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Abstract: Ferrofluids, dispersions of magnetic nanoparticlase typical dipolar fluids whose
behaviors can be modified using an external magrfetld. Such magnetically controlled effects
result from interactions between the magnetic pigi which are enhanced by an applied magnetic
field. Since the system of particles always possesssize distribution, real ferrofluids represant
polydispersed system. A theoretical model of admdirsed system, which contains only particles of
two sizes, large and small, is presented. Expertatignsome binary ferrofluids based on two types
of nanoparticles, with different magnetization @ntaining a mixture of micron-sized particles
doped in ferrofluids are investigated. These magrailloidal systems have two dispersion phases
in which at least one is magnetic nanoparticles @am exhibit novel behavior. This may result in
novel physical properties and new potential applices. A model of a bidispersed system based on
aggregated and non-aggregated particles, in whichesnon-aggregated particles could transform
into aggregated particles with increasing magn#ééld while total particles’ number is constant,
may help to advance 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 liqUMR

i.e., in a polycrystalline or a single crystal foam bulk ~ fluids are dispersions that comprise mesocale (1~10
materials or thin film deposited on substrates. Eoav, 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 palgic  (Phulé, 2001). Ferrofluids (magnetic liquids,
the question arises as to whether there are amyahat ferrocolloids,) are stable colloidal suspensionsoho-
magnetic materials in the liquid state. From saligte = domain  ferromagnetic/ferrimagnetic  nanoparticles
physics it can be known that although a conventiona(about 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 andd)ei
material is usually higher than its Curie pointpad  2005). Ferrofluids are magnetically functional s
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 tempeestu changed by applying an external magnetic field. In
far below their melting points. Liquid metals anither  particular, since they are liquid materials, theldi
molecular liquids, e.g., paramagnetic salt soltjon response of ferrofluids produces no residual effect
require extremely high magnetic fields, of the arde  Therefore, ferrofluids have potentially a wide rangf
several Teslas, to have any magnetic influencenein 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 descritigu
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 basedboth
magnetic nanoparticles under the action of van depjcron- and nano-sized particles in 1.4. The reviexs

Waals forces or interaction between magneticyith conclusion. The S units are adopted in theese.
moments or both, the particles are usually coatitld w

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

Ferrofluid particles are too small for the creataf
domain walls. For this reason, the quantum-meclknic
exchange interactions between the electronic spin
allows all the atomic magnetic moments to be aligne
so that the total magnetic moment m, of the pagics
of the order of about f0Bohr magnetonspg). The

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

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

magnetization M of ferrofluids can be described bySUCh that g = Hom, where ko is the magnetic
standard paramagnetic behavior but, in contrast tgermeab|!|ty N vacuum a_nd m is the magnet|c
: . . . moment fixed inside the particle. The ferrofluichdze
paramagnetic salt solutions, the magnetic unltsd ibed A P il -1 h
interacting with the magnetic field are not single escribed as a system ot particles, 1= Z,..... eak
molecular magnetic moments but particles containin resent as a dlpolenpcarrylpg a magnetic mo.menti m
approximately 10 ps. The ferrofluid particles are so Huke and Luckg, 2004; Let al., 2012),-tha.t '”te“”TCt
small that they can be regarded as magnetic dipdgtas W'th eagh other IN a pairwise manner V|a-d|polee¢bp
moments m (= VM here V and Mare the volume and interaction potentials i, which can be written as:
saturation magnetization of the particles, respelst).
Therefore, ferrofluids can also be viewed as typicaU _ W8Py 1)/ 5 —PRy Pyl )
magnetic dipolar fluids (Teixeiret al., 2000). d-d ™ 4mp,
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 statistichypics ~ heutral medium. jr is the distance vector between
of systems with interactions hinders the formutata ~ Particles i and j (as shown in Fig. 1).
a rigorous theory of ferrofluids containing evesimgle Since this potential decreases only a3 the
type of linear aggregate. As a first approximatian, dipolar interaction is long range. Formula (1) skow
theory modeled as a bidisperse System, Consisﬁng éhat for ferrofluids, unlike the exchange interaaoti
“large” and “small’ particles with different volume Wwith a constant sign, the interaction can chang@ga
fractions, has been proposed to represent a re#lom 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 (Hetral.,
doped in ferrofluids, can be investigated 2006). Ferrofluid particles are generally spherical
experimentally. Novel behavior is sometimes rewtale 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 ®iUi.
ferrofluids, is presented in 1.1. The essentialsthef .=l PmiPmi2 T[dij3. Here, ¢=(di+d)/2 and dand d
bidispersion model and its application to experitaen 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 mexdi
(K = 1) between the dipolesgld max and the thermal
energy kT:

