluid
magnetic field, because of aggregation of magnetic particless given in Fig. 4 show a high degree of dispersion of non-
No visible aggregates of plates could be observed. In thenagnetic particles among magnetite colloids. However, it
case of silica and alumina inverse ferrofluids, the imagesvas difficult to obtain good AFM images because of aggre-
were similar. The image in zero field is different from the gation of particles on the mica substrate due to capillary
ferrofluid image and the applied field induces larger aggreforces, which act on the particles during drying of the thin
gates than those observed in the ferrofluid due to magnetigyer of colloid, and result mainly in two-dimensional cluster
hole chaining(Fig. 2). formation.

Magnetization curves(Fig. 3) measured with AGM
showed no microstructural changes in the magnetic phase g |nitial susceptibility of silica inverse magnetic fluids

The initial susceptibility of silica inverse ferrofluids ver-
sus volume fraction of silica, measured as described in Sec.
II B, is presented in Fig. 5. The “dilution” formuldEg. (2)],
now written for susceptibilities, is not in good agreement
with the data, and this is because the field in the silica par-
ticles, not aggregated at such a small external field, is differ-
ent from the applied field. In order to calculate the suscepti-
2.00  pility of silica IMF we considered the magnetic fluid a
continuous medium with the initial susceptibility;;, in
which silica spheres are dispersed. The definition of the ef-
fective permittivity of a mixture given in Ref38] is rewrit-
ten here for magnetostatics as

1.00 (B)=ter(H), (10)

where, for example,

3.00

1
(=¥

J HldV-i—f H2dV) (12
Vi VM

0 ] 1.00 2_00 ' 2.00 is the field strength averaged over volumésmuch larger
than the volume of a silica particléghe same for th® field).
Index 1 corresponds to the magnetic fluid matrix of volume
FIG. 4. AFM height image of gibbsite platelets dispersed in aV and index 2 corresponds to silica particles of total volume
magnetic fluid. The smaller features are the magnetite particles. Vyu, SO thatV,=V;+Vyu. For spheres and in the more

M
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general case of ellipsoids, the field inside particles is uni- At higher volume fractions of holes, we may replace the

form. The demagnetizing factor of a magnetic hole in theapplied fieldH, that acts on the magnetic particles in the

direction of the field is denoted . If the volume fraction  ferrofluid with an effective fieldH .« determined by the po-

& of nonmagnetic particles is very low, then the mean fielddarized silica spheres. It can be perturbatively introduced, as

can be easily written as follows: it was done for pure ferrofluids by Ivand22] [Eq. (3)],
because of the very weak dipole-dipole interaction energy of
(H)=(1-®)H;+PH,, (12 magnetic holes in comparison with the thermal energy. In the
first order,
(BY=(1-®)B;+ ®B,. (13
Heﬁ:Ha+%MNM1 (17)

At very low @, the field in the ferrofluid idH;=H,. Then,
B;=H,+M; whereM,= xi;H, is the magnetization of the but now My is the magnetization of the magnetic hole
ferrofiuid at low fields. The fieldH, inside a magnetic hole is subsystem. The factor 1/3 changes if magnetic holes with

given by various shapes would be dispersed or if the spheres are ag-
gregated. Because their magnetic moments are always paral-
1t 14 lel (but oppositely orientedto the external magnetic field,
2 1+ xi—Nyie (19 we have
and can be easily obtained from the expression of the electric Mym=PMp, (18)

field inside a dielectric ellipsoid in an external fig]@9], ) ) o ) )
replacing the electrical permittivity by &/ where is the ~ WhereMy, is the (virtual) magnetization of one particle, i.e.,
magnetic permeability =1+ x). This is because of the Mn=m/V, with mgiven by

fact that in our case we deal with a hole in a polarized me-

dium and the replaced permittivity must be inverfed]. m= — Xif VH (19)
Taking into account that in a hoB,=H,, one obtains 1+ xi (1-N) %
D(1+ xi) Xif which is a generalization of Eq1) for ellipsoids. Following
Xeft = Xit = 1y — i (1—D)N” (15 the same procedure as for Isly, we obtain for the effective

initial susceptibility,
It is correct to linearize this equation since it is valid at low

[ D(1+ xi) xis
® only. One obtains Yet= Xif— it)Xi

1 :
(1+Xxir) T+ xi = Xif (1= @IN =5 (1= ) Dy
Xeft=Xif| 1~ m@ (16)

(20

in agreement with Ref{38]. We can see that a “dilution” A very good agreement with data can be seen in Fig. 5.
formula[ xes= xis(1— ®)] is obtained only for long rods, if At higher fields aggregates form. They will reduce the
the external field is strong enough for keeping them alignedyalue ofN down to 0. At quasisaturation, the applied field is
thenN—0. In our caseN should be close to 1/3 because of also much higher than that produced by the holes, so that the
the practically monodispersin shape silica spheres. At 300 magnetization of the inverse ferrofluid is simply reduced by
A/m, the dipole-dipole energy between two silica spheres ighe factor I-®, as it was found in Refl14]. This fact is
much smaller than the thermal ener@ieir ratio is 0.00% useful for estimating the volume fraction of nonmagnetic
so we do not expect aggregat@sduced by the fieldwhich particles from the saturation magnetization.

