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Abstract: Ferrofluids, dispersions of magnetic nanoparticlase typical dipolar fluids whose
behaviors can be modified using an external magfietd. Such magnetically controlled effects résul
from interactions between the magnetic particlesiclv are enhanced by an applied magnetic field.
Since the system of particles always possesseszea distribution, real ferrofluids represent a
polydispersed system. A theoretical model of adpdised system, which contains only particles of
two sizes, large and small, is presented. Expeftiatignsome binary ferrofluids based on two typés o
nanoparticles, with different magnetization or @ning a mixture of micron-sized particles doped in
ferrofluids are investigated. These magnetic cddbsystems have two dispersion phases in which at
least one is magnetic nanoparticles and can exhdviel behavior. This may result in novel physical
properties and new potential applications. A maxfeh bidispersed system based on aggregated and
non-aggregated particles, in which some non-ag¢gegparticles could transform into aggregated
particles with increasing magnetic field while igbarticles’ number is constant, may help to adeanc
general theories of ferrofluids.
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INTRODUCTION another class of magnetic field responsive fluids,
including Magnetorheological (MR) and ferrofluids,
Generally, magnetic (ferromagneitc or which are colloidal dispersions of finely divided

ferrimagnetic) materials are used in their solidtest magnetic particles in a appropriate carrier liqudR

i.e., in a polycrystalline or a single crystal foas bulk  fluids are dispersions that comprise mesocale (1~10
materials or thin film deposited on substrates. Elosy, pum) ferromagnetic or ferrimagnetic particles
the physical properties and applications of liquiddispersed in an organic or aqueous carrier liquid
magnetic materials are of great interest. In palaiz ~ (Phulé, 2001). Ferrofluids (magnetic liquids,
the question arises as to whether there are anyahat ferrocolloids,) are stable colloidal suspensionmoho-
magnetic materials in the liquid state. From selidte domain  ferromagnetic/ferrimagnetic  nanoparticles
physics it can be known that although a conventiona(@bout 10 nm), dispersed in a carrier liquid. Such
magnetic material becomes liquid above its meltingnanoparticles contain only a single magnetic domain
point, this does not produce a magnetic liquid sinc and can thus be treated as small thermally agitated
the melting point of a ferromagnetic/ferrimagnetic permanent magnets in a carrier liquid (Holm andsjVei
material is usually higher than its Curie pointpaé  2005). Ferrofluids are magnetically functional niztis
which the magnetic material becomes paramagnetiovith fluidity and some of their properties, suchthe
Consequently, magnetic materials like iron, cobaltmicrostructure, viscosity or optical behavior, cha
nickel, lose their magnetic properties at tempesstu changed by applying an external magnetic field. In
far below their melting points. Liquid metals artther ~ particular, since they are liquid materials, theldi
molecular liquids, e.g., paramagnetic salt soligjon response of ferrofluids produces no residual edfect
require extremely high magnetic fields, of the erde  Therefore, ferrofluids have potentially a wide rangf
several Teslas, to have any magnetic influencéhein t interesting technical and biomedical applications
behavior (Odenbach, 2003). However, there doeg exi§Buske, 1994; Teixeiret al., 2000).
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The small size of particles, about 10 nm inresults are given in 1.2. The binary ferrofluidaséd on
diameter, result in intensive Brownian movement sawo types of magnetic nanoparticles, are descritigul
that a high sedimentation stability is obtained forsome experimental data in 1.3. Some novel expetahen
ferrofluids. In order to prevent the coalescencehef results are presented for binary ferrofluids basethoth
magnetic nanoparticles under the action of van depjcron- and nano-sized particles in 1.4. The re\éeds

Waals forces or interaction between magneticyjth conclusion. The SI units are adopted in thvéese.
moments or both, the particles are usually coatitld w

surfactants or polymers whose entropic_ repulsionthe magnetic interactions in ferrofluids: A
counteracts the van der Waals forces, or with ®rg remarkable feature of ferrofiuids is their ability
groups that prevent agglomeration due to thei
electrostatic repulsion.

Ferrofluid particles are too small for the creataf
domain walls. For this reason, the quantum-meclanic
exchange interactions between the electronic spin
allows all the atomic magnetic moments to be aligne
so that the total magnetic moment m, of the padics
of the order of about fOBohr magnetonspg). The

rchange their macroscopic behavior under the infleen
of an external magnetic field, producing a range of
magneto-optical, magneto-viscous and other effects.
Such behavior is mainly determined by their magneti
Sroperties. For ferrofluids, the magnetic partictee

so small that they can be regarded as simple miagnet
dipoles g, with a point dipole moment at the center,

magnetization M of ferrofluids can be described bySuch that p = Hom, where o is the magnetic
standard paramagnetic behavior but, in contrast tgermeabl!lty in_vacuum arld m is the magnetlc
paramagnetic salt solutions, the magnetic unitsmome_mt fixed inside the par'uck_e. The.ferroflumdaae
interacting with the magnetic field are not singleOlescrlbed as gsystem Of. particles, i - L,.....eakh
molecular magnetic moments but particles containin resent as a d|polenpcarry|pg a magnetic mqmenti m
approximately 10 ps. The ferrofluid particles are so Huke and Luckg, 2004; Let al., 2012),.tha.t mtergct
small that they can be regarded as magnetic dipatbs W'th ea<_:h other IN a pairwise manner V|a_d|poleedap
moments m (= VM here V and Mare the volume and interaction potentials 44, which can be written as:
saturation magnetization of the particles, respelst).
Therefore, ferrofluids can also be viewed as typicaU =_u,[3(pm‘ r) =P R )
magnetic dipolar fluids (Teixeiret al., 2000). d-d 4y,

