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Magnetic birefringence measurements are performed under a static field on Electric Double Layered
Magnetic Fluids based on copper and zinc ferrite nanostructures. The optical birefringence is
related to a single-particle effect and well described by a Langevin model which includes a log-
normal distribution of particles. By the field-induced birefringence level, these new magnetic fluids
are comparable to usual ones, a result which could offer a new way for biological applications.

I Introduction

Nowadays, Magnetic Fluids (MF) or Ferrofluids are
stable colloidal suspensions of magnetic monodomain
nanosized particles dispersed in a specific liquid carrier
[1]. Due in part to the coexistence of a strong magneti-
zation with fluidity properties and also to the versatil-
ity of molecular liquids carrier which can be employed,
such artificial systems leads to numerous technological
applications [2]. Fundamental studies are generally per-
formed in electric double layered magnetic fluids (EDL-
MF) [3] where the stabilization is achieved by intro-
ducing, between particles, electrostatic repulsive forces
obtained by an adjustable surface charge density.

MF have long been investigated using magneto-
optical birefringence measurements. For instance, mag-
netic colloidal sols based on FesO4 [4], 7-Fe2O3 [5],
CoFe;0y4 [6] and NiFe; Oy [7] nanoparticles are optically
active and exhibit strong optical birefringence under
magnetic fields. In diluted solutions (typically of the
order of 10'® particles per cm?), the magneto-optical
behavior of MF can be well described by a Langevin
formalism that includes a log-normal size distribution
of roughly spherical particles [4, 8].

Nevertheless, until now, the origin of the MF
magneto-optical birefringence is not well understood. A
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possible field-induced effect on the particle material, the
cubic (spinel) crystal structure and the nearly spherical
particle shape observed by electron microscopy do not
explain the optical anisotropy. Optical birefringence
and dichroism of surfacted MF have been interpreted in
terms of orientation or aggregation in the presence of a
magnetic field of particle aggregates already present in
the solution in the absence of the field [9]. However, in
EDL-MF, recent Small Angle X-ray scattering measure-
ments performed on a large number of samples show at
zero field a low degree of particle aggregation [10]. For-
mation of chain-like aggregates in the applied field has
also been proposed to account for the magneto-optical
behavior of MF [11]. Nevertheless, such model results
in considerable deviation from experiments at low field.
Furthermore, a field induced aggregation of particles in
EDL-MF is rejected by Small Angle Neutron Scattering
results if the ionic strength of the solutions is less than
0.05 mol L~! with particles of surface charge density
about 0.2 C m~? [12].

More recently, static magneto-optical birefringence
of size sorted y-Fe;O3 nanoparticles indicated [13], on
the contrary, that the optical anisotropy observed in
EDL-MF is not due to cooperative process of particle
agglomeration in the field but to a particle surface mag-
netic anisotropy, coming from the discontinuity of mag-
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netic interactions between individual spins which reside
at the particle surface, coupled to a slight ellipticity of
the particles.

The aim of the present work is to investigate the
static magneto-optical birefringence of new EDL-MF
based on copper and zinc ferrite nanoparticles. The
chemical synthesis of these ferrofluids as well as their
magnetic properties have already been presented in a
previous paper [14]. Such MF could offer a new alter-
native for biological applications since their iron con-
tent is reduced and they would therefore be notably
easier to titrate in biological in wvivo experiments. In
such a context, it is essential to check their optical bire-
fringence level since optical birefringence measurements
have shown to be a useful tool in testing the grafting of
magnetic nanoparticles by antibodies [15].

The current work is divided as follows. In section
II, we give a brief description of the EDL-MF chemical
synthesis as well as a chemical and structural analysis
of the synthesized nanoparticles. Parts of our previous
magnetization data obtained at 300 K are reviewed in
section III. Then, in section IV, static magneto-optical
measurements are presented and discussed within the
framework of the Langevin model.