would modify the value olN. The possible anisotropic ag-

gregates present in the system may influence the valie of C. Flow curves of inverse magnetic fluids

only if their volume is large enough to be aligned by the . i . .
weak magnetic field. The flow curves in zero fieldf the magnetic fluidthe

We can see from Fig. 5 that the data points are in Venyolume.fracti.on of magnetite wab,=10%), silica if“’efse

good agreement with Eq16) at low and even medium vol- magnetic fluids ¢=2.5% and 10% and plates inverse
. . ¥ . . i i = 0, i i

ume fractions, while at high volume fractions there is a smalfnagnetic fImds fi@'dZISA)) a:je preser;ted In F'.g' f6. T”heh
deviation. This is because of the field produced by the silicgdMe m.agnet|cd_U|d yvashgse asa S%V?I_nht matrix for aﬂt .g
particles. The top scale in this figure was obtained after makEOMPOSites stu 1ed in this paragrapn. the magnetic flul
ing some successive dilutions from the sample with showed a Newtonian behavior in the range of shear rates
=0.3, considered with a relative volume fraction equal to€ (2,10 ™%, at which we had enough sensitivity to mea-
unity. It was used to fit the low fraction data points with Eq. Sure. This behavior is consistent with the assumption that in
(16) and to determine the volume fraction of the silica Z€ro field the clusters are small. The silica 2.5% inverse mag-
spheres in the original silica dispersion. Assumhig 1/3, netic fluid is non-Newtonian at low shear rates, but for
we obtainedP,=12.26%, which is very close to the value between 200 and £ ! is also Newtonian. The transla-
12.30%, determined from density and mass measurementstional Peclet number
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20 o Magnetic Fluid (MF) break!ng, fI_ow-_induced origntation may now further degrease
] a —8— MF + Silica 2.5% the viscosity if the rotational Peclet number for single
A —A— MF + Silica 10%
184 X —v— MF + Plates 2.5% platelets,
1 v,
16 .
18] M o 327]0R3,y
o 14-. P =TT (22
=121 m

is significantly larger than 1. HeiR is the radius of the disk.
A .

AA-AA,LM_AMM_&&M_M_M_A_A_AMFM For y>175 s ! the Peclet number is larger than 1, so that
the orientation of particles contributes to the decrease of vis-
cosity at high shear rates only, while the aggregate disruption
- at low rates. However, because of the larger viscosities in
0 200 400 600 800 1000 comparison to 2.5% silica IMF at high shear rates, flow-
dy/dt (s™) induced prientation does not seem to play an imppr.tant role.
The simplest and frequently used law for describing non-
FIG. 6. Apparent viscosities in the absence of external magnetibNewtonian fluids is the power law:
field vs shear rate.

® o
F J>/

6 1 emmmTooonoo-0-0-0-0-0-0—0—0—0—0—0——0——~0

r=my", (23)
7]0R3.7
KT

pd= (21) where 7 is the shear stress amd and n are fit parameters.
The fit to the data for the non-Newtonian systems is good for
medium shear ratesnore details in the following paragraph
but it was not satisfactory at low rates. In addition, the in-
verse ferrofluids measured in this paper become or tend to

fluid in our cas¢ and R is the radius of the spheres, is b . -

_ - - ecome Newtonian, thus a better agreement with the data
slightly larger than 1 only ify>120 s ~. At these values, \yas found if we consider the following function:
however, the shear thinning is negligible. Since the concen-

tration of silica is relatively low for particle interactions, we
consider that the shear thinning behavior at low shear rates is
mainly determined by the silica clusters that are disrupted bm

the shear flow, decreasing the viscosity towards its Newton-.hICh desc.rlbes. expllmtly the assympiotic Neyvtoman re-
ian limit. The presence of some silica aggregdthks to van gime and yields its viscosityy.. A be';ter descrlptlo_n in the
der Waals interactionsn zero field is in agreement with the low rate range was obtalr.1ed. The disadvantage is the larger
observations based on the SLS and DLS measurements. mber of fit parameters; nevertheless, the value.pfior
o it . . )

addition, redispersion of dried particles may leave more ag: '5./0 S|I|catll\/]I(Ftr|]s Vf?ry close t_‘l)_ tglat ﬁbtined f(;op: ihetrl:lew
gregates behind while the sample concentration is highetron'an par' 0 .e OW curveTable i) 9_90 't 1o i €
than in the case of light scattering measurements. The vigPparent viscositydefined asr/y) of 10% silica IMF with
cosities (7) determined by linear fitfor 2.5% silica IMF  the apparent viscosity given by EQ4) is shown in Fig. 7.
from the linear part onlyare found in Table IL. The flow curves in a magnetic fieldere measured with