_1 Ud—d,max _ uomz

A= _ro -
2 kT 4ndkT

®3)

where, the coefficient 1/2 is applied since thepiimg
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 fermslui
The high fluidity of ferrofluids is combined with at H = 0. Wherm\>1, aggregation of the particles can
perceptible ability to interact with an externalgnatic  take place and this is classified as the stronglcog
field, which is the essence of their practical aggglon.  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 pamasl hard to observe experimenta”y (TeiXEGML, 2000),
interacts with the field via the potential: Klokkenbury and co-worker have revealed chain-like
) and ring-like structures in ferrofluids at zeroldiend
in an applied magnetic field using Monte Carlo

so that the moments tend to line up with the dicect simulation and by direct observation in situ using
of the field. The increase of orientation of the Cryogenic 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 ferroi ~ @nd Satoh found that for a very weak magnetic field
particles (Zubarev, 2002). The average degree oq_we strong interac_tion betW(_een the larger partiglges
alignment of the moments depends on the ratio ofiS€ to the formation of various shapes from thairch
LemH to the thermal energysK (ks is the Boltzmann like clusters, including bending, looping and bitang;

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 ferrofluids, the field-induced effects result 2005). ForA<l, the system is regarded as being in a
from the microstructural transitions that take plac homogeneous “gas-like” state with insufficient meigm
under the influence of an applied magnetic field. T interaction to make the particles aggregate (Pkhior
make allowance for the presence of different magnet @hd Mekhonoshin, 2000).
materials and a range of particle sizes signifiyant The volume fraction of the particleg which is
complicates the problem of determining the internaj@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 ¢=

Upon = ~HoM.H

volume of the particles

analysis, the ferrofluid is treated as a monodisper volume of the particles  volume of the carriequid 4)
suspension of identical single-domain magnetic _ N @’
spheres. When the dipolar interaction is suffidient V 6

strong, ferrofluids exhibit a rich phase behavisra

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 characirizeN/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 particles  (Odenbach, 2003; Huke and Lucke, 2004). For
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ferrofluids, the interparticle interaction is reddtto@  function. In this expressiong = MNVH/KgT is the
and A (Mérigue et 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 ferroflui

free energy is expressed as a function of theM(H)=M g (0) (6)
concentration g of chains consisting of n particles.
Traditionally, for ferrofluids of low concentratipn
such asp = 5%, the in_terchair_l intgraction i_s r"agle(:teddiameter of the particles. In a low field,d)(= a/3 and
and the mterpartlcle-_ interaction 'S_take'_‘ N0 @OT 115 (6) leads to Curie’s law for the initial
only for nearest neighboring particles in each chai susceptibility X, :

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

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

ferrofluid remains in the dilute limit and the magic . M :M (7)
interactions between ferrofluid particles is neitig OHly o 18Kk, T

and cannot stimulate particle aggregation (Dulsbis

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

Experiments, theories and simulation have showreurves 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 chains,sringferrofluid particles have been clarified
branched structures and networks. In additionha 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 frive  ferrofluid (¢ =10%) but not when subject to 1000-
magnetic interparticle interaction and the ferr@flu 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 magnetizatid
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 intecarsti  which is defined as:
between the magnetic colloidal particles. On theept
hand, if there is a strong interaction between the Hm? , T @
magnetic colloidal particles, they will attract dac Y= ;55 1 MV g T (8)
other and no longer be dispersed in the carriaridiq ¢ ¢
Negl_ectlng th_e magnetic m_teractlon between thewhere, <r>(x'rd¥/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 ferroflwd; can b_e

