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This paper presents a review of Electric Double Layered Magnetic Fluids (EDL-MF) based
on spinel ferrite type [(M+2

1�xFe
+3
x )]A[(Fe

+3
2�x M+2

x )]BO
�2
4 , with M(II)= Mn, Co, Ni, Cu

and Zn. The chemical synthesis of the nanoparticles using hydrothermal techniques and
their complete peptization in an aqueous medium results in a ultra stable magnetic colloid,
EDL-MF. The characterization of the particles was performed using X-ray di�raction and
electronic microscopy techniques. The resulted sols were investigated by magnetic, magneto-
optical measurements and magnetic resonance techniques.

I. Introduction

MF or ferro
uids are colloidal suspensions of �nely

divided (10 nm) magnetic particles dispersed in a spe-

ci�c carrier and constitute a promising technological

material. MF where steric repulsion for the particles

peptization is used, in polar or non polar medium, are

known as surfacted MF; those in water, where the elec-

trostatic principle is used are known as aqueous or ionic

MF. Note that in the former case, the term \aqueous"

is improperly employed, because it refers to the solvent

used, but not to the way used for the particle pepti-

zation, as the term \surfacted" means. For instance,

we can also have surfacted magnetic 
uid in water. In

the latter case, these MF are also improperly named

"ionic", which can be confused with ionic liquid car-

riers (melting salts at room temperature), where only

ions exist. Thus, we introduce here, for the �rst time

in the magnetic 
uid literature, a more realistic term

- Electric Double Layered (EDL) Magnetic Fluids - in-

stead of ionic or aqueous MF.

Arti�cially created many years ago, it was only in

the end of the 1980s that the research in MF was in-

troduced in Brazil by Tourinho [1]. An International

Advanced School on MF was held on October 3-7 1994

at the Federal University of Goiânia (UFG), Goiânia,

Brazil. The course turned out to be a success and many

well-known lecturers participated ( see the proceedings

appeared in the Brazilian Journal of Physics [2]). At

the present moment, it is a growing research theme in

some important Brazilian Universities, although, at the

same time its potential industrial applications remain

di�cult to establish.

I.1 General remarks

Nowadays, homogeneous 
uid exhibiting ferromag-

netic properties are not found in nature. For instance,

iron is magnetizable (ferromagnetic) but in liquid phase

(at high temperature ), it loses this property, because

the Curie Point is over passed and it therefore becomes

paramagnetic. On the other hand, mercury is a room

temperature liquid metal but it is not magnetizable.

The paramagnetic 
uids which are aqueous solutions of

paramagnetic salts, e.g., FeCl3 or MnCl2 or rare earth



metal salts exhibit such macroscopic properties only in

very intense �elds.

In mid-1960s, using new technology, it became pos-

sible to combine 
uidity properties and the possibility

to interact with a magnetic �eld (earlier considered to

be incompatible) in a unique material: a magnetic 
uid

(ferro
uid). Thus, for the �rst time in history it became

possible to exert a magnetic force on a 
uid to control

its position. At the same time, the coexistence in such

systems of a strong magnetization comparable to that

of a solid magnet and 
uidity, allowed them to be re-

ferred as unique physical objects. Then, the science

of MF was created and technological applications have

grown rapidly, encouraging theoretical and experimen-

tal research in ferro
uid's chemistry, physicochemistry,

thermodynamics and mechanics.

I.2 Manufacture of Magnetic Fluids with di�er-

ent ferrophases and carriers

MF's are two-phase liquid -a colloid- containing

ferro- or ferrimagnetic nanoparticles in a broad spec-

trum of ordinary non magnetic liquid (carriers). The

principle of the stability in such systems is due to

the fact that these nanostructured materials, gener-

ally denser than the liquid carrier, are animated by

the Brownian agitation, thus compensating the force

of gravity and being therefore able to be maintained

in solution. To avoid their agglomeration, a repulsive

character force must be introduced against magnetic

dipolar force and Van der Waals interaction and at the

same time permits a peptization in non magnetic car-

rier. Each particle can be considered as a single-domain

region and bears a constant magnetic moment which

can align or be attracted in the direction of an applied

external magnetic �eld, inducing therefore in such sys-

tems a macroscopic magnetic moment. This property is

then transmitted to the liquid carrier due to the Brown-

ian motion of the particles thus causing the interaction

of the whole 
uid, and the �eld. In conclusion, sta-

ble MF can be manufactured using two main principal

steps: �rstly the production of �ne magnetic particles

and secondly, their stabilization in a desired carrier liq-

uid.

I.2.1 Particles preparation

The technological process to produce �ne magnetic

particles can be mainly divided in two principal cate-

gories: dispersion and condensation methods.

Grinding (dispersion) methods

In the dispersion methods, a sample of magnetic

bulk material (magnetite) is broken down into colloidal

dimension by a laborious mechanical process.

Condensation methods

More recently, condensation methods were proposed

and involve condensation from a chemical reaction. The

condensation methods are faster, cheaper and lead to

more versatile products: the nanoscale magnetic par-

ticles have a very reactive surface allowing the stabi-

lization of the particles in a large spectrum of media

including both polar and non polar solvents. After-

wards, this method has been extended to the synthesis

of other types of ferrites in addition to magnetite.