The 10% silica IMF is non-Newtonian in the whole range the magnetorheological cell. Built for magnetorheological
measured, suggesting a higher concentration of aggregatfyids [40], it also appears useful for measuring magnetic
and significant interactions between silica particles in thisfluids and their composites. The only drawback is the lack of
more concentrated system. The 2.5% plates IMF is also norfensitivity at low shear rates for magnetic fluids and dilute
Newtonian, showing larger apparent viscosities than théhverse magnetic fluidéwe could not measure them below
2.5% silica IMF. In zero field, unlike the previous samples, it80—100 7). On the contrary, in the case of 10% silica IMF
was measured with the magnetorheological cell, thus wave could measure in the whole possible range of shear rates,
could not go to lower shear rates. In addition to aggregatese., ye (10 2,10°) s 1.

where 7, is the viscosity of the carrier liqui¢the magnetic

T= m'y”+ Neo -7, (29

TABLE II. Viscosity % of the Newtonian sample or determined from the Newtonian region at high shear
rates and the viscosity at high shear raigsof inverse magnetic fluids, in the absence and presence of a
magnetic fieldH.

Sample 7 (H=0) 7. (H=0) 7 (H=313 KA/Im) 7. (H=63.7 kA/m)
(mPas (mPas (mPas (mPas
1. Magnetic fluid 5.831.0x10°° 8.17+2.0x 1072
2. MF+silica 2.5%  6.2%6.9x10°% 6.23+9.0x10°° 7.16+8.5x 1072
3. MF+silica 10% 7.86:4.9X10 2 8.78+0.26
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204 100000 —0— Data (H=63.7 kA/m)
g 1 . ] Fit with eq.(24)
&5 a 10000 + - - - - Power law fit
16 % —e— Data (H=0)
- ] DEE\?(]DED '&; 1000’ Uy
$ 141 y, &
E £ 100,
= 12+ =
10 10, "':':--.
8- ] N
T T T T 1 -!
10° 10’ 10 10° PR

-1
dy/dt (s™) dyldt (3-1)
FIG. 7. Fit with the apparent viscosity given by HG4) to the

. . A . FIG. 9. Fitted apparent viscosity of the 10% silica inverse mag-
measured apparent viscosity of 10% silica inverse ferrofluid, as a .. - )
. netic fluid in the presence of a field of 63.7 kA/m, vs shear rate.
function of shear rate.

Apparent viscosity in zero field is shown for comparison.

The magnetic fluid exhibited a magnetorheological effect . . . .

of 40% according to Fig. 8, where the viscosity at the maxi-Plates(in m), andu, =1+ y is the relative magnetic perme-
mum field (313 kA/m) was plotted together with the viscos- ability of the sample._ The field s_t_ren_gth is given by

ity in zero field. In the measured range it remained Newton-~ B/(#ox). The relative permeability is constant at very
ian. The Shliomis mode[Eq. (4)] cannot be applied to low fields .0|_1lly. At high f|_el_d_s it tends to 1. Since our samples
estimate the particle orientation contribution to the magnetoP@ve an initial susceptibility close to 1, we will make an
viscous effect because of the large aggregate formation in tHe/TOr Pelow 6%(decreasing to zero with the figlidf we use
presence of the field. We observed however that, in the shedf€ rélative permeability of vacuum in E@S). The demag-
rate range in which we could measure, it gives a good esti1€tizing field was not taken into account in Eg5), so that
mation of the order of magnitude of the effect, probablyHa=—NM must be subtracted from the applied field. The
because the aggregates are significantly reduced in size [{gmagnetizing factoN is practically 1 ancdM (the magneti-
the shear flow. But the study of how this model works is notZation of the sampleis obtained from the interpolation of

our goal in this paper. the magnetization curve for the applied field value in air.
The magnetic flux density in the sample can be calculated NiS final value is mentioned in this paper.
by using the following equatiof40]; The viscosity of silica IMFs is strongly affected by the

magnetic field. As an example, the flow curve for 10% silica
IMF at 63.7 kA/m is shown in Fig. 9. The chains formed by
B=7.539% 10_40 0035 d(1- 1/ [Tl (29  the magnetic holegue to dipole-dipole interactionsignifi-

' ' cantly modify the viscosity of the sample, which exhibits a
wherel is the current intensityin A) through the coil which ~ shear thinning effect due to chain disruption. The effect was
produces the magnetic field, is the gap between the cell observed for 2.5% silica IMF too, but it was measured with

much lower accuracy in the low rate region, because of the

91 smaller viscosities achieved. The fit to the data of Fig. 9 with
] . 0 0009 , Sevaqtee Eq. (24) was better than with the power law. However, Eq.
8': et ittt (2q4) does not describe accuratel)l? the flow curve over t%e
7] entire range ofy.
@ ] The 2.5% plates IMF, in the presence of the external field,
o 6-: JW%W@M has lower viscosities in the low rate region in comparison to
£ 5] 2.5% silica IMF, which made the measurements below
L 50 s ! impossible(Fig. 10. At high shear rates the apparent
4 viscosity was larger. In addition to the contribution of the
] magnetic fluid matrix to the effect, aggregate formation,
3 —0—H=0 . .. .
] —e— H=313 KA/m smaller than in the case of silica IMK8aot observed opti-
2] . . : : : cally) but more anisometric, can explain the experimental
0 200 400 600 800 1000 facts. At high fields, not only the magnetoviscous effect was
chidt (s”) larger than that of the pure magnetic fluid but also the non-