Polydispersity is inherent in all colloid dispenss
and needs to be considered in the interpretation of
experimental data for ferrofluids, as it affectse th Where, |, is the relative magnetic permeability in the
magnetic properties (Holm and Weis, 2005). The well Magnetic medium and is taken as unity in magnéical
known difficulties encountered in the statisticaypics  neutral medium. jr is the distance vector between
of systems with interactions hinders the formulated ~ Particles i and j (as shown in Fig. 1).
a rigorous theory of ferrofluids containing evesiagle Since this potential decreases only a3 the
type of linear aggregate. As a first approximatian, dipolar interaction is long range. Formula (1) ssow
theory modeled as a bidisperse System, Consisﬁng éhat for ferrOf'UidS, unlike the eXChange interaati
“large” and “small” particles with different volume Wwith a constant sign, the interaction can changiga
fractions, has been proposed to represent a reflom attraction to repulsion, so is neither always
polydisperse system with a distribution of partisizes  attractive nor always repulsive. As a consequetiee,
(Zubarev and lIskakova, 2003). In addition, binaryspontaneous magnetization predicted by the Weiss
ferrofluids based on two types of nanoparticleshwi model is unlikely to appear in ferrofluids and has
different magnetizations, or micron-sized particlesnever been observed in any experiment (Hetnal.,
doped in ferrofluids, can be investigated 2006). Ferrofluid particles are generally spherical
experimentally. Novel behavior is sometimes rewveéale From formula (1), it can be seen that the maximum
This review is organized as follows. The magneticmagnetic interaction potential of two spherical
interaction, which results in field-induced propestfor  particles in contact with each other head to &ili.
ferrofluids, is presented in 1.1. The essentialghef d.ma=-HrPmiPrmi/ 2 ndiﬁ_ Here, ¢=(di+d))/2 and dand d
bidispersion model and its application to experiten are the diameters of the particles i and j, respelgt
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The coupling parametei, which expresses the
strength of the interaction between the magnetic
particles, is defined as the ratio of the maximum
attraction potential in a magnetically neutral nuexi
(k= 1) between the dipolesgldmax @and the thermal

energy kT:
- _} Ud—d,max = 'Jomz (3)
2 kT 4ndk, T

where, the coefficient 1/2 is applied since theptimg
Fig. 1: Spheres i and j with magnetic dipoleg and  parameter is related to a pair of particlasis also
Pmj, respectively, that interact via the potential ~ called the coupling constant and is one of the most
important parameters used to characterize ferwdlui
The high fluidity of ferrofluids is combined wita  at H = 0. Whem\>1, aggregation of the particles can
perceptible ability to interact with an externalgnatic  take place and this is classified as the strongloog
field, which is the essence of their practical &ggilon.  limit (Tavers et al., 1999; Wanget al., 2002).
Under an external magnetic field H, the magneticAlthough the microstructure of a particular fluid i
dipole moment m fixed inside the ferrofluid paisl hard to observe experimentally (Teixetaal., 2000),
interacts with the field via the potential: Klokkenbury and co-worker have revealed chain-like
and ring-like structures in ferrofluids at zeroldieand
in an applied magnetic field using Monte Carlo

so that the moments tend to line up with the dioect simulation and by direct observation in situ using
of the field. The increase of orientation of the CrY0genic Transmission Electron Microscopy (cryo-

magnetic moment of the particles under the infleenc TEM) (Butteret al., 2003; Klokkenburget al., 2004;
of the magnetic field leads to an increase of the?006). Employing the Monte Carlo method, Aoshima
effective attraction between the individual ferrsfi ~ @nd Satoh found that for a very weak magnetic field
particles (Zubarev, 2002). The average degree Otpe strong interac_tion betW(_een the larger partigle_es
alignment of the moments depends on the ratio ofiS€ to the formation of various shapes from thairch
LomH to the thermal energyK (ks is the Boltzmann !ike clusters, including bending, looping and bitgEng;

constant and T is the absolute temperature), becaud! @ Strong magnetic field, chain-like clusters farened
thermal motion tends to destroy the alignment. along the magnetic field direction (Aoshima ando8at

For ferrofiuids, the field-induced effects result 2005). FOrA<1, the system is regarded as being in a
from the microstructural transitions that take plac homogeneous “gas-like” state with insufficient meign
under the influence of an applied magnetic field. T interaction to make the particles aggregate (Pkhior
make allowance for the presence of different magnet and Mekhonoshin, 2000).
materials and a range of particle sizes signifigant The volume fraction of the particleg which is
complicates the problem of determining the internaf@nother dimensionless parameter used to charaeteriz
microstructure of the ferrofluids. To simplify the ferrofluids, is defined as:
maximum possible extent and to obtain physical
results in a visual form, convenient for physical ¢=

Uy = ~HmH (2)

volume of the particles

analysis, the ferrofluid is treated as a monodisper volume of the particles volume of the carriequid )
suspension of identical single-domain magnetic _ N md®
spheres. When the dipolar interaction is suffidient V 6

strong, ferrofluids exhibit a rich phase behaviereaa

function of the volume fraction of the particlesdan where, N is the number of particles in the
external magnetic field. The features of theferrofluid, V is the volume of the ferrofluid and
monodispersed ferrofluid system can be charactdrizeN/V denotes the number density of the particles. In
by two dimensionless parameters, the dipole cogplinordinary ferrofluids, @ is typically a few percent
parameterA and the volume fraction of particlegs  (Odenbach, 2003; Huke and Lucke, 2004). For
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ferrofluids, the interparticle interaction is reddtto  function. In this expressiong = MVH/kgT is the
and A (Mérigueet al., 2004). A modern approach to Langevin parameter. For spherical particles and not
the description of the aggregated chain structare itaking into account any distribution of the pasisiize,
ferrofluids is based on the free-energy densityformula (5) can be written simply as:

functional method. According to this, the ferroiui

free energy is expressed as a function of theM(H)=M g (a) (6)
concentration g of chains consisting of n particles.
Traditionally, for ferrofluids of low concentration
such asp = 5%, the inFerchain intgraction i.S negIeCteOIdiameter of the patrticles. In a low field,d)(= a/3 and
and the |nterpart|cle_ Interaction |s_taker_1 INO@OT ¢ 14 (6) leads to Curie's law for the initial
only for nearest neighboring particles in each ghai susceptibility x,:

(Mendelev and Ivanov, 2005). It is usually consatkr L
that for small particle volume fractiong<1%), the

where, a=pomH/ksT, m=Mgqu*/6 and d is average

ferrofluid remains in the dilute limit and the magic X, _OM| - _pM oo’ (7)
interactions between ferrofluid particles is neiglig OHl o 18k, T