II Chemical synthesis and par-
ticle characterization

EDL-MF synthesis. The EDL-MF elaboration is car-
ried out on three basic steps [14]: firstly, the fer-
rite nanoparticles synthesis, then the chemical surface
treatment, and finally the peptization of the particles
in a stable aqueous colloidal solution. CuFe;O4 and
ZnFe;04 oxide nanoparticles were prepared using hy-
drothermal coprecipitating aqueous solution of CuCl,-
FeCls and ZnCl,-FeCls mixtures, respectively, in alka-
line medium. After the coprecipitation step, the pre-
cipitate is washed in order to suppress the high ionic
strength of the medium and the particle surface is
cleaned by a (2 mol L~1) HNOj3 solution. Moreover, to
ensure the thermodynamical stability of the particles an
empirical process has been proposed: the precipitated
is boiled with a 0.5 mol L' Fe(NOj3)3 solution. Then,
the particles are conveniently peptized in acid medium
by the adjustment of the ionic strength, resulting in a
stable sol of high quality.

Chemical analysis. Once the EDL-MF synthesis has
been performed, the sample composition is controlled
by chemical analysis: iron(III) titration is determined
by dichromatometry. Copper (II) titration is done by
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volumetric analysis with iodine and zinc (II) is quan-
tified using plasma emission spectroscopy. Then, each
MF precursor solution is diluted at two volume frac-
tion of magnetic nanomaterial, ® = 0.73% and ® =
0.15% for Cu-based samples and & = 0.75% and & =
0.16% for Zn-based ones. These volume fraction values
have been chosen in order to perform magnetization
and magneto-optical measurements on sufficiently di-
lute samples where the inter-particles interactions can
be considered as negligible and the independent particle
model well works.

Magnetic material yield. The experimental proce-
dure used to determine the best value in divalent metal
molar fraction is an adaptation of the method of contin-
uous variation or “Job’s method”. A series of solutions
of equal total concentration in metal [M?T + Fe3*] is
prepared with different relative amounts of M?* and
Fe3t reacting in excess of sodium hydroxide in order
to obtain the ferrite nanoparticles. For each solution,
the corresponding magnetic material yield is measured
using an adaptation of the Gouy method, where an ap-
parent increase in mass Am can be detected when the
solution is submitted to a magnetic field gradient. Fig.
1 displays the variations of the normalized value of the
magnetic material yield as a function of the divalent
metal molar fraction X2+. As it can be seen, our
measurements show a very good agreement with the
theoretical curve deduced from the chemical reaction of
ferrite formation [14]. The maximum yield corresponds
to that provided by the exact ferrite stoichiometry with
a value of X2+ equal to 0.33.

X-rays diffraction. In order to characterize the crys-
talline structure of our magnetic nanoparticles, X-rays
diffraction measurements were performed on powder
samples obtained after evaporation of the liquid car-
rier, using a Rigaku/Denki X-rays diffractometer and
the CuKa radiation at 1.54 A . We present in Fig. 2 a
typical powder diffraction pattern which exhibits sev-
eral lines corresponding to the characteristic interpla-
nar spacing [220], [311], [400], [422], [511], [440] and
[533] of the spinel structure [16]. Table 1 compares for
both kind of nanomaterial the measured peak intensi-
ties with the American Society for Testing and Materi-
als (ASTM) values [17] and also gives the cubic lattice
cell deduced from the peak position with average val-
ues of 0.828 nm and 0.832 nm to be compared to the
ASTM ones 0.835 nm and 0.844 nm for CuFe;O4 and
ZmFe; 04 respectively.
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Figure 1. X-ray powder difratograms of copper and zinc fer-
rite nanoparticles. The characteristic diffracted directions

[220], [311], [400], [422], [511], [440] and [533] of the spinel
structure are indexed.

A CuFeO,
O ZnFeO,
o~ .
= Theoretical
] curve
N
£
<
~
£
<
[ 1 A 1 i 1 n 1 4 1 n 1
0,0 0,2 0,4 0,6 0.8 1,0

Molar Ratio X >

Figure 2. Normalized mass variation Am/Ammax or mag-
netic material yield as a function of the divalent metal molar
I‘&tiO, XM2+ .