Newtonian behavior was more pronounced. The orientation
FIG. 8. Viscosity of the pure magnetic fluid with a volume frac- Of plates by the magnetic fieltparallel to the fielg, if it
tion of magnetite of 10% in the absence and in the presence of aAccurs, may also increase the viscosity while the flow-
external magnetic field vs shear rate. induced orientatioriwhich tends to allign plates perpendicu-
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34 204
32 X —a—H=0 —lTE
\ —e— H=0.50 kA/m 1 a2
30 XXXX —&—H=2.16 kA/Im 154 ,A/Aéfe,//e/'
28 5 —v— H=9.82 kAIm Vo
S f el
oo, —#—H=30.9 kA/m ] yrzoa
= 263 o —X—H=313 kA/m _ %3}/
© 24 & XX&XM g 104 A/gz/
a - % Sk © /A
£ 21 Sttt =
pud L N =—A— Magnetic fluid (MF)
20 51 —e— MF + Silica 0.5%
o —A— MF + Silica 2.5%
3 —v— MF + Silica 10%
164 0
141 . . : s ' : ' \ '
o 200 200 600 800 1000 0 200 400 600 800 1000

dyldt (s”) H (Ce)

FIG. 10. Apparent viscosity of the 2.5% plates inverse magnetic_,. FIG. 12. B_lref_rlngence of S.'hca inverse magr_letlc_flwds VS ap-
. - o plied magnetic field. A decaline-based ferrofluid with a volume
fluid for different external magnetic fields vs shear rate.

fraction of magnetite of 2% was used in this case.

lar to the external fiel[dcan contribute to the shear thinning )

at high rates only. Taking into account the behavior in zeror/ 7=(1/n)y, which led ton=0.81, close to the value ob-
field, where shear thinning was mainly due to aggregate distained by fitting of7— y curve with Eq.(23) (n=0.86).
ruption, we consider that this is the dominant effect in the Hexagonal plates IMF have not been prepared until now,
presence of magnetic fields too. More concisely, the prebut flow curves of similar silica inverse ferrofluids, in the
formed clustergobserved in zero fieldserve as nuclei for presence of magnetic field only, were previously reported in
chaining, behaving as magnetic holes; we may not concludRef. [14]. However we measured a magnetoviscous effect
that the same thing is valid for single plates neither from theeven for the magnetic fluid matrix, while in R¢fL4], it was
data nor phenomenologically, because of their too small volnot measurable and we found a non-Newtonian behavior in
ume and thickness. That is why the field orientation of parzero field. Even though the magnetoviscous effect of the
ticles is also considered not significant. For plates IMF, the10% silica IMF has the same order of magnitude as in our
power law describes well the data for this narrow range,of measurements, the derivative of Eg4) describes our data
too narrow for a three-parameter fit with £84), which was  less accurate at higher shear rates than in Reff, with a
unsuccesful. To show the validity of the power law in this value of —0.92 for the exponent of.

region, we calculated numerically the ratig/, which For the case of 10% silica IMF, we could fit the data
should vary linearly withy if Eq. (23) is valid. The measured presented in Fig. 9 at very low shear rates only
shear stress was smoothed and divided by the numerical§0.015-0.035 s') with the Bingham modelr= o+ 757,
calculated derivative of the original shear stress—shear raigherer, is the yield stress. A value of 0.59 Pa for the yield
curve (actual viscosity. The result is presented in Fig. 11 stress was found. In the other cases the low shear rate region
(H=313 kA/m) together with the linear fit with the equation was not accessible.

14005 D. Magneto-optical properties of inverse magnetic fluids
1200 First, measurements were done on silica and plates in-
1000 verse ferrofluids. The ferrofluid matrices were based on cy-
] clohexane and decaline. The ferrofluid based on decaline has
% 8007 a 2% volume fraction of magnetit@iluted in order to im-
;E 600_5 prove t_he tr_ansmission through fthe sample an_d to make pos-
] sible dichroism measuremehishile the ferrofluid based on
400-f cyclohexane, a volume fraction of 5.7%. Alumina particles
] were dispersed in a different magnetic fluiec4.5% vo)
200 O Processed data prepared by D. Bica; it is the TR30 based sample described
0 and studied in Ref.20], and contains very small aggregates.
] : : : : : In the last case, the magnetic particles were redispersed in
0 200 400 600 800 1000 decaline. The samples were prepared as for susceptibility
dyldt (s™) measurements.