I.2.2 Particles peptization in general carrier

medium

In a second step of the synthesis, the stabilization

of the �ne ferrite particles is performed by the addi-

tion of a barrier to avoid the aggregation which would

occur because of Van der Walls and magnetic dipole-

dipole interactions. The protected particle can be Sur-

facted (S-MF), Electric Double Layered (EDL-MF) or

Biocompatibled (B-MF) and more recently H-bonded

(Hb-MF).

Surfacted Magnetic Fluids (S-MF)

In the ordinary surfacted type, a physical barrier

is introduced using a suitable dispersing agent (surfac-

tant). Surfactants are molecules which consist of two

well de�ned regions: one which is oil-soluble (hydropho-

bic) and other one which is water soluble (hydrophilic).

The hydrophobic part is non-polar and usually consists



in an aliphatic or hydocarbon residue. The hydrophilic

part is polar and usually consists in polar groups which

can strongly interact with water (specially hydroxyl,

carboxyl and ionic groups). So, to stabilize ferrites par-

ticles in a non-polar medium, a simple surfactation is

required; the hydrophilic part is adsorbed in the parti-

cle surface and the hydrophobic part therefore becomes

compatible with the solvent. In polar medium, like wa-

ter, two layers of surfactant are needed to form an ex-

terior hydrophilic layer.

Electric Double Layered (EDL-MF)

In the EDL-MF a repulsive electrostatic force allows

the particles to stay in solution without agglomeration.

This can be obtained providing speci�c adsorption of

amphoteric (pH dependence) hydroxyl groups which

creates an adjustable surface charge density (electric

double layer). Therefore, the Electric Double Layered

method is more advantageous than the double surfac-

tation method for solubilization in water.

Biocompatibled Magnetic Fluids (B-MF)

Biocompatible magnetic 
uids have to be adapted

to biological media (hemocompatibility, toxicity,

biodegradability, etc.). Such systems are based on mag-

netic particles coated with biologically active molecules.

In this way, ferrite particles are associated with biolog-

ical polyelectrolite molecules which brings two or more

polyfunctional chemical groups. These ones are respon-

sible for the complex link molecule-particle surface, and

for the colloidal stabilization by the creation of an elec-

tric double layer. The coated colloidal particle mate-

rial can be directly introduced in the human body de-

pending on the nature of the particle, and on how this

molecules adsorbed onto the particle surfaces work like

a bridge to graft on proteins and antibodies.

H-bonded Magnetic Fluids (Hb-MF).

Recently, Tourinho et al. [3] proposed a new par-

ticle petization in polar media without surfactant or

electric double layer. This new principle consists of a

stabilization by H-bonding between the particle surface

and the self-assemblied liquids. It leads to very stable

magnetic 
uids, principally at high temperatures.

I.3 Applications

MF can be con�ned, positioned, shaped and con-

trolled by magnetic forces. Because of this surprising

and interesting behaviour MF's are successfully used in

sealing applications, vacuum rotary feedthroughs, lin-

ear seals, audio loudspeakers and inertia dampers and

so on. In the years to come, one of the most important

way of development for the magnetic liquids will be the

biological domain, principally in drugs vectoring and

oncological diagnosis and treatment.

I.4 Historical Aspects

The �rst e�orts to produce magnetic 
uids were

done in 1779 by Knight [4], followed by Bitter [5] and

Elmore [6] who obtained a suspension of large mag-

netic particles. Though not fully stable those colloids

were similar to the present \magnetic 
uids". How-

ever, to reach the present synthesis it was necessary

to develop both a method to produce stable suspen-

sions and a technique to remove the big particles using

through an e�cient centrifugation process. The sta-

ble magnetic 
uids was �rst obtained by Papell [7], at

NASA. They were MF similar to the present commer-

cially available ones and were designed to control the


ux of combustible (fuel) in the absence of gravity in

outer space. Between 1965 and 1969, Rosensweig [8]

managed to produce MF in kerosene and others solvents

like water, 
uorocarbons and esters. It is interesting to

note that until the �rst quarter of the 70's MF were

produced through the suspension of magnetite parti-

cles obtained from grinding processes. Then it became

necessary to obtain magnetic 
uids through faster pro-

cesses. In 1973 Kalafalla and Reimers [9] �rst proposed

a chemical method for the production of surfacted MF

based on magnetite. In 1979, Massart [10] proposed a

chemical synthesis where magnetite nanoparticles could

be dispersed in polar solvents, without the necessity of

surfactants. However, there was a stability problem

due to oxidation, i.e., the magnetite transformed into

maghemite. It is relevant to observe that this kind of

transformation had not happened before because natu-

ral magnetite is stable. In 1987, Cabuil [11] forced the

oxidation of magnetite in maghemite. In 1989 and 1996,

changing the process of the initial synthesis, Tourinho



[12,13] was able to obtain ultra stable and highly con-

centrated MF with di�erent magnetic particles based on

spinel ferrite type [(M+2
1�xFe

+3
x )]A [(Fe+3

2�x M+2
x )]BO

�2
4 ,

with M(II)= Mn, Co, Ni, Cu and Zn.

Initially the science of MF was consistent with the

idealized physical and mathematical model for the be-

havior of a single-phase isotropic liquid - a magnetic

liquid. At present, MF can not be described by a sim-

pli�ed representation and now the science of MF has

become an independent �eld of investigation, belonging

to disciplines as diverse as physicochemistry of colloids,

physics of magnetic phenomena, and magnetohydrody-

namics. A detailed bibliography dealing with MF is

outlined in the Proceedings of the International Con-

ferences on MF [14].