and cannot stimulate particle aggregation (Dulsbis

al., 1999; Hamonagt al., 1999). By comparing the shapes of the magnetization

Experiments, theories and simulation have showmrturves and initial susceptibilities of ferrofluidgith
that for large enough values dfand @, the ferrofluid  high ¢ as mother fluid and those of corresponding
particles tend to organize themselves into manyiluted solution, the magnetic interactions between
different types of aggregates, such as chainssytingferrofluid particles have been clarified
branched structures and networks. In additionh& t experimentally (Taketomi and Shull, 2002; 2003). It
non-aggregating regime @f~1, despite the fact that was concluded that a small number of clusters with
the proportion of aggregates is negligible, aligned magnetization vectors do exist in the mothe
correlations can still exist between particles frdve  ferrofluid (¢ =10%) but not when subject to 1000-
magnetic interparticle interaction and the ferraflu fold dilution ((@=0.01%).
can show anisotropic behavior in a magnetic field  Clearly, the magnetic interaction between feridflu
(Cerdaet al., 2010; Elfimovaet al., 2012). The particles is dependent not only on the magnetizatip
magnetization curves of ferrofluids are signifidgnt the particles, but also on the volume fraction loé t
influenced by the field-induced aggregation effectparticles. Experimentally, the interparticle magnet
(Li et al., 2007a). The previous theoretical modelinteraction is evaluated using the parameter
treated the ferrofluids as ideal superparamagneti¢gMérigueet al., 2004; lvanov and Kuznetsova, 2001),
materials, in which there are no magnetic intecedi  which is defined as:
between the magnetic colloidal particles. On theeot
hand, if there is a strong interaction between the — ym?>  md® ¢
magnetic colloidal particles, they will attract ®ac Y~ S5 1 OMs?k T ®)
other and no longer be dispersed in the carriendiq ¢ ¢
Negl_ectlng th_e magnetic m_teractlon between thewhere, <r>(w'nd¥/6) is the mean interparticle
colloidal particles and taking only the mutual . . .
interaction between the m, the magnetic moment Og|staqce. While y s.l’ the ferroflmd; can b.e

) ! S . _—descripted by “mean-field model” by Weiss, in which
the particles and an applied magnetic field H into TP y . _ y ’
account, the equilibrium magnetization M as Ehe initial susceptibility ax _,,X'-./(l'4n>.('-/3)’ or by
function of H is expressed by: modified mean-flelq model” in V\{hIChX = X
(1+4mx /3). The Weiss model predicts a magnetic
o phase transition into a magneto-ordered liquidestat
M(H) =M ] "L(0)f ,(V)dV (®)  at the transition point the initial susceptibility
becomes infinite, that ix—o wheny_—3/4m. But a
where, M and @ are the saturation magnetization andparamagnetic to ferromagnetic second order phase
volume fraction of the colloidal particles, respeely,  transition is nover observed in fluidlike magnetic
the function (V) is the normalized particle size system. That is why the Weiss mean-field theory
distribution function of the particles expressedérms  appears to be questionable while applying to
of their volume V, L&) = cotha-1d is the Langevin ferrofluids (Ilvanov and Kuznetosova, 2001).
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The bidispersed model of ferrofluids: Nanoparticles parameters between small particles and between smal
always have a finite size distribution, so realand large particles are smaller than 1, so thasthall
ferrofluids are polydispersed, that is, polydisjigrss  particles remain in the individual non-aggregatedes

a natural property of ferrofluids (Cabuil, 20000 T Consequently, the chain and droplet aggregates
simplify, a ferrofluid system can usually be viewasl formed from large particles can be visualized d@ade

a monodispersed suspension of identical one-domaiiy a “sea” or “gas” of small particles. It has been
ferromagnetic spheres. This allows the maximumdemonstrated that small particles can either presen
possible theoretical description and can predicktimulate these structural transformations, dependi
physical results in a visual form convenient forgn the properties of the medium. It is well-knovnait
physical analysis (Zubarev and Chirkov, 2010). Thehe presence of the gas of small particles provities
monodispersed ~ model  of (stiictly  speaking) so_called “depletion forces”, acting as an effeetiv
polydispersed ferrofluids naturally assume all iB85  ayraction between large particles and leads, even
possess a system averaged size, that is, have smglhan there is no direct physical attraction between
dimensions. Therefore, these models cannot proamde,[hese particles, to a range of diverse phase tiansi

satisfactory ~description of the properties of agjmjle geometric considerations show that, when the

p_olyd|sperse_d system, except n the case of hlghlYarge particles are assembled into chains and other
diluted solutions where no chain aggregates orrothe

clusters, the induced excluded volume of the small

heterostructures can appear (Zubarev, 2001?' ThSarticles decreases, as shown in Fig. 2. It isrdleat
influence of the particle interaction on the magnet his leads to a decrease of the free eneray oétitiee
properties is most evident at a weak field. By nseah this . ) "9y
molecular dynamics simulations, the formation cdink ;ystem, thus stimulating cluster formation. Therefo
. - . it can be expected that the phase and structural
is found to enhance the magnetization at weakdiated i . | vdi 4 ferrofluid
thus leads to a larger initial susceptibility (Wasical., transmor_ls n real - polydisperse erroriids
2002). However, Taketomi and Shull (2002; 2003tby  SuPstantially differ from the predicted by the ibieed
experimentally that the initial susceptibility of a mono@spersed models (ubarev and Iskakoya, 2003).
system with such interaction could be less than tha Sln_ce the dipole moments.of the p_ar'ucles are
without interaction (Taketomi and Shull, 2002). hi Proportional to the volume of their magnetic corés,
paradox was explained as due to the formation of2rge particles can be oriented more easily atfieid
closed chains under zero field, which may resutrir strengths and the smaller ones can only be oriented
the “depletion force” of the polydispersed ferrads. under a rather strong applied magnetic field. As a
In addition, Monte Carlo simulations show that theresult, the magnetization properties of a polydisge
thickness of the chainlike clusters for a polydisge  System differ from those of a monodispersed system
system depend on the standard deviation of th&ven in the very dilute case. It has been demaestra
particle size distribution but are independent lné t that this small fraction of large particles canypkn
magnetic field strength (Aoshima and Satoh, 2005)major role in determining the physical propertiésao
Obviously, for true ferrofluids, the monodispersedpolydispersed ferrofluid (Wang and Holm, 2003). On
model is very approximate. the basis of the polydispersed model, the main tfpe

The well-known difficulties encountered in the structure in these systems is reckoned to be archai
statistical physics of dense systems hinder thdike aggregate formed by the large particles. Mufst
formulation of a rigorous theory of ferrofluids the small particles remain in the non-aggregatatest
containing even a single type of linear aggregates. rather than chained to each other. A small numlber o
first approximation, modeled by a bidispersed syste them stick to the edges of the chain formed by the
that consists of “large” and “small” particles with large particles so that the chains remain short
different volume fractions, has been proposed atstf ~ (Kantorovich, 2005). When the total volume fraction
a real polydispersed system with more or less amifo of the system is fixed, the average size of these
particle size distribution (Zubarev, 2003; 2001pr F clusters increases with increasing volume fractdén
such a bidispersed system, as a result of the rtiagnelarge particles. Fixing the volume fraction of larg
dipole interaction, the coupling parameter betweerparticles, the average aggregate size formed by the
large particles is greater than 1 and the largéiges  decreases when increasing the volume fraction of
can combine into aggregates. Also, the couplingsmall particles (Wang and Holm, 2003).
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colloidal particles, which make them aggregates thi
interaction decreases with (Wanget al., 2009). The