Only low volume fraction dispersions are analyzed. In
FIG. 11. Ratio of shear stress to actual viscosity, numericallythis case, the magnetic field produced by the holes affects
obtained from the measured shear stress—shear rate curve, for 2.5%gligibly the magnetic fluid matrix and its magneto-optical
plates inverse magnetic fluid vs shear rate=313 kA/m). properties.
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FIG. 13. Birefringence of plates inverse magnetic fluids vs ap- &
plied magnetic field. A cyclohexane-based ferrofluid with a volume
fraction of magnetite of 5.7% was used for these samples.

Magnetobirefringenceneasurements of silica inverse fer-
rofluids are presented in Fig. 12 and of gibbsite plates in-
verse ferrofluids in Fig. 13. The carrier liquids of MF were
decaline(index of refractionn=1.4810) and cyclohexane
(n=1.4266), respectively. Similar results were obtained for
the case of silica particles in cyclohexane-based magnetic
fluid. The increase in birefringence, because of silica chain
formation and cluster formation/orientation of plates, respec- @

tively, was not observed. _ _ FIG. 14. Difference in birefringence of an inverse magnetic fluid

_We try to analyze the experimental facts below, first for;ny magnetic fluid matrix vs depolarization facter(d=0.5%)
silica dispersions. By dispersing silica sphefes general  anq volume fractiond of nonmagnetic particles, calculated using
nonmagnetic particles we dilute the strongly birefringent gqs. (8), (26), and (27). The value of the nonmagnetic particle
ferrofluid. The volume fraction of magnetite particles in the permittivity was 3.115the permittivity for aluminaand the value
inverse ferrofluids becomeB|=®y(1— ). of the ferrofluid permittivity was 2.119.

The relative permittivity of silica to that of the ferrofluid

matrix also influences the effect. This may come out if a
similar approach as in Sec. Il B is employed to calculate the.:820 nm), th.e abc_)ve mpdel does not wavke cannot de-
effective permittivity of the inverse ferrofluid. Starting from fine an effective dielectric tensprso it could be that the

" ; i i in birefringence does not take place.

the definition of effective permittivity{ Eq. (10)], we ob- Increase in ; S
tained for very low silica volume fractions, Within the frame of Rayleigh approximation, Eq26)
and (27) show that, depending on the values(df) and®,

D(es—eq)eg the birefringence of the inversg ferrof_lu[d can b'e smaller or
er+ (a—eq(N)’ (26) larger than that of the ferrofluid matri¢Fig. 14); if aggre-

fl s gates oriented perpendicular to the magnetic field, the bire-
fringence of the inverse ferrofluid would never be larger than
that of the ferrofluid. However, even though long aggregates
parallel to the magnetic field form, their effect upon birefrin-
gence may not be observed if the permittivity of silica is very
close to that of the ferrofluidFig. 15.
Directions||,L are again relative to the direction of the ap-  For decaline-based sampl¢Big. 12, the particularity
plied magnetic fieldg is the permittivity of silica, andN)  was the lower concentration of magnetite in the ferrofluid
is the mean depolarizing factor of chaif@mean value must matrix in comparison with the silica IMFs studied in Sec.
be taken because of chain polydispersifychange in nota- Il C, Fig. 9, which exhibited large silica chains, also con-
tions occurred, to make equations cleaegy:is the quantity ~ firmed by optical microscopy. A 1:1 dilution with decaline of
given by Eq.(7) ande;, by Eq.(6). The birefringence can the sample mentionetbriginally 10% magnetite ferrofluid
be calculated by using E¢8). This model is correct whithin  containing 10% dispersed silicadid not affect the optical
the Rayleigh approximation on)y.e.,D<\,. Our attemptto  microscopy image in the presence of the same magnetic field
measure in infrared region failed because the transmissidithe image was similar to that of Fig(t8], but a 1:3 dilution
was not good enough in our setiprobably due to a too with decaline of the same samp{the obtained sample is
weak laser. At the wavelength we measured\y similar to that measured hgrexhibited no visible magnetic

A8 (Deg)
3

Eeff| = &1

D(es—er)ers
Eeffl =&fL T : 1-(N) (27

e+ (es—epy) 2_
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-0.354 Larger wavelengths must be tried.

In the case of plateletssmaller than silica spheres and
very thin), the small increase observed for the 0.5% sample
-0.356 is of the order of experimental reproducibility and thus not
interpretable. The permittivity of gibbsite particles is larger

-0.355

? -0.357 - e s . . .
] than that of silica(the average permittivity of gibbsite is,
g 0.38 =2.484), but the structures are small@ot observed by
0.3 optical microscopy, observed in magnetorheological mea-
surements but for a more concentrated ferrofluid matrix
036 Orientation of platelets seems not to play any role in these
0.3 samples at these fieldglichroism also decreasgdConse-
0 0.2 0.4 0.6 0.8 quently, the “dilution” of the MF matrix with gibbsite is still
not overcompensated by the anisotropy of the nonmagnetic
FIG. 15. Difference in birefringence of an inverse magnetic fluid phase.