II. Experimental preparation details of Electric

Double Layered Magnetic Fluids based on spinel

ferrite type [(M+2
1�x Fe+

3
x)] A[(Fe

+3
2�xM

+2
x )]BO

�2
4 ,

with M(II)= Mn, Co, Ni, Cu and Zn

II.1 Chemical synthesis of magnetic particles

The chemical synthesis of charged mag-

netic nanoparticles based on spinel ferrite type,

[(M+2
1�xFe

+3
x )]A[(Fe

+3
2�x M+2

x )]BO
�2
4 , with M(II)= Mn,

Co, Ni, Cu and Zn, dispersed in water allows the pro-

duction of EDL-MF. Magnetic particles of a ferro
uid

must be chemically stable in the liquid carrier and

have a convenient size (a few nanometres) to provide

colloidal sols. Mn, Co [12 ] and Cu, Zn, Ni [13] spinel

oxide particles are prepared by condensation method

from the chemical reaction among aqueous solutions of

metal mixtures in alkaline medium. Particle nature and

size are �xed by the coprecipitation step. It is therefore

necessary to control all the experimental steps in order

to obtain reproducible results. Important parameters

to control are the composition of the initial mixtures,

the composition of the alkaline medium, the operating

mode, the temperature and the ionic strength of the

initial mixture. All of them have been tested to succeed

in doing such a synthesis. As far as the molar ratio is

concerned the best initial condition for all sample pre-

pared corresponds just to the ferrite stoichiometry, i.e.,

0.33. In addition the particular base which is used, the

pH and the temperature are extremely important in

the synthesis. The best temperature range for the syn-

thesis is around 100o C. Usually a base excess is needed

due to the acidity of the initial mixture. The reagent

addition procedure, including the way and speed of

mixing, acts directly to determine the average value

of the particle size. The �ne particles are obtained

by pouring the mixture as quickly as possible into the

base medium under vigorous stirring. Very high ionic

strength as well as base excess are very important in

the synthesis of nickel ferrite particles.

II.2 Peptization of magnetic Particles in aque-

ous media - EDL-magnetic 
uid preparation

Finally, after the magnetic particles being synthe-

sized they were washed in acid medium using a ferric

nitrate solution at boiling temperature in order to pro-

mote the chemical surface stabilization. Very stable

and concentrated magnetic 
uids are obtained, after

the chemical surface stabilization step, by dispersion in

acid (alkaline) medium with suitable counterions, like

nitrate or perchlorate (tetramethylammonium cation).

Easily available amounts of very concentrated mag-

netic 
uids have already allowed new experiments on

the wetting of a platinum wire to be carried out [15].

It has been shown [12] that a large anisotropy constant

of cobalt ferrite enables microscopic needle synthesis of

this magnetic compound and it is hoped that new appli-

cations in the engineering �eld may arise as a result of

this behavior. More recently [16] the birefringence ex-

periments demonstrate the existence of a magnetically

ordered core inside the nickel ferrite particles allowing

their use in dynamic optical probing for biomedical ap-

plications.

III. Particle Characterization

III.1 Electronic Microscopy

MF always present an intrinsic polydispersity [12,

15] and electronic microscopy is generally used to char-

acterize both the geometrical size distribution of the

magnetic nanoparticles and their crystalline structure.

In the following, we present typical results of elec-

tronic microscopy measurements [16, 17] performed on

a Transmission Electronic Microscope JEOL 100CX2

after dispersion of the dilute 
uid sample by ultrasonic



waves. Picture 1 shows a direct image of nickel fer-

rite magnetic particles which appear roughly spheri-

cal. Considering one thousand and a half particles (not

involved in aggregates) it leads to the size histogram

displayed in Fig. 1. For all magnetic 
uids samples

and whatever the way of preparation of �ne particles,

the size distribution of magnetic particles is, in a �rst

approximation, usually well described by a log-normal

distribution of diameters P(d):

P (d) =
1p
2�d�

exp

�
� ln2(d=d0)

2�2

�
; (1)

where d0 corresponds to the mean value of d and �

is the standard deviation. In Fig. 1, we also show a

best �t (solid line) of the size histogram which corre-

sponds to d0 = 3.5 nm and � = 0.15. However one can

note that the �tted distribution does not account for

the tail of the histogram which represents the biggest

particles. Moreover, due to the experimental process

which requires the solvent evaporation, the number of

small aggregates is rather underestimated. It is there-

fore important to remind that such a picture is not a

direct image of the real 
uid.

Picture 1. Electronic microscopy picture of a chemically
synthesized EDL-MF sample made of nickel ferrite parti-
cles. The scale represents 50 nm.

Figure 1. Size histogram of the Nickel EDL-MF sample de-
duced from electronic microscopy images (one thousand and
a half particles). A best �t of this histogram by a log-normal
distribution law gives a mean diameter d0 = 3.4 nm and a
standard deviation � = 0.15.

The electronic microscopy also gives the opportu-

nity to perform a crystalline characterization. The

di�raction of the electron beam by ferrite nanoparticles

leads to a typical di�raction pattern as it is displayed in

Picture 2 in the case of Nickel ones. The indexation of

the observed lines can be deduced from a comparison to

the di�raction pattern of a gold sample. Their positions

and relative intensities allows us to identify the struc-

ture of these magnetic particles which is of spinel-type

[18].

Picture 2. Electron di�raction pattern of nickel ferrite EDL-
MF sample. The indexation of the observed lines cor-
responds to the characteristic interplanar spacings of the
spinel structure.