Moreover, the observed line width arises from the
finite dimension of the crystal (polycrystalline speci-
mens) and is related to the roughly spherical particle di-
ameter. Additional sources of broadening, arising from
the experimental setup and instrumentation, were dis-
counted here using a Si standard monocrystal. Then,
using the Scherrer equation [18] it yields a mean diame-

ter dx g = 8.4 nm in the case of Cu-based nanoparticles
and dxg = 6.3 nm in the case of Zn-based ones.

Table 1: Crystallographic analysis of Fig. 1 for
CuFe;04 and ZnFe;O4 nanoparticles. The interpla-
nar spacing dpg; is calculated from the line posi-
tion by using the Bragg law and the corresponding
cubic lattice cell a is deduced. The experimental
peak intensities lexp are compared to the ASTM ones.

CuFe,0y ZnFe,04

nkl diyg (A) a(om)  Ley Lty dw(A) a(um) Ly Lisu

220 2.898 0.82 26 42 2903 0.82, 29 30
311 2485 0.82, 100 100 2508 0.83; 100 100
400 2.065 0.82 19 30 2.080 0.83, 18 17
422 1.695 0.83 1.697 0.83, 14 12
511 1598 0.83 31 40 1.609  0.834 33 30
440 1470 0.832 45 60 1.479  0.83, 62 60

533 1.274 0.83s 11 20 1.274  0.835 10 9

III Magnetization results

Magnetic properties of Magnetic Fluids arise from the
dispersion of magnetic nanoparticles in a liquid carrier.
In spinel-type nanoparticles, the exchange interactions
between ions of the tetrahedral and the octahedral sites
lead to a global ferrimagnetic order in the particles core
and due to their small size, each magnetic particles be-
haves as a single magnetic domain of volume V' bearing
a permanent magnetic moment p of modulus mgV, mg
being the nanomaterial magnetization. Then, at 300 K
and for enough dilute solutions (for a volume fraction
® < 2%), the magnetic fluid response to an applied
field H results from the progressive orientation in the
field of an ensemble of non interacting magnetic mo-
ment which are free to rotate in the solvent. This super-
paramagnetic behavior is well described by a Langevin
formalism including a log normal size distribution to
take into account the size polydispersion of particles
[19, 20]. Thus, at T'= 300 K and at zero field the mag-
netization is zero due to thermal fluctuations; as the
magnetic field increases, the solution magnetization in-
creases too and does not present any hysteresis. In the
limit of small fields, the magnetization is proportional
to H and at large magnetic fields, all the magnetic mo-
ment are aligned in the field direction and the magne-
tization saturates scaling a linear law as a function of
1/H. Such a model well works at room temperature
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for magnetic fluids based on 10 nm sized y-Fe, O3 par-
ticles, using a nanomaterial magnetization about 75%
of the bulk one. Nevertheless, as the proportion of spins
located in the neighborhood of the particle surface in-
creases when the particle size is reduced, the magnetic
properties of very small particles (typically inferior to 5
nm) is strongly influenced by the spin arrangement of
the particle surface. The lower coordination of surface
ions does modify the exchange interactions and it has
been shown the existence of a superficial shell where
the spin configuration can be disordered resulting then
in a reduced average net moment [21, 22]. EDL-MF
based on 4.4 nm sized NiFe>O,4 nanoparticles exhibit a
substantial particle surface disorder and the resulting
magnetization does not follow a simple single-domain
particle model [23]. Evidence for spin-glass-like behav-
ior of surface spins in y-Feo O3 particles has also been
reported using quasi-elastic neutron scattering [24] and
FMR [25] measurements.

However, the magnetic behavior of Cu- and Zn-
based samples exhibited in Fig. 3 shows that, in
both cases the solution magnetization tends toward and
nearly reaches the saturation. This typical superparam-
agnetic behavior allows the use of the independent mo-
ment model since the magnetization is proportional to
the volume fraction ® of magnetic nanomaterial. Fur-
thermore, in the limit of high fields, a simple estimation
of the saturation magnetization of the magnetic parti-
cles can be made. Then, from the complete analysis
of these curves, it has been deduced [14], the particles
mean magnetic size and polydispersion. The results are
listed in Table 2.