R ) o - Magnetodichroismcan be treated more rigorously. The
and magnetic fluid matrix vs depolarization factor of nonmagnetic . . e )
particles, calculated using Eg$), (26), and(27). The value of the small difference n the permittivities of nonmagnetic par-
nonmagnetic particle permittivity was 2.102he permittivity for ticles and ferrofluid may be reg_arded as an advantage and
silica) and the value of the ferrofluid permittivity was 2.119. The allows one to use the relatively simple Rayleigh-Gans-Debye

volume fraction of nonmagnetic particles was 0.5%. No increase ifRGD) theory of scattering. Extremely small differences
birefringence is predicted. may, however, cause problems.

We have to add two contributionét) the anisotropic ab-
n

hole chains, which was unexpected because the dipole-dipof@rption due to magnetite particlas;,¢, and(2) the aniso-
energy between two magnetic holes for this system at 0.1 ropic scattering due to nonmagnetic particles:

is of the order of 9 kT. For this estimation we used a gener-
alization of Eq.(1) for higher fields. Thus, no additional
anisotropy due to magnetic holes is present in this sample. It
seems that the concentration of the magnetic fluid matrix
affects significantly the structure formation of holes, a phasavherer| , are the turbidity coefficients for parallel and per-
transition being possible. Further studies are necessary fendicular polarization of the incident light relative to the
explain what we observed here, this complex phenomenomagnetic field direction. They are defined by the extinction
being dependent on the magnetic field value, microstructurddw

properties of the magnetic fluid, size of magnetic holes, and

volume fractions of both types of dispersed particles. We can li=loexp(— ), (29)
also conclude that for our systems and at higher fields, Eq. o ) ) )

(1) does not describe correctly the moment of the holes iwvherel, andl, are the incident and transmitted light inten-

n _Mo
Ansca:E(TH_TL)' (28)

our systems. sities through a sample of thickndssespectively. Equation
In the case of cyclohexane-based samples, optical micro$29) is further on equivalent with = loexp(-4mn'ling).
copy shows aggregation of holéhe concentration of mag- (1) We may think of relatingAnz,¢ to the measured di-

netite in this ferrofluid matrix was higherBefore drawing ~chroism of the pure magnetic fluid matrixn{, defined as
the final conclusion, we mention that we observe that whilethe differencenﬂ’—nj of the imaginary components of the
the (negative “dilution” contribution is always present, it is refractive indices for extraordinary and ordinary waves. In
possible in this case that tlipositive) effect due to chaining the case of magnetic fluids, the contribution of absorption to
to be masked by the too small difference in permittivities.magnetodichroism is dominafd1] in comparison with that
The permittivity of silica iseg=2.103, while the determined of scattering due to the small magnetic particledich are
permittivity of the ferrofluid was 2.119, so that the difference Rayleigh scattereyslf large aggregates of magnetic particles
could be small enough to mask the effect of aggreg@dtes  form, scattering also contributes to the dichroism of the mag-
15). Other explanations are also possible here. It is possiblaetic fluid as it was observed, for example, in R&B]. That
that the aggregates formed by the magnetic holes to haveia why we preferred to replace the magnetic fluid matrix
smaller anisotropy than those of the displaced magnetic fluidiescribed in Sec. Ill A with the “aggregate free” magnetic
(we recall that the aggregates in the magnetic fluid are quituid mentioned in the beginning of Sec. IlI D. It also con-
large, being visible with an optical microscop8hus we tains magnetite particles covered with pure oleic acid,
changed the magnetic fluid used until now with the “aggre-but only the presence of dimers and trimers was found
gate free” magnetic fluid, in which alumina particles were significant[20].

dispersed so that the optical contrast is higher. No increase in Speaking only about absorption, the dichroism of the in-
birefringence was observed, even though the sample is awerse magnetic fluids is apparently decreased because of the
isotropic, as it was shown by the optical microscopy. Itdilution of the magnetic fluid with holegactually the de-
seems now that, indeed, the effect is not present at waverease always occytsThe absorption due to holes them-
lengths smaller than the length of the hole structures, eveselves is completely negligible because we used practically
though their thickness is comparable to the wavelengthtransparent particles, like silica and alumina. If the holes are
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not aggregated, we may write at first sighin}, .=(1
—®)Anf, if the magnetic fluid is diluted enough, not aggre-
gated, and particle interactions are negligifiteobeys then

Eqg. (9)]. But if the holes are aggregated into linear chains,
the extraordinary wave is less absorbed than the ordinary
wave.