III.2 X-ray Di�raction

As the particles size plays a fundamental role in

both the magnetic and magneto-optical behaviour, it

remains essential to perform a carefull particle charac-

terization. Investigations of the nanoparticles by X-rays

di�raction [19] constitute an additional method in or-

der to con�rm the crystalline structure. Focusing on

the line broadening, it will also provide another deter-

mination of the particles size. In this way, only the

crystalline part of particles is taken into account. X-

rays di�raction measurements are generally realized on

a powder obtained by evaporation of the liquid carrier

of the sample. We present in Fig. 2 typical powder

difratograms performed on three magnetic 
uid samples

based on CuFe2O4, ZnFe2O4 and NiFe2O4 ferrites, us-

ing a Rigaku/Geiger
ex X-rays di�ractometer and the

Cu-Ka radiation at l = 1.54�A. All of them exhibit sev-

eral lines corresponding to the characteristic interplanar

spacings [220], [311], [400], [511] and [440] of the spinel

structure. The broadening of the peaks which arises

from the �nite dimension of the crystal (polycristalline

specimens) is essentially due to the roughly spherical

particle diameter, acording to the Debye-Scherrer equa-

tion:

dRX =
K�

�cos �
; (2)

where K = 0.9 is a correction factor to account for par-

ticle shapes, � is the Bragg angle and � is the ob-

served breadth at half the maximum peak intensity.

One has to mentionned that the observed width in-

cludes additional sources of broadening, arising from

the experimental set up and instrumention, which were,

in our measurements, determined using a Si standard

monocrystal. Then, the particle sizes are generally de-

termined by calculating the mean diameters associated

with the most intense X-ray peak [16, 17, 19], corre-

sponding to the [311] one, and gives in our case the

results shown in Table I. As the X-rays di�raction pro-

vides a mean diameter one has to note that this exper-

imental technique favours the biggest particles. There-

fore, X-rays di�raction determination of the particles

diameter generally gives a higher size when compared

to electronic microscopy results.

Table I: Mean particle diameter estimated from the

width at half maximum of the [311] di�raction peak

for EDL-MF samples based on CuFe2O4, ZnFe2O4 and

NiFe2O4 in powder form.

Magnetic nanoparticles X-ray di�raction mean
diameter d0:RX (nm)

CuFe2O4 8.5
ZnFe2O4 6.3
NiFe204 4.4

Figure 2. X-rays powder di�ractogram of Copper, Zinc and
Nickel ferrite nanoparticles. Characteristic lines [220], [311],
[400], [511] and [440] of the spinel structure are indexed.

IV. Magnetic Properties

IV.1 Theoretical background

The magnetic properties of magnetic 
uids arise

from the dispersion of magnetic nanoparticles [20, 21]

in a liquid carrier, typically 1016 part.cm�3 in dilute

solution. The combination of the properties of the crys-

talline spinel structure and of the exchange interactions



between ions of the tetraedric sites and ions of the oc-

taedric ones leads to a global ferrimagnetic order in

the core grain [22]. Moreover, as the diameter particle

is ranging from 2 to 15 nm, it is always smaller than

the thickness of a Bloch wall. Each magnetic grain

can therefore be considered as a single magnetic mon-

odomain which bears a magnetic moment � which is

of the order, for ferrites particles, of 104�B , �B being

the Bohr's magneton. At the equilibrium, this magnetic

moment is held oriented in the direction of the easy axis

of magnetization by an energy barrier of anisotropy Ea.

At zero magnetic �eld, the rotation of the magneticmo-

ment is a thermally activated process, characterized by

the N�eel relaxation time �N = �
0
exp(-Ea/kBT), where

�
0
is the spin relaxation time which is about 10�9 s, kB

is the Boltzman constant and T the temperature.

In the liquid solution, freedom degrees of mechanic

rotation allow a second relaxation process, the Brow-

nian rotation characterized by a Brownian relaxation

time �B = 3�Vh/kBT, where � is the 
uid viscosity at

the temperature T and Vh the hydrodynamic particle

volume. In aqueous samples this time is typically of

about 10�6 s.

In a dilute regime where interparticle interactions

are negligible, MF therefore present a giant paramag-

netic behaviour, the so-called superparamagnetism [23,

34, 25]. In the absence of magnetic �eld, the orien-

tation of the particles magnetic moment is randomly

distributed, and the resulting magnetization is equal to

zero. As the magnetic �eld increases, the permanent

moments are free to align along the �eld and their ori-

entation distribution results from a balance between the

magnetic energy of the particles and their thermal one.

At the thermal equilibrium, the Boltzmann distribution

can be applied [26, 27] and the resulting orientation dis-

tribution of magnetic moments can be written:

h!�i = L1(�) = coth � � 1=�; (3)

where � = �H/kBT is the Langevin parameter and

L1(�) is the �rst Langevin law. In high external mag-

netic �eld, all the magnetic moments are aligned in the

�eld direction and the magnetization saturates. The

magnetization does not present any hysteresis.

However, the simple description based on the

Langevin formalism has to be modi�ed taking into ac-

count the magnetic 
uids polydispersity and the nor-

malized magnetization becomes:

M(H)

mS�
=

1R
0

d3L1 [�(d)]P (d)dd

1R
0

d3P (d)dd

; (4)

where the saturation value of the magnetization

is Msat = ms�, ms being the saturation magnetiza-

tion of the magnetic grain and � the volumic fraction

of magnetic material in the solution.