X . Ce ._descripted by “mean-field model” by Weiss, in which
the particles and an applied magnetic field H mtoh nitial ibili v (AT 13 b
account, the equilibrium magnetization M as t € initial susceptibility ax _,,XL.( -4m./3), or vy
function of H is expressed by: modified mean-flelq model” in V\{h|chx = X

(1+4rmx /3). The Weiss model predicts a magnetic

phase transition into a magneto-ordered liquidestat
at the transition point the initial susceptibility
becomes infinite, that ig—o wheny_—3/41. 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 §4V) 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-14 is the Langevin ferrofluids (lvanov and Kuznetosova, 2001).

M(H) =M 0] "L(0)f 4(V)dV (5)
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The bidispersed model of ferrofluids: Nanoparticles parameters between small particles and betweer smal
always have a finite size distribution, so realand large particles are smaller than 1, so thasthall
ferrofluids are polydispersed, that is, polydisfigrss  particles remain in the individual non-aggregatedes

a natural property of ferrofluids (Cabuil, 2000)0 T Consequently, the chain and droplet aggregates
simplify, a ferrofluid system can usually be viewasl formed from large particles can be visualized asde

a monodispersed suspension of identical one-domaif a “sea” or “gas” of small particles. It has been
ferromagnetic spheres. This allows the maximumgemonstrated that small particles can either priegen
possible theoretical description and can predicktimulate these structural transformations, dependi
physical results in a visual form convenient foron the properties of the medium. It is well-knovatt
physical analysis (Zubarev and Chirkov, 2010). Thethe presence of the gas of small particles provities
monodispersed  model  of (strictly  speaking) so-called “depletion forces”, acting as an effeetiv
polydispersed ferrofluids naturally assume all 086 araction between large particles and leads, even
possess a system averaged size, that is, have smghen there is no direct physical attraction between
dmensmns. Theref_org, these models cannpt proaudethese particles, to a range of diverse phase tiansi
satisfactory ~description of the properties 0f agjygie geometric considerations show that, when the

p_olydlsperse_d system, except n the case of h'ghIYarge 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). ThSarticIes decreases, as shown in Fig. 2. It isrd
influence of the particle interaction on the magnet ' o

properties is most evident at a weak field. By nseah this leads to a Qecrea_se of the free energy Oéthiee
. . . . . system, thus stimulating cluster formation. Therefo
molecular dynamics simulations, the formation cdink

is found to enhance the magnetization at weakdiatti ![t ca.r:. be e>-(pected lthat tlhg- phased an? st;lugttjural
thus leads to a larger initial susceptibility (Wasical., ransiions —In - real - polydisperse erroruids
2002). However, Taketomi and Shull (2002; 2003tbu  SuPstantially differ from the predicted by the itired
experimentally that the initial susceptibility of a monodispersed models (Zubarev and Iskakova, 2003).

system with such interaction could be less than tha S'nf:e the dipole moments-of the partlcles are
without interaction (Taketomi and Shull, 2002). ghi Proportional to the volume of their magnetic cortée,

paradox was explained as due to the formation of2rge particles can be oriented more easily atfield
closed chains under zero field, which may reswtrir strengths and the smaller ones can only be oriented
the “depletion force” of the polydispersed ferradst under a rather strong applied magnetic field. As a
In addition, Monte Carlo simulations show that thefesult, the magnetization properties of a polydispe
thickness of the chainlike clusters for a polydisgel  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 demamestra
particle size distribution but are independent lo¢ t that this small fraction of large particles canypk
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 anchai
statistical physics of dense systems hinder thdike aggregate formed by the large particles. Muist
formulation of a rigorous theory of ferrofluids the small particles remain in the non-aggregatatest
containing even a single type of linear aggregafes. rather than chained to each other. A small numler 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 atstef ~ (Kantorovich, 2005). When the total volume fraction
a real polydispersed system with more or less umifo of the system is fixed, the average size of these
particle size distribution (Zubarev, 2003; 2001pr F clusters increases with increasing volume fractén
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 largéigles  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