M/ (kA m™) CuFe,0 s

100':-

H(kAm")

| PPN | " 1

1 10 100 1000

Figure 3. Log-log representation of the normalized magne-
tization M/® as a function of the applied magnetic field H.
The full line is the best fit obtained by using the Langevin
formalism coupled with a log-normal distribution (see Table
2 for the resulting parameters size distribution).
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Table 2: Mean nanoparticle size deduced from X-ray
diffraction Dx g, magnetic size Dy*® and polydisper-
sity s™28 deduced from magnetization measurements
and compared to the respective birefringence ones D'
and sPr. DPIand DY are the sizes determined from
the low field analysis and the high field one.

g

v =
Dy (1m) D (nm) 5"° DY (nm) DPf (om) DRf (nm) S

CuFe;04 8.4 6.0 0.45 11.8 13.9 9.9 0.5

ZnFe;04 6.3 59 0.3 8.5 8.8 5.5 0.3

IV~ Magneto-optical behavior

Birefringence Langevin formalism. Isotropic at zero ap-
plied field, magnetic fluid solutions become optically
active when the field is turned on, due to some optical
anisotropy along the magnetic easy axis of particles.
For a magnetic solution of volume fraction ® of inde-
pendent polydisperse particles, the Langevin formalism
gives the static field-induced birefringence at a temper-
ature T as [6, 8, 13]:

An(H) [y D*Ly(¢(D))P(D)dD W
Ang® J,° D3*P(D)dD ’

where ¢ = pH/kpT is the Langevin parameter, L (§) =
1—-3L1(§)/¢ is the second Langevin function, Ly (§) be-
ing the well known first Langevin function. Ang cor-
responds to the optical anisotropy (shape anisometry
and/or magnetic anisotropy) of one particle in suspen-
sion and slightly depends on the particle size [13].The
particles diameters distribution is generally well de-
scribed by a log-normal law:

P(D) = el [P

where D is the particle diameter, s is the standard devi-
ation and In Dy corresponds to the mean value of In D.
The moments of the log-normal size distribution func-
tion are defined by:

[e's] ’I’L2S2
< D" >:/ D"P(D)dD = D{ exp ( 5 ) . (3)
0

Since mg is determined by magnetization measure-
ments, the curve AN (H)/® therefore reduces to a func-
tion of two parameters Dy and s if Ang can be evalu-
ated. Moreover, following the analyses made in refer-
ences [4] and [13], a crossing of the results obtained by
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using the whole birefringence curve with those obtained
by using both the limits of low and high fields allows a
good determination of the size distribution parameters.
For high fields, 1 —3[L;(¢)/&] = 1 — (3/€) and the solu-
tion birefringence can be linearly written as a function
of 1/H as:

An
3~ Ano- (F <ois)m W

For low fields, 1 — 3[L1(£)/€] = €2/15 and the solu-
tion birefringence is proportional to H? :

18kpT > 1

An _ Angmim® < D° > 5
@ 540k3T? < D3 > 5)

Both equations show that the high field diameter
is related to the third moment of the log-normal size
distribution whereas the low field one corresponds to a
higher moment of the distribution. Furthermore, the
high fields analysis allows a simple determination of
ATLO.

Birefringence measurements. The external-field in-
duced birefringence is measured up to a magnetic field
about 1.5 x 10® kA m~!, by encapsulating magnetic
fluid samples in non-birefringent glass cells a few hun-
dred micrometers thick and using the conventional set
up well described in references 13 and 26. When the
magnetic field is switched on, the ferrofluid cell behaves
as a birefringent plate characterized by a phase-lag ¢
related to the birefringence of the sample of thickness
e by ¢ = 2meAn/\ where A is the wavelength of the
incident light. In our experiments, the detection device
includes a photoelastic optical modulator and a lock-in
amplifier which compares the detected signal from the
photocell to the reference signal from the modulator.
Then, the component at pulsation w of the transmitted
light intensity I, is proportional to sing. If the sample
thickness and the volume fraction ® of nanomaterial
are well chosen, several oscillations occur as it can be
seen on Fig. 4 which shows the variations of I, as a
function of the applied field in the case of Zn- based
magnetic fluid sample (® = 0.75%).