Such a model applies rather well for EDL-MF based

on 
-Fe2O3 particles, at room temperature [25], assum-

ing for the nanomaterial, a magnetization of the order of

75% of the bulk one for particle diameter about 10 nm.

IV.2 Magnetization measurements

The curve M(H)/Msat therefore reduces to a func-

tion of two parameters d0 and � if ms is known [25].

Then, by �tting magnetization experimental measure-

ments one can obtain another determination of mean

magnetic sizes of the particles and standard deviations

of the size distribution.

We present in Figs. 3 and 4 some experimen-

tal room temperature measurements performed with a

Foner's device on dilute (� < 0:8 %) EDL-MF based on

MnFe2O4 [12] and NiFe2O4 [17] particles respectively.

The ferro
uid solutions magnetization is equal to zero

in zero �eld, does not present any hysteresis in the in-

vestigated range of �eld and is an increasing function

of the applied �eld. All these results as well as those of

ref. [25] con�rm the existence of an ordered magnetic

core which, under an applied magnetic �eld, induces

a mechanical rotation of the particles, dragged by the

rotation of the core magnetic moment.

Moreover, as in the case of niquel ferrites particles,

the magnetization is proportional to the volume frac-

tion � of nanomaterial, (see on Figs. 4 and 5) a result

which shows that, at least from a magnetic point of

view, no interparticles interactions has to be taken into

account. In the case of Mn-based samples, one can eas-

ily obtain the parameters of the size distribution which

are d0 = 5.9 nm and � = 0.45 [12].



Figure 3. Magnetization M of an EDL-MF based on man-
ganese ferrite nanoparticles in a log-log representation. A
best �t using the formalism (4) gives d0 = 5.9 nm and � =
0.45.

Figure 4. Magnetization M of EDL-MF's based on nickel
ferrite nanoparticles (three samples at three volume frac-
tion �)) as a function of the applied magnetic �eld H in a
linear representation.

Besides experiments performed on liquid solutions,

where Brownian rotation is usually the dominant pro-

cess which tends to align the magnetic moment of par-

ticles along the applied �eld direction, measurements

in frozen solutions can provide informations about the

nanomaterials magnetic anisotropy. When ferro
uid

nanoparticles are frozen in a tight polymeric matrix,

the Brownian rotation is inhibited and the mechanism

of the moment rotation is due to thermal 
uctuations

of the magnetic moment within the magnetic particle.

Such measurements have been performed at room tem-

perature on EDL-MF based on CoFe2O4 and MnFe2O4

[12] particles and show that Mn-based samples do not

exhibit any remanence while Co-based samples exhibit

a large one. These results are in good agreement with

the calculated ratio between the anistropy energy and

the thermal one and the comparison between the bulk

anistropy constants of these two materials, which is

aproximately �fty time larger for CoFe2O4 than for

MnFe2O4, allow to explain the magnetic behaviour of

those frozen solutions.

Figure 5. Magnetization M=� as a function of the applied
magnetic �eld H in a linear representation for the three
samples. The inset displays the same results in a log-log
representation.

In the case of Ni-based samples, �gure 4 and 5

clearly show that in the investigated range of magnetic

�elds the magnetization does not saturate. Such a re-

sult has very recently [17, 28] been explained by the

existence of a strong surface magnetism which would

�nd its origin in the small size of the particles and in

the nickel ferrite crystalline structure. One has to re-

mind that the existence of a spin disorder all around an

external layer of the magnetic particles has also been

proposed in maghemite particles [29, 30]. A carefull

analysis of the Ni-based samples magnetization shows

one standard contribution coming from the magnetic

core which follows a Langevin formalism and another

one coming from a large number of surface spins badly

correlated to the ferrimagnetic core structure. This

analysis gives a mean diameter and a standard devi-

ation equal to 4.2 nm and 0.55 respectively. Standard

deviations deduced from magnetization measurements

are generally greater that those provided by electronic



microscopy since all the small agregates in solution con-

tribute to the magnetic measurement [12].

V. Magneto-optical behaviour

V.1 Theoretical background

Chemically synthesized EDL-MF based on 
-Fe2O3,

CoFe2O4 and NiFe2O4 particles are optically active

and exhibit strong optical birefringence under mag-

netic �elds. Isotropic in zero �eld, the magnetic 
uid

solutions become optically uniaxial under an applied

�eld [23, 31]. Such a macroscopic e�ect saturates in

high �elds and is related to the microscopic optical

anisotropy of the particles and to their progressive ori-

entation along the �eld direction. A �eld induced ag-

gregation of particles is totally rejected by Small Angle

Neutron Scattering (SANS) experiments [32] if the ionic

strength of the solutions is less than 0.05 mol.l�1 with

particles of super�cial density of charges of the order

of 0.2 C.m�2. The origin of the optical anisotropy of

those nanoparticles had been highly discussed and the

birefringence may have several origin:

- a �eld-induced e�ect in the particle material [33],

however, within the accuracy and in the �eld range of

standard measurements, no optical anisotropy of the

solutions is observed if the particles are dispersed in a

zero magnetic �eld in a carrier subsequently frozen (for

example, a tight polymeric matrix).

- the internal optical anisotropy of the magnetic par-

ticles, but as tested by X-rays di�raction measurements

the ferrite crystalline structure of the particles is cubic:

it is incompatible with the generation of birefringence.