=~ ipolar coupling constant is so sma at particle
Py dipol pling tant Il that particl
¢ b aggregation cannot be induced by magnetic interacti
| alone. Thus, it is concluded from the experimental
/\..\ v, results that a non-magnetic attractive interactisn
i = stimulated during the magnetization process for the
1 1 ZnFe0, ferrofluids. Using a bidispersed model based
A -,: on “large” and “small” particles, this non-magnetic
Ja=E interaction can be explained as a “field-induced
i 1 structure force”. In a similar way to the so-called
\ Y “depletion force” (Birdi, 1997), the field-induced
3 p
,""«-. = .-v‘ structure force f experienced by one of the larger
. i particles can be written as:
LY '
M- s R =—KgT(n,— ny)S, (9)

where, § is the effective area between the large
particles and  n, are the number density of small
Fig. 2: The determination of the excluded volumetfe particles inside and outside this area, respegtivas
chain-small particle system (Zubarev andshown in Fig. 4. In zero magnetic field, the calkli
Iskakova, 2003). particles act as Brownian particles, so the sejparat
between the particles is random and the largegbesti
i can be regarded as being immersed in a “sea” off sma
60 1 i 0.4 particles, as shown in Fig. 4a. When an external
- . ; magnetic field H is applied, the magnetic moments
-7 — 1.2 inside the particles interact with this magneteldivia
s : B the potential W.4= -4omH. Thus, the moments tend to
~ 2% align with the direction of the field. The magnetic
' ’ ,02 moment m is proportional to the cube of the paeticl
f i : %) & diameter, so the larger the particle is, the steorthe
' . interaction between the particle and the magnétid.f
Therefore, the moments inside the larger partialem
more easily to the direction of the applied magneti
, field than those inside smaller particles. Alsoyv@ak
0 200 400 600 800 magnetic attraction interaction could arise between
H (keA/m) neighboring large particles and force them to apgino
each other, as shown in Fig. 4b. However, this ragn
. S i interaction is not strong enough to make the pesic
applied magnetic f'?ld for_ferrofluids b_aseq aggregate since m is small and the influence of the
on ZnFeO, nanoparticles. The dashed line is yhormay gisturbance is strong. At the same timeyas
the magnetization curve of the particle (Wangrge particles approach each other, the numbesitgen
etal., 2009) of the smaller particles remaining in the area leetw
: . . S the large particles will decrease, as shown in Edqg.
lonic ZnFQQ“ ISa yveak magnetic ferroflwdl with a Thus, the probability that each large particle iis by
range .Of _partl_cle SIZEsS (a typpal pondlspersedsma" particles is not isotropic and the probapitf an
ferroflu!d), in which the dipolar coupling constani(= impact from the direction of separation space betwe
0.18) is less than 1 (Wangt al., 2009). The g |5rge particles is less than that from othezations.
magnetization curves were measgred and are shown #hege asymmetric impacts will promote the apprazich
Fig. 3, scaled to the volume fraction of partic@sBy g large particles, thus giving rise to an atikecforce
comparing the reduced magnetization curves anilinit petween two large particles in addition to the negign
magnetic SUSCGptibilitieS of ferrofluids with diféat attraction. ThUS, during the magnetization prom
volume fractions of particles, it is revealed thiag¢re large particles will form aggregates, as shown ig F
are field-induced attractive interactions betwe@e t 4d. The additional attractive force between two

40 1 ’