Py =~ dipolar coupling constant is so small that particle

‘ b aggregation cannot be induced by magnetic intenacti

| alone. Thus, it is concluded from the experimental
/‘b\ ¥, results that a non-magnetic attractive interactisn
P =" stimulated during the magnetization process for the
| ! ZnFe0, ferrofluids. Using a bidispersed model based
\V --,: on “large” and “small” particles, this non-magnetic
Y=\ interaction can be explained as a “field-induced
1 | structure force”. In a similar way to the so-called
Vo Y “depletion force” (Birdi, 1997), the field-induced
"‘., — .-V‘ structure force F experienced by one of the larger
" i particles can be written as:

Y '

Y- - s Fe =—KkgT(n, = n,)S, (9)

where, § is the effective area between the large
particles and 3 n, are the number density of small
Fig. 2: The determination of the excluded volumetfe particles inside and outside this area, respegtiad
chain-small particle system (Zubarev andshown in Fig. 4. In zero magnetic field, the calili
Iskakova, 2003). particles act as Brownian particles, so the sejmarat
between the particles is random and the largegbesti
= can be regarded as being immersed in a “sea” ol sma
60 - T 0.4 particles, as shown in Fig. 4a. When an external
o _ -~ magnetic field H is applied, the magnetic moments
-7 — 1.2 inside the particles interact with this magneteldivia
s . ) the potential W= -omH. Thus, the moments tend to
. T 2% align with the direction of the field. The magnetic
s = ,02 moment m is proportional to the cube of the paeticl
¢ A G| L, diameter, so the larger the particle is, the steorthe
] ’ interaction between the particle and the magnétid.f
Therefore, the moments inside the larger partialim
more easily to the direction of the applied magneti
. . : field than those inside smaller particles. Alsoweak
0 200 400 600 800 magnetic attraction interaction could arise between
H (kA/m) neighboring large particles and force them to aagino
Fig. 3:The magnetization curves reduced Gys _each ot_her,_as shown in Fig. 4b. However, this reEig_n
9. o . 9 o i W interaction is not strong enough to make the gdadic
applied magnetic f'eld for_ferrofluids b_ase_d aggregate since m is small and the influence of the
on ZnFeO;, .nan.opartlcles. The dashed line is thermal disturbance is strong. At the same timewas
the magnetization curve of the particle (Wang|arge particles approach each other, the numbesitgen
et al., 2009) of the smaller particles remaining in the area leeiw
. : . - the large particles will decrease, as shown in B@.
lonic ZnFQQ“ IS a \_/veak magnet!c ferroﬂwd_ with a Thus, ?he IOprobability that each large particle i'lstj;E'J
range .Of _partlple SIZes (@ typlc_al polydlspersedsma" particles is not isotropic and the probapitf an
ferrofiuid), in which the dipolar coupling constani(=  jhact from the direction of separation space betwe
0.18) is less than 1 (Wangt a., 2009). The hq |arge particles is less than that from othezations.
magnetlzatlon curves were measgred and are shown #hese asymmetric impacts will promote the appragich
Fig. 3, scaled to the volume fraction of particiesBy  twg large particles, thus giving rise to an atixacforce
comparing the reduced magnetization curves ani@linit petween two large particles in addition to the nesign
magnetic Susceptibilities of ferrofluids with difént attraction. ThUS, during the magnetization procm
volume fractions of particles, it is revealed thiatre |arge particles will form aggregates, as shown iq F
are field-induced attractive interactions betweée t 4d. The additional attractive force between two

401 .

Mo (KA/m)
~
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particles is different from the general “depletion 0 0 n

force” in an isolated system with no other o @-: o°
interactions, because it depends on the attractive @ ol © H=0
magnetic interaction induced by an external magneti © ,)O o ©
field. As a result, it can be called a “field-induct © Y@ c°
structural force”. This field-induced structuralrée o oo ()
can also arise in strong magnetic ferrofluids1) 5 5 -
with a distribution of particle sizes, which coube o © -l
difficult to distinguish from the magnetic attramti c®o0 o
because this is strong enough by itself to make the © 5 %60
particles aggregate. Apparently, wherrrD, formula 045 @ o ©
(9) simply describes the general depletion force & GO I
(Birdi, 1997). =
Experimentally, the interparticle  magnetic e e OOO 0
interaction in a ferrofluid is directly proportionia the 9% ® <
volume fraction of the particleg For the formation of @ B @OG © H
pre-existing aggregates in zero field, the intéoacis 0O 500 O©
regarded as negligible whemis less than 1.0%. In the o oo a ©
case of non-interacting dipoles, ferrofluids afenred to g B 5
as “superparamagnetic” liquids, which are charéedr —_ .0 p
by magnetization curves displaying no hysterestee T 5 & € O 5
magnetization behaviors of polydispersed ferrofuid ko oaj o
based ony-Fe,0/Ni,O; composite nanoparticles, with c©©
coupling constanh 0.43, have been investigated @i Oq & o %@

al., 2012). The dipole coupling constant of these
nanoparticles is too small so that they cannot formgig 4:Schematic illustration of the field-induced

aggregates through magnetic  interaction alone. structural force between large particles in the
Experimental results show that when the particleme bidispersed model for Znk®, ferrofluids. Note
fraction @ is 2.4%, the magnetization curve exhibits the depletion of small particles from the space
quasi-magnetic-hysteresis behavior, ie., the separating large particles as the distance between
demagnetization curve lies above the magnetizaticn the large particle decreases and the increase of
high field. However, for a more dilute ferrofluicitivp = total magnetic moment of the particle ensemble
0.94%, the magnetization curve does not exhibitisuc with applied magnetic field (Wargg al., 2009)

behavior and gives the results shown in Fig. 5.ofdiag

to the bidispersed model for polydispersed feridfiu
this magnetization behavior can be attributed ¢ofigsid-
induced effects of self-assembled pre-existing rehikae
aggregates, which could originate from a non-magnet
“depletion force”. For such pre-existing chain-like
aggregates, the orientation of the moments indide t
particles is not co-linear, as shown in Fig. 6,tBat
during the magnetization and demagnetization psyces
the apparent magnetizations in the high-field limie
different. As a consequence, the magnetic magietiza
curve of the ferrofluid withg = 2.4% shows quasi-
magnetic-hysteresis behavior. When the volumeifract P e R
of the particles is below the limit of a dilute reftuid 600 600 -400 200 0 200 400 600 800
(when @ = 0.94%), the apparent magnetization results H(kA/m)

from the contribution of individual particles, i.ethe

particles cannot form aggregates. Therefore, figicsf  Fig. 5:Magnetization curves of ferrofluids basedyen
with @ = 0.94% do not exhibit hysteresis phenomena Fe04/Ni,O; composite nanoparticles with (g)
similar to those withp = 2.4%. =0.94% and (b= 2.4% (Liet al., 2012)