A tetragonal order of vacancies has been put in evi-

dence in bulk 
-Fe2O3 [34] by the observation of addi-

tional superstructure re
ections. However it has been

shown [35] that this e�ect depends on crystallite size

and the superstructure re
ections disappear for mean

particles size smaller than 20 nm; it therefore can not

be expected in ferro
uid nanoparticles.

- a shape anisotropy of the particles, but as showed

on electronic microscopy pictures, the particles are

more rock-like shaped than elongated.

Recently, the optical anisotropy [36] as well as the

magnetic anisotropy [30, 37], of chemically synthesized


-Fe2O3 particles have been attributed to a surface con-

tribution related to a possible disordered layer of spins

at the surface of the nanoparticles.

The results of static experiments performed on di-

lute solutions may be interpreted in terms of a Langevin

formalism [36, 38, 39] coupled with a log-normal size

distribution of particles and taking into account an op-

tical anisotropy of individual particles �n0:

�n

�n0�
=

1R
0

L2(�)d
3P (d)dd

1R
0

d3P (d)

; (5)

where L2(�) = 1- (3/�)L1(�) is the second Langevin law.

V.2 Birefringence measurements

We present in the following two optical probing of

magnetic 
uids based on nickel ferrite particles, per-

formed in the presence of a static magnetic �eld (see

on Fig. 6) and of a low alternating one (see on Fig. 7).

Static �eld experiments were already performed on Co-

and 
-Fe2O3- based samples and the used experimen-

tal setup as well as the obtained results were published

elsewhere [38, 39].

Figure 6. Log-log representation of �n=� = f(H) for nickel
EDL-MF's samples. The full line is a best �t using (5) which
gives d0 = 6:4 nm and �= 0.55.



Figure 7. Real and imaginary parts of the birefringence of
the nickel EDL-MF sample as a function of frequency. The
full lines correspond to the real and the imaginary parts of
the Debye relaxation.

Static birefringence [17, 28]

The static birefringence is given in �gure 6, for three

Ni-based samples of di�erent volumic fraction �, in a re-

duced representation as a function of the applied static

magnetic �eld H. As for the magnetization curves, one

can note that �n is equal to zero in zero applied �eld,

no hysteresis is observed in the experimental range of

magnetic �eld and �n is proportional to the volume

fraction �. The previous formalism correctly �ts the

experiments with a quite large size distribution of par-

ticles. Assuming in a �rst approximation the magne-

tization of the particles equal to that of the bulk, it

allows to determine a characteristic optical distribu-

tion of diameters d0 = 6:4 nm and a standard devi-

ation � = 0.55. These values, as those one determined

from magnetic measurements, indicate that such sam-

ples are rather polydisperse. It should be noted that

static birefringence is particularly sensitive to eventual

aggregates and, on the contrary, totally insensitive to

small superparamagnetic particles not aligned by the

magnetic �eld.

Dynamic birefringence [28]

A dynamic probing is also performed in a birefrin-

gence measurement, under a low alternating magnetic

�eld, as a function of the �eld frequency. The nickel

ferro
uid sample, dispersed in glycerine, is submitted

to an alternating �eld = 16 kAm�1. and the �eld fre-

quency f is experimentally ranging from 1 Hz to 1 kHz

[16].

As a function of frequency, we present in Fig. 7 two

parameters respectively proportional to the real and to

the imaginary part of the birefringence normalized at

1 Hz: . The imaginary part presents a maximum at

f=15Hz. We compare in Fig. 7 the experimental re-

sults to a standard Debye relaxation:

�n=�n(1Hz) = 1=(1 + i$�); (6)

Such a model expresses that at low frequencies the

particle optical axis follows the oscillations of the mag-

netic �eld. As the frequency increases the phase-lag

between the �eld and the particle axis progressively

increases and in the high frequency limit the particle

does not oscillate anymore. Identifying the frequency

of the maximum of the imaginary part to the condition

$� = 1 allows a comparison of the model to the ex-

periment as a function of the reduced parameter $� .

The characteristic time resulting from this adjustment

is � = 10 ms. This Debye relaxation time corresponds

to a Brownian time of rotational di�usion. We �nd

here dh = 30 nm to compare with the low �eld average

of static birefringence [16,36] dLF= 20 nm and with a

transient measurement after a pulse of magnetic �eld

in an aqueous sample made of the same particles: � =

27 �s and dh(pulse) = 40 nm. These large values of dh

have to be correlated to the large width of the particle

distribution in the sample and to the low �eld value (16

kA.m�1) used in the experiment.

VI. Magnetic Resonance Studies

The electronic paramagnetic resonance technique

(EPR) is very e�cient for studying complex systems

like for instance MF, mainly when the interactions con-

sidered are particle-particle and particle-solvent. From

the analyses of the EPR spectra one can obtain informa-

tion on the constant of anisotropy for grains, the e�ect

of the ionic force on ionic magnetic 
uids, changes on

the e�ective radius of the 
oating particles, Brownian



relaxation time and particles concentration as a func-

tion of temperature. Facts like change on the line width

with temperature, resonance �eld position, broadening

of the line width as a function of particle-particle dis-

tance are some aspects of the technique which allow us

to understand better the magnetic 
uid system.

The EPR technique was �rst used by Sharma and

Walder [40] on 1977 to study S-MF. From 1993 many

studies has been made on synthetic MF 
uids by Tour-

inho [41], as for example, EDL-MF based on (MnFe2

O4 ), where a set of samples at various concentration

were synthesized. Particle-particle interactions on these

samples has been studied through the analyses of the

linewidth variation with temperature from the EPR

spectra. From these studies it was possible to estimate

the interaction energy among the particles[42], clarify-

ing some aspects on the magnetic interactions.