M (kA/m)
~

Fig. 3: The magnetization curves reduced @ws
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particles is different from the general “depletion Q0 6 o
force” in an isolated system with no other o & 0™
interactions, because it depends on the attractive © o° © H=0
magnetic interaction induced by an external magneti © ,)O o ©
field. As a result, it can be called a “field-indt °© ¥Yg c©°
structural force”. This field-induced structuralrée o °00
can also arise in strong magnetic ferrofluidsX) 50
with a distribution of particle sizes, which coube o 9 -
difficult to distinguish from the magnetic attramti o ®o ¢
because this is strong enough by itself to make the O 5 95 0
particles aggregate. Apparently, wherFrD, formula o 4 ® o ©
(9) simply describes the general depletion force 5 :}O O
(Birdi, 1997). —
Experimentally, the interparticle = magnetic @ Q o % o
interaction in a ferrofluid is directly proportion@ the Y% ® =
volume fraction of the particleg For the formation of o o @OS @ H
pre-existing aggregates in zero field, the intéoacis © 400 O
regarded as negligible whemis less than 1.0%. In the o oP @ ©
case of non-interacting dipoles, ferrofluids afemed to 5 5
as “superparamagnetic” liquids, which are charactdr . 90 af
by magnetization curves displaying no hysterestse T - DY o
magnetization behaviors of polydispersed ferrofiuid \o oaj o
based ony-Fe,0s/Ni,O; composite nanoparticles, with c© ©C
coupling constanh 0.43, have been investigated @i 06 2 o %@

al., 2012). The dipole coupling constant of these
nanoparticles is too small so that they cannot formig 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
guasi-magnetic-hysteresis behavior, ie., the separating large particles as the distance between
demagnetization curve lies above the magnetizatian the large particle decreases and the increase of
high field. However, for a more dilute ferrofluidtive = total magnetic moment of the particle ensemble
0.94%, the magnetization curve does not exhibit suc with applied magnetic field (Wargj al., 2009)

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

to the bidispersed model for polydispersed feridfiu
this magnetization behavior can be attributed ¢ofigid-
induced effects of self-assembled pre-existingrehie
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,tkat
during the magnetization and demagnetization psyces
the apparent magnetizations in the high-field lieuie
different. As a consequence, the magnetic magtietiza
curve of the ferrofluid withg = 2.4% shows quasi-
magnetic-hysteresis behavior. When the volumeifnact

M(kA/m)

T T T T

of the particles is below the limit of a dilute rigftuid 800 600 400  -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, fiicksf  Fig. 5:Magnetization curves of ferrofluids basedysn
with @ = 0.94% do not exhibit hysteresis phenomena Fe0s/Ni,O; composite nanoparticles with (&)
similar to those withp = 2.4%. =0.94% and (bp=2.4% (Lietal., 2012)

T
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>

/ N —

\ A\
\®

Fig. 6: Geometry of the Model-Of-Chain (MOC) usectharacterize the magnetization and demagnetizptiocess
for y-F&,04/Ni,O; composite nanoparticle based ferrofluidsefial., 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 igcé#o have behaviors different to those of single fernof$
achieve experimentally. The magnetic interaction (Hanet al., 2009; Zhangt al., 2010).

between magnetic nanoparticles is related to the  Like general ferrofluids, binary ferrofluids based
interaction between magnetic moments. The magnetioon A (strongly magnetic) and B (weakly magnetic)
moment of a single domain particle m is proportlona 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=T1d*M /6 (20) fraction of particles and the coupling constante 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” VatVytV,

particles can be also regarded as a system congprisi v

of “strong” and “weak” magnetic particles, with ¢A=m (12)
different m for different d (Li et al., 2008). a b Te

Ferromagnetic or ferrimagnetic materials have msid v

moments. Accordingly, in formula (10), M is the %=m (13)
saturation magnetization for the 2o

ferromagnetic/ferrimagnetic nanoparticles. where, \,, V, and \/ are volumes of the A particles, B

Paramagnetic materials have induced moments a|0n$)articles and carrier liquidipss represents the total
the direction of the applied magnetic field andithe volume fraction of both A and B particles apd s are
magnetization M is expressed Iy, wherex is the  the volume fractions of A and B particles, respastii
susceptibility and H is the strength of the applied The dipolar coupling constants include those betwke
magnetic field. Accordingly, we propose that the particlesApa, between B particlesg g and between A
difference in the magnetization between singleesyst  and B particle3 ,g. These are written as:

(having different magnetizations M) can be employed

to synthesise a bidispersed system. That is, oneiga ), | = # . 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 bidspersed;\B_B:“oimg, m, =1 <
system instead of a size bidispersed system. Suicls f an<d; > kg T 6

&5

> M (15)

B
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7:The magnetization curves of (gfe.0; nanoparticle and (b) Zng®, nanoparticles. The inserts are the
Transmission Electron Microscopy (TEM) photographthese particles (Fet al., 2012)
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8: The magnetization curves of the ferroflukls-

(1): the binary ferrofluids witlp,= 0.4% andp,,=
0.1%;m, -(2): the binary ferrofluids witkp,= 0.4%
and @z, = 0.2%;e, -(3): the binary ferrofluids with
@y = 0.4% andgy, = 0.4%; A, - -: the y-Fe0Os
nanoparticles multiplied by 0.4% (leual., 2012)

and:

AP ned, +d, S kT

21,m, My

16
24om, My 4o

(<

where, m, mg and <d>, <d&> are the average

dy >+<dy >P kT

the magnetizations and the average volumes of the A
and B particles, respectively (Eual., 2012).

Since the initial susceptibility is sensitive toeth
influence of the particle aggregates and the famat
of clusters will lead to a larger initial suscejiii,
whether or not there is any magnetic interaction
between the magnetic colloidal particles in feumfs
can be clarified by measurement of the initial
susceptibility. Fuet al. (2012) investigated the initial
susceptibility of binary ferrofluids based grFe0;
and ZnFgO, nanoparticles. For the-FeO; and
ZnFe0, nanoparticles, the magnetization and
morphology are shown in Fig. 7. The dipole coupling
constants betweery-Fe,O; particles A, between
ZnFe0, particles Az,z, and betweeny-Fe,0; and
ZnFe0, particles A,z,, were calculated to berg_
=128,  Aznz=1.3%10% and  A,z=7.30x10%,
respectively. It is therefore clear that in thé¢e0s-
ZnFe0, binary ferrofluids, only-Fe,03; nanoparticles
can form aggregates by magnetic interaction. lisehe
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, foe
ferrofluids, the influence of the particle interiacts on
the magnetic behaviors is most evident at wealkl fiel
the initial magnetization curves of the binary
ferrofluids in the low field region (I 5kA/m) are
shown in the inset in Fig. 8. As a comparison, the

magnetic moments and the average diameters of the Anagnetization curve of the-Fe0O; nanoparticles

and

B particles, M, Mg and T<d,>>/6, T<ds>>/6 are

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) Cok®, ferrofluids with
¢ = 0.6% and (b) Cok®,-p-MgFeO, binary
ferrofluids with@sg = 0.6% (pa = g = 0.3%) and
p-MgFe0;, ferrofluids with@ = 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 ferrafiis based on
y-Fe0s/ZnFeO, nanoparticles multiplied by the volume
fraction of the particles (Fet al., 2012)

@on(%) 0 0.1

xi of the binary ferrofluids 0.0563

0.4% f+ f2nCzn 0.0213 0.0215

0.2 0.4

0.0584 0.0401
0.0217 0.0220

The initial susceptibilities of the binary ferroiiis

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

is the smallest, although that wigh,= 0.2% is larger
than the one withAz,= 0.1%. In addition, at high field,
the magnetization of the ferrofluids widy,= 0.4% is
greatest. These results show that the formatidmodf
chain-like and ring-like aggregates of-Fe0;
nanoparticles can be stimulated by the Zfke
nanoparticle system. For dilute binary ferrofluissed

on both strongly magneticy-Fe,0; and weakly
magnetic ZnF€, 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 chakel
and ring-like structures in the zero magnetic fiéltie
former enhances the magnetization and leads taga 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 aggregatassva
non-monotonically withg,, so asqy, increases, the
weakly magnetic Znk8, nanoparticle system produces
a non-monotonic modification of the initial susdbitity