M(kA/m)
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T . @@@

(b)

=

x N 1
‘\W

Fig. 6: Geometry of the Model-Of-Chain (MOC) usectharacterize the magnetization and demagnetizptiocess
for y-Fe04/Ni,O3; composite nanoparticle based ferrofluidseflal., 2012)

The binary ferrofluids based on nano-nano based on a mixture of two different magnetic
particles. A bidispersed system consisting of large nanoparticles are known as binary ferrofluids aad c
and small particles with no size distribution igch&o have behaviors different to those of single fetrioif
achieve experimentally. The magnetic interaction (Hanetal., 2009; Zhangt al., 2010).

between magnetic nanoparticles is related to the  Like general ferrofluids, binary ferrofluids based
interaction between magnetic moments. The magnetion A (strongly magnetic) and B (weakly magnetic)
moment of a single domain particle m is proportiona nanoparticles, can still be described by both ipeldr

to its volume V and, for a spherical particle, dam coupling constants and volume fraction of particles

expressed as: For binary ferrofluids, the two dimensionless
parameters characterizing ferrofluids, the volume
m=nd*M /6 (10) fraction of particles and the coupling constant ar
defined as:
where, M is the magnetization of the particle anid d
its diameter. Therefore, the bidispersed modeled(pAB:ﬁ (11)
ferrofluids consisting of both “large” and “small” VatV +V,
particles can be also regarded as a system comgprisi
. . . V
of “strong” and “weak” magnetic particles, with @, zm (12)
different m for different d (Li et al., 2008). a b Te
Ferromagnetic or ferrimagnetic materials have rsid v
moments. Accordingly, in formula (10), M is the %Zm (13)
saturation magnetization for the Bor e
ferromagnetic/ferrimagnetic nanoparticles. where, \,, V, and \. are volumes of the A particles, B

Paramagnetic materials have induced moments alongarticles and carrier liquidipss represents the total
the direction of the applied magnetic field andirthe volume fraction of both A and B particles apd @ are
magnetization M is expressed RiH, wherey is the the volume fractions of A and B particles, respedji
susceptibility and H is the strength of the applied The dipolar coupling constants include those betwkee
magnetic field. Accordingly, we propose that the particlesAa, between B particlesgz and between A
difference in the magnetization between singleegyst  and B particle3ag. These are written as:

(having different magnetizations M) can be employed ,

to synthesise a bidispersed system. That is, omeisa ), :“oimfx3 m, L ¢ > M, (14)

a mixture of two pure system with different an<d, > kT 6

magnetizations, such as ferrimagnetic  and ,

paramagnetic, to produce a magnetically bidspersedy B:“oims m, =2 < > M, (15)

system instead of a size bidispersed system. Suidls f 4m<d, >* kT ° 6
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Transmission Electron Microscopy (TEM) photographthese particles (Fet al., 2012)
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Fig. 8: The magnetization curves of the ferroflukls -
(1): the binary ferrofluids witkp,= 0.4% andp,=
0.1%;m, -(2): the binary ferrofluids witkp,= 0.4%
and @y, = 0.2%;e, -(3): the binary ferrofluids with
@y = 0.4% andg,, = 0.4%; A, - - they-F&O;
nanoparticles multiplied by 0.4% (leual., 2012)

and:
- 2u,m, m, -
A-B
n<d, +d, > kT )
2U,m, My

m(<d, >+<d, >k T

where, m, mg and <d>, <d&> are the average
magnetic moments and the average diameters of the
and B particles, M, Mg and 1i<d,>>/6, Ti<dg®>/6 are
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the magnetizations and the average volumes of the A
and B particles, respectively (lual., 2012).

Since the initial susceptibility is sensitive toeth
influence of the particle aggregates and the faonat
of clusters will lead to a larger initial suscejdiii,
whether or not there is any magnetic interaction
between the magnetic colloidal particles in feurafs
can be clarified by measurement of the initial
susceptibility. Fuet al. (2012) investigated the initial
susceptibility of binary ferrofluids based opFe,0;
and ZnFegO, nanoparticles. For the-Fe,O; and
ZnFe0O, nanoparticles, the magnetization and
morphology are shown in Fig. 7. The dipole coupling
constants betweery-Fg,0; particles A,.,, between
ZnFe0O, particles Az,z, and betweeny-Fe,0; and
ZnFe0, particles A,.zn, were calculated to beh,
=128,  Az;z=1.3%10% and  A,z=7.30x10%,
respectively. It is therefore clear that in th€e,0s-
ZnFe0, binary ferrofluids, only-Fe0O3; nanoparticles
can form aggregates by magnetic interaction. Iisghe
binary ferrofluids,q, is fixed as 0.4% and thg,, are
0.1% (for sample (1)), 0.2% (for sample (2)) ardPo.
(for sample (3)). The magnetization curves of the
binary ferrofluids are shown in Fig. 8. Since, tboe
ferrofluids, the influence of the particle interiacts on
the magnetic behaviors is most evident at weakl fiel
the initial magnetization curves of the binary
ferrofluids in the low field region (K 5kA/m) are
shown in the inset in Fig. 8. As a comparison, the
Mnagnetization curve of therFe,0; nanoparticles
multiplied by 0.4% is also given in Fig. 8.
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Fig. 9: The T-t curves, for different values of the
magnetic field, of (a) CokR®, ferrofluids with
@ = 0.6% and (b) CokR®,-p-MgFeO, binary
ferrofluids with@as = 0.6% (p, = @5 = 0.3%) and
p-MgFe0, ferrofluids withg = 0.6% in the inset
(f. v., first valley; s.v., second valley). The
magnetic field is applied att = 0 (& al., 2011)

Table 1: The initial susceptibilities of the binary ferrafis based on
y-Fe0Os/ZnFe0, nanoparticles multiplied by the volume
fraction of the particles (Fetal., 2012)