To analyze the variation of the line width with tem-

perature, for di�erent concentrations, it was used a

model based on the Van Vleck momenta method [42,43].

On Fig. 8 it is shown the experimental data of the

magnetic 
uid MnFe2 O4 in di�erent concentrations the

variation of the line width with temperature based on

the model ref. [42,43].

It was also, studied the characterization of this mag-

netic 
uid through the particle-particle interaction by

comparing two systems. The single particle system and

the magnetic agglomerates. Where one could observe

a quenching on the linewidth broadening which is asso-

ciated to a new relaxation channel [44]. Fig. 9 shows

magnetic 
uids (single particles) and agglomerates.

Mean while the model referred in ref. [44], could

not explain the linewidth variation with temperature

for ferro
uid samples with magnetic particles 
oating

on querosene [45]. The �tting of the linewidth variation

with temperature for these samples, did not follow the

model applied on EDL-MF based on manganese ferrite

particles.

VI.1 The magnetic resonance characterization of

highly anisotropic magnetic 
uids using doping

procedure

As a matter of fact the transition metal ions play

an important role on the studies of complex systems

through the paramagnetic resonance technique. They

are usually utilized as a structural probe to study var-

ious substances. The general procedure consist usually

to dope a sample with a well-known paramagnetic ion

and to attribute to the changes of the resonance param-

eters as due the environment of these ions [46].

In terms of the MF all the magnetic resonance data

published to date of the reference [53], presents the

magnetic nanoparticles themselves as the resonant cen-

ters. In this case the e�ective magnetic �eld at the

particle site is a combination of the external �eld, the

anisotropy �eld and the 
uctuation �eld [47]. As a

consequence, as far as the microwave frequency is con-

cerned, highly anisotropic MF may require very low ex-

citation frequencies [48]. Indeed, for highly anisotropic

MF, magnetic resonance at a �xed frequency may not

represented a promising characterization technique as

it did for moderated anisotropic MF.

To overcome the di�culties mentioned above, there

was a proposition of to dope a highly anisotropic MF

with a well known paramagnetic center (for example

with Cu2+, Mn2+, etc.) and magnetic resonance was

now focused on the dopant center instead of the mag-

netic particle itself. The attention was concentrated on

the resonance lineshape of the dopant center instead of

the magnetic particle itself. It was attributed to the

presence of the magnetic particles of the 
uid the re-

sulting di�erence of the lineshape before and after the

doping procedure. To describe the dopant paramag-

netic ion resonance lineshape in doped magnetic 
u-

ids it starts averaging out a lorentzian or a gaussian

shaped resonance line to the angular dependence of the

anisotropy �eld of the surrounding magnetic particles.

This is done by considering the e�ective �eld at the

dopant site as a combination of the external �eld and

the parallel component of the anisotropy �eld. Meaning

parallel component of the anisotropy �eld the compo-

nent of the dipolar �eld due to the surrounding mag-

netic particles parallel to the external magnetic �eld,

here taken as the z-direction. The angular average of

the dipolar �eld over the resonance lineshape is per-

formed by integrating the e�ective �eld from � = 0

through � = �, being � the angle with respect to the

z-direction. In a second step It is performed a radial

average of the parallel component of the dipolar �eld

to the resonance lineshape by integrating from a radial

distance close to the particle surface (r1) to a radial dis-

tance greater than the particle radius (r2). In a third



and last step It was necessary take into account the

particle size dispersity considering a log-normal distri-

bution of the particle radius and we average out the

particle radius from zero to in�nity. Indeed the reso-

nance lineshape of the dopant ion in the doped MF is

described by

c

L = A

1Z
0

P (R;R0; �)dR

r2Z
r1

r2f(r; T )dr

�Z
0

g(H;Hd(r; �; R; Is); H0; 
)d�; (7)

d
where A is the dopant ion molar concentration in the

doped MF, H is the external sweeping �eld, P(R,R0,�)

is the log-normal distribution function, eq. 1.

g(H;Hd(r; �; R; Is), H0; 
) is the �rst deriva-

tive of a lorentzian or a gaussian function, depend-

ing which of them best �t the dopant itself. H0

and 
 are the resonance �eld and the linewidth at

half height of the dopant resonance line. The av-

erage value of the particle radius and the broad-

ening of the particle size distribution are described

by the parameters Ro and �, respectively. Hd =

(4�=3)Mscos(�+�)(3cos
2�+1)1=2sin�(R/r)3 is the com-

ponent of the dipolar �eld parallel to the external �eld

H , where � = tan�1(1=2tan�).

The function f(r; T ) is the normalized Boltzmann

factor to describe the place where the dopant ions are

distributed among the particles under the action of the

potential of the double layers from each particle.

f(r; T ) =
exp(�2e	(r)=kBT )

r2R
r1

exp(�2e	(r)R=kBT )dr
; (8)

where e is the electron charge, kB is the Boltzmann

constant, T the temperature and 	 is the electrostatic

potential seeing by the dopant ion due to double layer

around each magnetic particle.

	 obtained from the solution of the Poisson-

Boltzmann r2	 = �4��="; where � is the di�use

ions concentration around a colloidal particle, given by,

� =
P
i
nizi exp(�zie	=kBT ) ni is the number concen-

tration of the ionic species of valence zi: The boundary

conditions to Poisson-Boltzmann are

	interface = 	0; (9a)

(r	):nsurface= � 4��s="; (9b)

where 	0 is the potential at surface of the colloidal par-

ticle charged with electrical super�cial density of charge

�s and n is the unitary vector normal to this surface.