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 CaBg nanoparticles
and paramagnetic p-Mgke®, particles in the presence
of a high magnetic field and through pure (single)
CoFeQ, 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 (Lét 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 motionthé
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 pastitiie
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either of the particle volume fraction of chained
particles or of unchained patrticles is very low,tloe
degree of polarization of the unchained partictegerry

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

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

appear, giving only a valley in the T-t curves. lpare
CoFeO, ferrofluids, the number of chained and

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

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

different strengths of the applied magnetic fialdith
an increase of the magnetic field, some of theelarg
particles in the system of unchained particles wil

behave as chained particles and contribute to th
From an analysis of the

chain-like structure.
relaxation behavior of the transmitted light, it is

known that a binary ferrofluid based on strongly

magnetic CoF®, particles and weakly magnetic p-

MgFe0, particles, in which both chained and unchained

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

In addition, binary ferrofluids based on two tymds

demonstrated that the use of ferrofluids as a earri
medium is an effective way of reducing the

| sedimentation of microsized particles. Therefofes t
Lomposite ferrofluid in which one is a ferrofluid

consisting of magnetic nanoparticles and the other
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 3nq microfiuids, in which the particles are frome th

behavior. In the zero magnetic field, ferrofluidee a

same Fg¢O, family, the coupling parameteyx for the

isotropic  colloidal suspensions of ferromagnetic or micron size particles is very much larger (~10®nth

ferrimagnetic nanoparticles 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 matevriate
used (the optical isolator, for example), the FRhis

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

of the external magnetic field. For this reasorre¢his

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

performance limitations. The CD of ferrofluids item
large and generally cannot be neglected compartid 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 atwheking
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 ferrd$lui
such as F®, and CoFgD,, can be mixed in suitable

particles, the homogenous distribution of small
particles changes the effective magnetic permeagbili
of the background for the large particles, which
reduces the effective dipolar interaction betwelem 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 visible-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 behavisra

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

dispersed in the liquid phase. In addition, forabjn
ferrofluids based on nano-nanopatrticles, the disguer
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high-field solid-like phases have rheological pndigs
that differ significantly from those of the low-fie

PI



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

homogenous phases and large changes in Systefﬁabb 2: Dependence of MSBG on particle size amidémt light
response and rigidity can be produced with relative wavelength (Patel and Mehta, 2010)

modest changes in the magnetic field. These swigchi (Sdis) zlr\]/;\)'e'ength (ElldT) 2((]:_84-'-) (quo
properties have led to useful applications for *r)

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 ggg ﬁg 1255) 23
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. 0-° 780 180 210 30
Islarm and co-workers have explored the field iretlic ggg ggg igg 22

phase transitions in aqueous ferrofluids and ireaga

mixtures of ferrofluids and nonmagnetic latex spiser

(Islam et al., 2003). For the ferrofluid system, an :
Micro cavities

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

Nanoparticl

diameters were added to the ferrofluids, the resplt
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 betweerotipe
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

o
— il =

Fig. 10: Magnetically induced chain formation in) (&
conventional Fg, 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 rarge® 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 5um) (Patel, 2011)

upon application of an external magnetic field to a
dispersion of micro-sized E®, particles stably
dispersed in a ferrofluid based on;BGg nanopatrticles,
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, (a) H=H ;Z 0 and | = 0; (b)
lower intensity. Mehteet al. (2006b) have proposed H=H, i=0and|=0; (c)H =0, |=0 and
a qualitative explanation for the observed effect. I, # 0 (Desai, 2007)
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subjecting it to a critical magnetic field, whick i
perpendicular to the electric vector of the inciden
light. Figure 12 shows the variation of light insity
emerging from the sample as a function of applield f
for five different wavelengths. The sample contdine
3um diameter F¢O, particles stably dispersed in the
ferrofluids. It is observed that for all the wavadghs,
the intensity of the emergent light first decreases
zero upon increase of the field gHand for certain
regions of the field it remains zero. If the fieisl
further increased (H) then, again, the intensity
increases. The region of the field .¢HH.)) within
which the light remains inhibited is called the
“Magnetic Stop Band Gap” (MSBG). Table 2 shows
the values of the critical fields and the MSBG fioree
micron-sized particles for the five wavelengthscadn
be 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
decreasing the wavelength of the incident light,

the stop band of the field appears at higher

applied field (Patel and Mehta, 2010)