(2) In this paper we focus, however, on the anisotropic
scattering due to aggregated holes.,, according to the
following comments. Starting from the discussion in the
above paragraph, the significant scattering contribution
comes from the aggregated holes only. They also contribute
to the magnetodichroism of the inverse magnetic fluid by
means of the anisotropic absorptitt the inverse magnetic
ﬂu'd_ scale, b,Ut that an l:"e less important than the anisO+,actorb denotes the direction df;—ko. NotationsE; andE, cor-
tropic scattering contribution. It was showal], for ferro-  e5,0nds to the waves polarized parallel and perpendicular to the
fluids, that if the average volume of aggregatgg, is larger  magnetic field, respectivelfextraordinary and ordinary waves
then )\8, the anisotropic absorption contribution becomes
negligible. The Rayleigh scattering cross section was used in
Ref.[41], but actually large aggregates are not Rayleigh scat- - 2J,(using)]?
terers anymore. In such a case the RGD model is béfter P.(6,¢)= Jyp(v cosB) ———5—
optical contrast is low enoughand it can be obtained if the
Rayleigh scattering equation is multiplied by form and struc-
ture factordsee Eq(30)]. But the termvagg/)\g remains(in
the final equation for the transmission coefficigrand plays . i -
the same ciole. Neglecting the anisotropic absorpti(?n gontri’-’:_kol‘ sm(0/2)_, ar?dﬂ is the angle _between the cylinder
bution still depends on the optical contrast and can be don@X!S and the d|rect|oks— Ko, whereks Is the scattergd wave
at large enough values of contrast, which actually enhance\éeth.’r' For cyllnder§ perpendlcular t@, one obtains(ac-
the scattering. Generally speaking, however, both effect§0rding to the notations in Fig. 16
may be important and useful for applications.

Further on, we discuss only the contribution of the spheri-
cal nonmagnetic particles, which aggregate in the presence
of a magnetic field. The turbidity is given §¢2]

FIG. 16. Experimental configuration for the case of light scat-
tering by aggregated magnetic holes in a magnetic field. The unit

2v cosp using

(31)

whereJ; andJ,,, are Bessel's functiong)=2kyD sin(6/2),

6
cospB= cosz sing. (32

Finally, we obtained for the turbidity coefficients for ordi-

kg o & 2 nary and extraordinary waves,
= _
(477)2p Plesol 5
, kg (I)7TD3 e . sﬁs’f’”f
T ™ i 7 = n -
x fo fo P(0,$)S(0,$)f(0,4)sin0d0de, (30) T am2 e 6 ey ef.
T (2

wherekg is the incident wave vectop, is the particle number X fo fo Pc(6,¢,nc)f) (0, p)singdodd.
density of scatterers/, is the volume of one scatterer,is
the permittivity of the scatteres,,, is the permittivity of the (33

solvent,P is the form factorSis the structure factor, arfds

the cosine of the angle between the polarization directions of the form factor depends onf only (as for spheresthen

the incident and scattered light. The magnetic hole chains, im=7, . The contribution due to shape anisotropy of par-
the presence of a magnetic field, which are the scatterers ficles to dichroism is thus determined by the dependence on
our case, can be modeled as circular cylinders parallel to the only, because the form factor does not depend on polar-
magnetic field direction, with diameted and lengthL  ization. The dependence on magnetic field is related to the
=n.D, wheren, is the number of spheres in a cylinder. For average length of the silica chains. In zero field there are no
dilute dispersions of cylinder§=1. The permittivity of aggregated spheres, thus no dichroism due to magnetic holes,
magnetic holes: is practically real but the permittivity of while in the presence of the magnetic field the chain length
the ferrofluid is complex and anisotrofiaccording to Egs. increases with the field. Of course there are clusters of silica
(6) and(7)]. However, the imaginary parts were found to bein zero field but they do not contribute either to the dichro-
much smaller than the real parts. The functfatepends on ism because they are randomly oriented. An example of the
the polarization of the incident light and has the expressiortalculated contribution to dichroism of silica and alumina
f||(6,¢)=co§¢+sin2¢cosz0 for parallel polarization and chains relative to the dichroism of the magnetic fluid matrix
f,(0,¢)=sirf¢+cospcogd for perpendicular polarization at the highest magnetic field attained in our experiments, for
(Fig. 16. The form factor for cylinders is given Hy7] several average numbers of particles per chain, by using Egs.
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22 400 that of the magnetic fluid matrix, which is within the pre-
20-: T v ; 1350 dicted limits of our model. At higher fields the dichroism
18- ?/ - . | decreases. This is a result of chain-chain interactions, which
16 f//( 1300 lead to thick chain formation, with a smaller aspect ratio; it
~ 14] losg  decreases the dichroism of the sample in time. Chain asso-
2 12.] . ciation was confirmed by the images taken with an optical
E‘ 101 1290 microscope.
2 8 1180
< 6-. 4100 IV. CONCLUSIONS
;E o MFSIca 0.5% ’ 50 ~We have prepared new inverse magnetic fluids containing
] —=—MF+Sllica 2.5% 1o gibbsite plates and alumina spheres by grafting the particles
O Y MPuAiing 0.85% with polyisobutene and dispersing them in apolar magnetic
1 10 19 28 37 46 55 64 73 82 91 100 fluids. Silica inverse magnetic fluids have also been pre-
n, pared. All these systems are remarkably homogeneous and

stable, as it was shown by optical microscopy and atomic
FIG. 17. Theoretical relative increase in dichroism due to theforce microscopy investigations_ No measurable Changes oc-
anisotropic scattering generated by silica and alumina chains whicByred in the the magnetic phase of these systems after dis-
may form in a magnetic fluidMF) vs the average number of par- persing the nonmagnetic particles, as it was shown by alter-
tic!es per chain. The right scale applies for alumina inverse fe”o'nating gradient magnetometry. In the presence of a magnetic
fluid only. field, the aggregation of spherical magnetic holes was opti-
cally observed. Optical microscopy also evidenced the pres-