@zn(%) 0 0.1 0.2 0.4
xi of the binary ferrofluids 0.0563 0.0584 0.0401
0.4% fi+ fzeCzn 0.0213 0.0215  0.0217 0.0220

The initial susceptibilities of the binary ferroitis

fraction of the particle are listed in Tablel. Frtimese
experimental results, it can be seen that thealniti
susceptibility of the binary ferrofluids witlg,,= 0.4%

is the smallest, although that wigh,= 0.2% is larger
than the one with,,= 0.1%. In addition, at high field,
the magnetization of the ferrofluids wiNy,= 0.4% is
greatest. These results show that the formatidmoti
chain-like and ring-like aggregates of-Fe0;
nanoparticles can be stimulated by the Z@Re
nanoparticle system. For dilute binary ferroflubdsed

on both strongly magneticy-Fe&O; and weakly
magnetic ZnFgD, nanoparticles, the microstructure
and magnetization result mainly from theFeO;
nanoparticle system, although the weakly magnetic
ZnFeO, nanoparticle  system modifies  the
microstructure and apparent magnetization behavior.
These modifications affect the formation of chale|
and ring-like structures in the zero magnetic fidlte
former enhances the magnetization and leads tega la
initial  susceptibility and the latter reduces the
magnetization at weak field to decrease the initial
susceptibility.  Therefore, the apparent initial
susceptibility is a result of competing effects hafth
chain-like structures and ring-like structures dre t
magnetic behavior. The ratio of these aggregatdesva
non-monotonically withg,, S0 asq,, increases, the
weakly magnetic ZnkR©®, nanoparticle system produces
a non-monotonic modification of the initial susébitity

of these binary ferrofluids.

The magneto-optical effects are very sensitivestool
to determine the microstructure of the ferrofluids.
When light is transmitted through binary ferroflsid
composed of both ferrimagnetic CePg nanoparticles
and paramagnetic p-Mgk®, particles in the presence
of a high magnetic field and through pure (single)
CoFe0;, fluids in a low magnetic field, an oscillatory
relaxation process is observed. This appears as two
valleys in the T-t curve for the variation of thedative
transmission coefficient T with time t during the
application of a magnetic field (L&t al., 2011), as
shown in Fig. 9. This relaxation behavior is expéal
using a model of a bidispersed system based on both
chained and unchained particles, in which, when an
external magnetic field is applied, the chainediplar
will form chain like structures and the unchained
particles behave as a magnetically polarized gas. |
such a bidispersed system, the variation of the
transmitted light results mainly from the motiontbé
chains, with the gas of magnetically polarized
unchained particles producing the modulation effect
This oscillatory relaxation phenomenon depends on

and the particle system multiplied by the volume features of both the chained and unchained pastitie
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either of the particle volume fraction of chained
particles or of unchained particles is very low,tloe
degree of polarization of the unchained partictegeiry

phases consist of both strongly magnetic and weakly
magnetic (e.g., paramagnetic) nanoparticles. Fadbti
and already some time ago, some binary mixtures

weak, a simple nonlinear relaxation process will based on ferrofluids and micro-particles have been

appeatr, giving only a valley in the T-t curves. [pare
CoFeQ, ferrofluids, the number of chained and

investigated experimentally. These can be viewed as
ferrofluid composites (Charles, 1988) but they bkhi

unchained particles does not remain constant undeflifferent behavior to single ferrofiuids.lt has hee

different strengths of the applied magnetic fialdth

an increase of the magnetic field, some of theelarg
particles in the system of unchained particles will
behave as chained particles and contribute to t
chain-like structure. From an analysis of the
relaxation behavior of the transmitted light, it is
known that a binary ferrofluid based on strongly
magnetic CoF®, particles and weakly magnetic p-

MgFe0, patrticles, in which both chained and unchained

particles can be regarded as roughly constant,uishm
closer to the theoretically bidispersed system ttien
pure ferrofluids containing only strongly magnetic
CoFe0, nanoparticles.

In addition, binary ferrofluids based on two typds

demonstrated that the use of ferrofluids as a exarri
medium is an effective way of reducing the
sedimentation of microsized particles. Therefole t

hecomposite ferrofluid in- which one is a ferrofluid

consisting of magnetic nanoparticles and the oher
fluid consisting of magnetic or nonmagnetic
microparticles, may have novel applications.
Corresponding to the binary ferrofluids based omora
nano particles, such composites of ferrofluids ban
viewed as binary ferrofluids based on micro-nano
particles. Pater investigated the mechanism ofnchai
formation in a binary mixture based on ferrofluid
(nanofluid) and Magneto-Rheological (MR) fluid
(microfluid) (Patel and Chudasama, 2009; Patel,1201
In this bidispersed system based on both nanofluids

strongly magnetic nanoparticles can exhibit novel 53nq microfluids, in which the particles are frometh

behavior. In the zero magnetic field, ferrofluidse a

same F¢O, family, the coupling parametex for the

isotropic colloidal suspensions of ferromagnetic or mjcron size particles is very much larger (~10Gnth

ferrimagnetic nanopatrticles in a carrier liquid. &ha
magnetic field is applied to ferrofluids in the elition
of the transmitted light, two longitudinal magneto-
optical effects occur, circular birefringence
(proportional to the Faraday Rotation (FR) and @ac
Dichroism (CD). In most applications where
longitudinal magneto-optical properties of matexriate
used (the optical isolator, for example), the FRhis

that of the nanomagnetic particles (1.3), whichgesgs
that the dipolar interaction between the microresiz
magnetic particles is much stronger than that fer t
nanomagnetic particles. At high intensity of
interparticle dipole-dipole interaction, the feraoficles
combine into short chains, whose number and length
grow with an increase in the concentration anchgtie

of the external magnetic field. For this reasomréehis

useful effect whereas the CD generally inducesa possibility of large aggregation of microsized

performance limitations. The CD of ferrofluids iftem
large and generally cannot be neglected compartd wi

magnetic particles under the influence of a magneti
field, which leads to phase separation. Howevegmwh

the FR. For a Faraday rotator to be useful forthe nanomagnetic particles are mixed with micrae si

polarization studies, it must be free of CD atwhweking
wavelength. Donatiniet al. (1997) have proposed a
method for realizing, by mixing ferrofluids, a pure
Faraday rotator (free of circular dichroism). Inisth
method, they demonstrated that compatible ferrdglui
such as F®, and CoFgD,, can be mixed in suitable

particles, the homogenous distribution of small
particles changes the effective magnetic permewbili
of the background for the large particles, which
reduces the effective dipolar interaction betwees t
large particles. Hence, some of the nanomagnetic
particles may become attached to the ends of the

proportions so as to cancel the CD at selectedchains formed by the large particles, or fill the

wavelengths in the Vvisible-near-IR  spectrum.
Moreover, ferrofluids represent liquid materialsatth
exhibit no residual birefringence, in contrast tosn
solid optical materials.