For spherical particles there is analytical so-

lution only for some situations where the poten-

tial 	 is low, meaning Debye-Huckel approximation.

The majority solutions are numerical or some mix-

ing of analytical and numerical [49-52]. One im-

portant parameter is the Debye length, de�ned as

k�1 =f(4�e2="kBT )
P
i
n0i z

2
i g�1=2 It gives the extent of

the electric double layer surrounding each particle.

Figure 8. Normalized magnetic - resonance linewidth broad-
ening is plotted as a function of 1000/T(K�1). Parti-
cle concentration related to each samples is indicated in
units of 1016 particles/cm3. The linewidth data were nor-
malized with respect to the sample containing 6:3 � 1016

particles/cm3.



Figure 9. Normalized magnetic - resonance linewidth broad-
ening is plotted as a function of 1000/T(K�1) for the powder
sample (solid triangles) obtained from the starting magnetic

uid sample. The continuous line through the solid trian-
gles represents the best �t. The dashed curve represents the
expected resonance -linewidth broadening for a magnetic -

uid sample containing 14:6� 1016 particles/cm3.

Application of the model

This is model was applied to analyze a EDL-

MF cobalt-ferrite (CoFe2O4) water-based [53,54] doped

with Cu2+ ion in a wide range of the dopant concen-

tration with a strong evidence that the magnetic 
uid

stability (no phase separation) was preserved despite of

the increasing ionic strength due to Cu2+ ion addition.

At a �rst step, with this procedure, the particle size

polydispersity parameters, meaning Ro and �, of the

cobalt-ferrite water-based magnetic 
uid was obtained.

There was an excellent agreement between the param-

eters Ro and � obtained from this procedure and that

from the electron microscopy results (Ro = 7.8 nm and

� = 0.23), which are considered the standard technique

used for that purpose. The full lines in Fig. 10 represent

the best �t of the experimental resonance lines accord-

ing to Eq. 1 for various concentration of the dopant.

Table II shows the Ro and � values for each concentra-

tion of the dopant ion.

Table II: Adjusted values for R0 and � as a functions

of the Cu2+ dopant molar concentration.

Cu2+ ion (mol/l) R0 (nm) �
0.025 7.80 0.22
0.050 7.79 0.22
0.075 7.80 0.23
0.100 7.81 0.23
0.150 7.81 0.23

Figure 10. The open circles are the experimental data ob-
tained from an EPR spectrometer at X-Band, model ESP
300E made by Bruker. - The full lines are the �tting to
theoretical models: for CuCl2 at the concentration of 1.0 M
(molar) a lorentzian �ts well, and the other points are �tted
to equation 1 for a solution o CuCl2 diluted at the ratio
1 part to 3, in the ferro
uid sample. The values of these
concentration are listed near each curve.

According to the scheme proposed in that work and

considering the "GLS " analytical approximation model

for higher potentials[52] It was possible to estimate the

Debye length of the electrical double layer for this sam-

ple, performing a radial average of the parallel compo-

nent of the dipolar �eld to the resonance lineshape by

integrating from a radial distance close to the particle

surface (r1 = R + 1=k), where R is the radius of each

particle and 1=k is the Debye length to a radial dis-

tance (r2) corresponding to the electric double layer of

the neighbor particle. The result was in excellent ac-

cordance with was known for that sample. That work

ends pointing to the following important conclusion:

the sample preparation is much simpler and the time

of measurement much shorter than in the case of both

electron microscopy and magnetization.

VII. Concluding remarks

Since the �rst preparation (and application) of MF

in the 60's, there has been an enormous progress that



shows a clear account for the magnetic 
uid fundamen-

tal physical understanding. However the synthesis of

very stable MF is still a re�nement of empirical meth-

ods. In conclusion, we are reviewing in this paper the

synthesis of electric double layered (EDL) MF based on

spinel ferrite type [(M+2
1�xFe

+3
x )]A[(Fe

+3
2�x M+2

x )]BO
�2
4 ,

with M(II)= Fe, Mn, Co, Ni, Cu and Zn. The �ne

control of parameters like temperature, ionic strength,

initial molar fraction, nature of the reaction medium

are very important as far as the success of the prepa-

ration is concerned. We found that the close control of

these parameters determines the average particle size,

magnetic nature of the particles and surface reactiv-

ity. X- ray di�ractograms and electron microscopy are

presented as the �rst characterization techniques. The

polidispersity is then obtained as described above and

the mean particle diameters provided by both tech-

niques are in good agreement.The study of the magnetic

and magneto-optical behavior does not only provide an-

other determination of the size distribution but both

magnetization and birefringence measurements also al-

low the study of surface e�ects as well as relaxation

processes. Moreover,experiments in crossed alternating

and static magnetic �elds would give important infor-

mations about the magnetic anisotropy.

Magnetic resonance technique has been proved to be

powerful on the characterization of EDL-MF with addi-

tional advantage that the sample preparation is much

simpler and the time of measurements much shorter

than in the case of both electron microscopy and mag-

netization. Instead several other physical techniques,

the sample amount used in magnetic resonance is min-

imum.
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