(28) and (33), led to the results presented in Fig. 17 Thefeln%e of magnetic particle aggregates in the pure magnetic
' s uid.

measured dichroism of 2% decaline-based pure magnetic . . . . .
0 P 9 Particles were characterized using various techniques:

fluid was used here. ic f . o | -
Alternatively, the form factor for spherical holes can be atomic force microscopy, transmission electron microscopy,
used in E (30), but then the structure factor must be Calcu_alternatlng gradient magnetometry, and static and dynamic
q ' light scattering. The methods, results, and the differences be-

Iat?%: Sm%(fjljarl]cur(t)ar;eorrtgja%gfgcisﬂelL(Jje.mtitativeI valid as lon fween the determined values were discussed.
as RGD modeﬁ is valid. Its a Iﬁ:abilit is Ii)r/nited by the 9 The initial susceptibility of inverse ferrofluids was calcu-
' PP y y lated in the case of noninteracting and interacting nonmag-

chain size(for a certain type of particles and solvirin our : . . : -
case, the silica chains may contain up to 100 particles, Wh"getlc particles, by calculating the effective susceptibility of a

in the case of alumina. which has a hiaher permittivity. onl mixture of magnetic holes in a continuous magnetizable me-
, o 2 Nigher p Y, OMY gium. The agreement with the experimental data was very
a few particle chains can be described with our model.

Alumina particles with a volume fraction o =0.89% good, so that the “dilution” equation for magnetization, pre-

were dispersed in the “aggregate free” magnetic flivicth a viously observed, is not valid at small fields.
volume fpraction of ma r?gtiteg of a roximgatel 4.5%he The magnetorheological cell for Physica MCR 300 rhe-
9 pp y % ometer, done for magneto-rheological fluids, could also be

rclesu.lt.s are presentgd In Fig. 18.' We. obs_erve n th|s case &ed for measuring the flow curves of moderately concen-
significant increase in magnetodichroism in comparison W'tr{rated inverse magnetic fluids in the whole range of shear

rates. The other samples were possible to measure at higher

1.6+ 50% N 20% shear rates only.
1.4 = The flow curves were measured in the absence and in the
. presence of a magnetic field. In spite of the aggregates
1.2+ __e— present in the magnetic fluid, it remained Newtonian at all
‘{: 1.04 /* ./' figld.s (in the shear rate range in which we had enough sen-
% os #* / sitivity to measurg exhibiting a 40% effect at the highest
= 7] j field. The inverse magnetic fluids were non-Newtonian at all
S 0.6- s fields and a significant magnetorheological effect was no-
0.4 2050.,1,’ ticed in the case of the moderately concentrdi€i®o) silica
al by inverse ferrofluid. An improved form of power law fitted
0.2+ : TS MF@5%) well most of ther— Th -N i i
. —#%— MF+Alumina 0.89% 7— vy curves. The non-Newtonian behavior
0.0 of silica inverse ferrofluids in zero field was explained
mainly by the presence of preformed clust@se to the van

0 200 400 600 800 1000 der Waals interactionof nonmagnetic particles, and, in the
H (Oe) case of the more concentrated samle%o by particle in-
teractions too. Their magnetorheological effect was due to
FIG. 18. Dichroism of alumina inverse ferrofluid vs applied the chaining of silica particletdue to the dipole-dipole in-
magnetic field. teraction). In the case of platelets inverse magnetic fluid, the
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effect was explained by the aggregation of the preformedliscussed, in the frame of the Rayleigh-Gans-Debye theory
clusters of platelets. The disruption of aggregates, caused lpf scattering. The effect was observed when alumina par-
the shear flow, explains the shear thinning. In the case dicles were dispersed in an “aggregate free” magnetic fluid.
platelets, only at high shear rates, shear flow orientation ofhe fact that the effect decreased with the figlelative to
particles may occur, but this effect was considered not imthat of the magnetic fluidwas explained by the presence of
portant. No rigorous conclusion about magnetic field orien-chain-chain interactions.

tation of plates could be inferred, but, if it occurred in our |n conclusion, at a wavelength of 820 nm, our samples
experiments, its influence on the magnetoviscous effect ofxhibit a smaller birefringence but a higher dichroism after

plates inverse ferrofluid was supposed to be small. We demyonmagnetic particles were dispersed in the magnetic fluid.
onstrated the validity of the power law in the case of flow

curves of plates inverse ferrofluid, but that takes place in a
rather sma!l range of sr_lear. rates. N ACKNOWLEDGMENTS
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