The binary ferrofluids based on micro-nano
particles. Conventional ferrofluids consist of strongly

microcavities, as shown in Fig. 10. Thus,
nanomagnetic particles of ferrofluids prevent large
aggregations of micron-size magnetic particles, so
that the nanofluid based MR fluids are more stable
than conventional MR fluid.

When the dipolar interactions are sufficiently
strong, ferrofluids exhibit a rich phase behaviera

magnetic ferromagnetic/ferrimagnetic nanoparticles function of external field and volume fraction. The

dispersed in the liquid phase. In addition, forapin
ferrofluids based on nano-nanoparticles, the disubr
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high-field solid-like phases have rheological pntiges
that differ significantly from those of the low-fie
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homogenous phases and large changes in systerfable 2: Dependence of MSBG on particle size amdtiémt light
response and rigidity can be produced with relative wavelength (Patel and Mehta, 2010)

. . L ° .. Size Wavelength b1 Hec: AH
modest. changes in the magnetic field. Th.ese. swigchi (nm) x10T)  (x10°T) (x10
properties have led to useful applications for 1)
ferrofluids, from sealants in the rotary shafts of 3 780 80 160 80
computer disk drives to heat dissipaters in speaker 633 100 165 65
coils. These demonstrated applications togetheh wit ?gg igg 122 gg
fundamental questions about dipolar liquids anddsol 633 160 205 45
have driven extensive theoretical and experimental 532 200 238 38
investigation of the phase behavior of ferrofluids. 9 ggg 213?8 ;—518 238
Islarm and (_:(_)-W0r_kers have explore(_j the flel_d iredtlic 532 300 208 8
phase transitions in aqueous ferrofluids and ireags
mixtures of ferrofluids and nonmagnetic latex sglker Wasinggastiel

(Islam et al., 2003). For the ferrofluid system, an Bilico ariBas

isotropic to columnar phase transition was obsebted
no phase transition to a lamellar phase was obderve
When non-magnetic particles of compatible and large

diameters were added to the ferrofluids, the risult
mixtures exhibited isotropic-columnar-lamellar phas
transitions at much lower fields. Moreover, the
columnar and the lamellar spacings decrease with
increasing non-magnetic particle volume fractior an
with increasing non-magnetic particle diameter. The
qualitative and quantitative deviations betweerothe
and experiment are not well understood.

Light is one of the most important and versatile
phenomena in nature. Like a courier, it can transfe
information from one point to another. Like an
alchemist, it can alter matter. The interaction of
photons with matter provides fascinating avenues fo
basic as well as applied research. Electromagnetism

- B
— il

Fig. 10: Magnetically induced chain formation in) (&
conventional F¢g, MR fluid where
microcavities are observed, (B) in a bidispersed

is the fundamental mediator of all interactions in MR fluid with FeO, nanomagnetic particles.
atomic and condensed matter physics; it is rareel0 Nanoparticles fill the microcavities and are also
an entirely new electromagnetic phenomenon (Desai, attached to the end of the large particles (scale
2007). However, Mehtat al. (2006a) observed that bar 5pum) (Patel, 2011)

upon application of an external magnetic field to a
dispersion of micro-sized E®©, particles stably
dispersed in a ferrofluid based on;®Gg nanoparticles,
through which monochromatic, coherent light was
passing, the light gets trapped inside the susperier

a critical value of an applied magnetic field, whic
depends on the concentration of the ferrofluid and
the volume of the magnetic spheres (Mebtaal.,
2006b). The photons remain in the trapped state as
long as the external magnetic field is applied. A
more complex and mysterious phenomenon is
observed when switching off the magnetic field.
When the field is removed, photons are emitted from
the mixture in a preferred direction with the same Fig. 11: Trapping of light in magnetic field-indute

frequency as that of the incident light, but with micro-cavities, (&) H=HI;Z 0 and |= 0; (b)
lower intensity. Mehtaet al. (2006b) have proposed H=H, li=0and|=0; (c)H =0, |=0 and
a qualitative explanation for the observed effect. I, # 0 (Desai, 2007)

///// Science Publications 39 Pl



Phy. Intl. 3 (1): 28-43, 2012

1.0 . e —633mm subjecting it to a critical magnetic field, whicks i
- -t . 7= 569 nm perpendicular to the electric vector of the inciden
0.8 - 1 ® }.=532mm E 2 light. Figure 12 shows the variation of light inséty
2 A=i k. g > emerging from the sample as a function of applield f
2 o Pk ™ for five different wavelengths. The sample contdine
= 95 | ¢ é 3um diameter F¢O, particles stably dispersed in the
3 ” ferrofluids. It is observed that for all the wavadghs,
£ 0.4+ P—b ° > the intensity of the emergent light first decreages
2 ¢ o ) zero upon increase of the field gHand for certain
- o & regions of the field it remains zero. If the fieisl
027 ° further increased () then, again, the intensity
e NN " ',o"“.. a—2 —4 increases. The region of the field (¢HH.;) within
0.0 1 codarp Ve ‘s which the light remains inhibited is called the
000 001 002 003 004 005 “Magnetic Stop Band Gap” (MSBG). Table 2 shows
Field (T) the values of the critical fields and the MSBG tloree

micron-sized particles for the five wavelengthscadn

Fig. 12: The variation of light intensity emergifgm ~ Pbe seen from Fig. 12 and Table 2 that for all
the sample as a function of applied magnetic wavelengths except blue there is an overlap regfon
field for five different wavelengths. By the MABG. If the applied magnetic field is withihis
decreasing the wavelength of the incident light overlap region then the corresponding wavelength wi
the stop band of the field appears at highe’r be inhibited. For example, if the field is 0.016tfien

o both the red and the green light should simultasigou
applied field (Patel and Mehta, 2010) disappear. This finding suggests that the system,

consisting of micron-sized magnetic particles dojmed
a ferrofluid, performs as a photonic band gap nielter
for visible polarized light that has its electriector E
perpendicular to the applied magnetic field with
wavelengths between= 633 nm and. = 532 nm, i.e.,