According to them, micron-sized magnetic spheres in

the mixture of ferrofluids form elongated chaindik
structures under the influence of the external ratign
field, in which Rayleigh scatterers (nanomagnetic
particles in the ferrofluid) are arranged in a jcafar
order. Thus, field-induced micro-cavities are fodie

the suspension. When light enters these cavities, i

will be homogeneously scattered in all directions
within the cavity, as shown in Fig. 11. Micron-gize

Mie scatterers (the magnetic spheres) keep the

majority of the photons within the cavity by mulgp
scattering between the Mie and Rayleigh scatterers.

the MABG. If the applied magnetic field is withihi$
overlap region then the corresponding wavelength wi
be inhibited. For example, if the field is 0.016tfAen
both the red and the green light should simultaskgou
disappear. This finding suggests that the system,
consisting of micron-sized magnetic particles doped

a ferrofluid, performs as a photonic band gap nwter
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.,

a photonic band gap of 101 nm. In other words, when
.white light is incident on the sample, it will reje
waves having wavelengths between 633 and 532 nm.

CONCLUSION

Ferrofluids, which are suspensions of magnetic

small number of photons may escape from the Ca\,itynanoparti(_:les _in suitable carrier qul_Jids, are tmlty of
by non-radiative means. Then, when the externaltéchnological interest but they continue to bedhgect

magnetic field is removed, the micro-cavities will
collapse in a preferred direction giving rise tee th
emission of photons in the forward and backward
directions. The remarkable simplicity of the

experiment, as well as that of the magnetic materia Langevin

of much basic research. Except when they are very
dilute, the effects of magnetic interactions irrdduids

cannot be ignored, so that their magnetization
behavior exhibits an essential deviation from the
(super) paramagnetic theory. Real

used in the experiment, can lead to new potentia|ferrofluids 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;0, colloidal nanocrystal clusters with high
magnetization and high water dispersibility, which
demonstrate excellent magneto-optical properties
including highly tunable stop bands and rapid amtl f
reversibility over the entire visible spectrum. & and

Mehta (2010) showed that it is possible to induce aproperties (magnetic property, viscosity,

1998; Yavuzet al., 2006). Even if small, the residual
polydispersity is an awkward parameter as soon as
the thermodynamic behavior of the system is
discussed (Bartlett, 1997). For such ferrofluids, i
which there is distribution of particle size, their
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
ferrofluid based on R®, nanoparticles (~10nm) by
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monodispersed system. A few theoretical studies of
bidispersed systems, consisting only of large andlls
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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 anélewea 10.1063/1.474364

magnetic particles with different magnetic momemts  Bjrdj, 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,  Byske, N., 1994. Application of magnetite sols in
to simulate the bidispersed system. In other warsifig 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 thpepties g yter, 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 shaw

such magnetically bidispersed ferrofluids, known as ) ) )
binary ferrofluids, could have different propertiesm 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 meciasi 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. lvanov 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 thepgnpatini, F., H. Sahash and J. Monin, 1997. Pure

total number of particles is unchanged (i al., Faraday rotator: A ferrofluid mixing method.
2011; 2012). Such a model, in which whether the Appl. Opt. 36: 8165-8167. DOI:

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

are conservative will be conS|de_red, could be halpf 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 lshse tic fluid \?yCh Ph q111' 7147 7168,

on two types particles, in which at least one is gg?-nfolclogé/iﬁéooo?m' ys., : ) '

ferromagnetic or ferrimagnetic nanoparticles, are _ T '

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