According to them, micron-sized magnetic spheres in
the mixture of ferrofluids form elongated chaindik
structures under the influence of the external reign
field, in which Rayleigh scatterers (nanomagnetic

padrticleshin trf\.el(fje.rrgﬂuid()j are arranggd in afmdﬁlf a photonic band gap of 101 nm. In other words, when
order. Thus, field-induced micro-cavities are fodme e light is incident on the sample, it will refe

the suspension. When light enters these cavittes, i,5yes having wavelengths between 633 and 532 nm.
will be homogeneously scattered in all directions
within the cavity, as shown in Fig. 11. Micron-size
Mie scatterers (the magnetic spheres) keep the
majority of the photons within the cavity by mulgp . . . )
scattering between the Mie and Rayleigh scatterers. Ferrofluids, which are suspensions of magnetic
small number of photons may escape from the C(,j“,itynanopamc_Ies in suitable carrier Ilqt_nds, are mity of

by non-radiative means. Then, when the eXtemaﬂtechnolog|cal.|nterest but they continue to bedhgct
magnetic field is removed, the micro-cavities will Of much basic research. Except when they are very
collapse in a preferred direction giving rise te th dilute, the effects of magnetic interactions irrdéuids

emission of photons in the forward and backward ca@nnot be ignored, so that their magnetization
directions. The remarkable simplicity of the behawqr exhibits an essential o!ewatlon from the
experiment, as well as that of the magnetic mdteria Langevin — (super) paramagnetic theory. Real
used in the experiment, can lead to new potentialférrofiuids are more or less polydispersed, though
applications in the field of optics and photonics. size sorting can be performed in order to
Geet al. (2008; 2010) prepared superparamagneticSignificantly reduce polydispersity (Lefebuee al.,
Fe,O, colloidal nanocrystal clusters with high 1998; Yavuzetal., 2006). Even if small, the residual
magnetization and high water dispersibility, which polydispersity is an awkward parameter as soon as
demonstrate excellent magneto-optical properties,the thermodynamic behavior of the system is
including highly tunable stop bands and rapid antl f discussed (Bartlett, 1997). For such ferrofluids, i
reversibility over the entire visible spectrum. é?and which there is distribution of particle size, their
Mehta (2010) showed that it is possible to induce aproperties (magnetic property, viscosity, magneto-
Photonic Band Gap (PBG) at an optical frequency inoptical effects and so on) are different from thofea
dispersions of micron sized & particles in a monodispersed system. A few theoretical studies of
ferrofluid based on R®, nanoparticles (~10nm) by bidispersed systems, consisting only of large anéllls

CONCLUSION
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particles, without any size distribution, have been Bartlett, P., 1997. A geometrically-based meardfiel

presented. This bidispersed model of ferrofluids, theory of polydisperse hard-sphere mixtures. J.
consisting of both large and small particles, can b Chem. Phys., 107: 188-197. DOI:

regarded as a system consisting of stronger anllewea 10.1063/1.474364

magnetic particles with different magnetic momemts  Bjrdi, K.S., 1997. Handbook of Surface and Colloid
i.e.,  bidispersed  magnetic  dipolars  fluids. Chemistry. 1st Edn., CRC Press, Boca Raton,
Experimentally, one can synthesise a system based o ISBN-10: 0849394597, pp: 763

two types of particles, with different magnetizasoM,  Buske, N., 1994. Application of magnetite sols in

to simulate the bidispersed system. In other warsisig environmental technology. Prog. Collid. Polym.
the magnetically bidispersed system instead ofsthe Sci., 95: 175-180. DOI: 10.1007/BFb0115720

bidispersed system, it is easier to discuss thpepies g iter, K., P.H. Bomans, P.M. Frederik, G.J. Vroege
of nanoparticle systems accurately by combininghbot and A.P. Phlipse, 2003. Direct observation of

experiments and theories. Experimental results shatv

such magnetically bidispersed ferrofluids, known as ) ) )
binary ferrofluids, could have different propertieem electron microscopy. Nat. Matter, 2: 88-91. PMID:
the known ferrofluids and can be explored by the 1_2612691 ) )
bidispersed model. In addition, experiments shoat th Cabuil, V., 2000. Phase behavior of magnetic

dipolar chains in iron ferrofluids by cryogenic

binary mixtures of both ferrofluids and microsized nanoparticles dispersions in bulk and confined
particles exhibit novel behaviors, although mectsi geometries. Curr. Opin. Colloid Interf. Sci., 5:-44
for these are unclear at present. Consequentlgnbin 48. DOI: 10.1016/S1359-0294(00)00036-4
ferrofluids based on two colloidal particles with Cerda, J.J., E. Elfimova, V. Ballengger, E. Kruikpv
different magnetizations will stimulate not onlyeth A. Ivanov and C. Holm, 2010. Behavior of bulky
field of ferrofluids but may also produce new plogdi ferrofluids in the diluted low-coupling regime:

phenomena and potential applications. We believe  Theory and simulation. Phys. Rev. E., 81: 011501.
that both the binary ferrofluids based on nano-nano  DOI: 10.1103/PhysRevE.81.011501

particles and those based on micro-nano partides ¢ Charles, S.W., 1988. Aggregation in magnetic fluids
be integrated in a model of a bidispersed system and magnetic fluid composites. Chem. Eng.
based on aggregated and non-aggregated particles. Comm., 67: 145-180. DOI;
With increasing magnetic field, the non-aggregated 10.1080/00986448808940382

particles may transform into aggregated particles, Desai, J.N., 2007. Magnetic trapping of light. Curr
i.e., the number of both non-aggregated and Sci., 93: 452-453.

aggregated particles is not constant although theponatini, F., H. Sahash and J. Monin, 1997. Pure

total number of particles is unchanged (i al., Faraday rotator: A ferrofluid mixing method.

numbers of aggregated and non-aggregated particles 10.1364/A0 .36.008165

are conservative will be conS|de_red, could be helpf Dubois, E., V. Cabuil, F. Boue and R. PerzynskBd.9

to advance the theory of ferrofluids. In summahg t Structural analo between agueous and oil

synthesis and properties of binary ferrofluids lgase tic fluid ?yCh Ph q111' 7147-7168/

on two types particles, in which at least one is mgg.neolc Og\’;/s. 8.000em. yS- : :

ferromagnetic or ferrimagnetic nanoparticles, are _D -10.1 14 7

worthy of considerable further investigation. Elfimova, E.A., A.O. lvanov and P.J. Camp, 2012.
Theory and simulation of anisotropic pair
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