The corresponding birefringence variations can eas-
ily be deduced from such measurements and the bire-
fringence data are plotted in linear coordinates in Fig.
5a and Fig. 5b for Cu- and Zn-based samples respec-
tively. The same qualitative behavior is observed for
all our samples: An is an increasing function of the
applied field and tends toward the saturation at our
maximum field value. Moreover, as it can be seen on
the insets of Figs. 5a and 5b, the birefringence is pro-
portional to ® showing, as expected for the values of
® used in our experiments, that the measured birefrin-
gence is related to a single-particle effect. Indeed the

coincidence of the data when normalized by the volume
content of nanoferrite confirms the applicability of the
independent particle model described in the beginning
of this section. To determine the saturation behavior
of An, the results are exhibited in Fig. 6a and Fig. 6b
in double-logarithmic coordinates where the full line is
the result of a best fit obtained by using equations 1
and 2. Fig. 7a and 7b present, in linear coordinates,
the high field data (H > 500 kA m~*) in such a man-
ner that Ang is determined by the value of An/® when
1/H tends toward zero. Furthermore, the insets of both
Figures illustrate, in log-log representation, the low field
behavior (H < 10 kA m~1!) of An proportional to H?2.
This H? variations also indicates that at low fields, the
birefringence samples comes from individual particles.

Using both the limits of low and high fields, one
can also obtain the size distribution parameters. Then
a crossing of these results with those obtained by us-
ing the whole birefringence curve allows a good deter-
mination of the nanoparticle size and the polydisper-
sion. In such a context, the analysis of our birefrin-
gence curves gives the results summarized in Table 3,
where we compare D', the mean value of D deduced
from the whole curve, with DY = DbiF exp(6s?) and
Dbir. = D exp(1.5s%), the averaged values of D ob-
tained from the low-field and high-field analyses respec-
tively. As it can be seen, the standard deviations sP™
are close to those found from magnetization measure-
ments (s™?8) whereas is significantly larger than show-
ing as expected that the optical birefringence is more
sensible to large particles. In the case of Cu-based sam-
ples, the difference between the deduced averaged val-
ues of the nanoparticle sizes is larger due to the quite
broad size distribution (s = 0.5) when compared to Zn-
based ones (s = 0.3) and is directly related to the syn-
thesis process.

lo (a.u.)
6,0x10° |

3,0x10° |

00l

Figure 4. Component I, at pulsation w of the transmitted
light intensity as a function of the applied field for Zn-based
sample. I, is proportional to senyp.



J. Depeyrot et al.

>
3
o]
o]
o]
(o]
o

1,8x10"

Qo ®=073%

0,024

1,2x10" CuFe,0, oo

0,008 |

oo

0,000

|an/e

@ U GDoood O

HkAm'}

- O 0000000000 g
e
L [m}
[m]
a
O

6,0x10°

0,0

1200

o O ®=0,15%

H (KA m")
L L

0,0 5,0x10°

1,0x10°

1,5x10°

395

Figure 5a. Birefringence An and normalized birefringence An/® (inset) of copper ferrite samples as a function of the applied

magnetic field. (o, ® =0.73 % ; O, ® = 0.15 %).
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Figure 5b. Birefringence An and normalized birefringence An/® (inset) of zinc ferrite samples as a function of the applied

magnetic field. (o, ® = 0.75 % ; O, ® = 0.16 %).
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Figure 6a. Log-log representation of the normalized bire-
fringence An/® of Cu-based samples as a function of the
applied magnetic field. The full line is the best fit obtained
by using eq. (1) (see Table 2 for the resulting parameters
size distribution).

Figure 6b. Log-log representation of the normalized bire-
fringence An/® of Zn-based samples as a function of the
applied magnetic field. The full line is the best fit obtained
by using eq. (1) (see Table 2 for the resulting parameters
size distribution).
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Figure 7a. High field analysis of birefringence data for Cu-based samples.
An o< H?.
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Figure 7b. High field analysis of birefringence data for Zn-based samples.
An o< H?.
Table 3:  Saturation magnetization and optical

anisotropy of ferrite nanoparticles (chemically copre-
cipitated) with their relevant references.

+-Fe.0; CoFe;0° MnFe,05 NiFe;0.'" CuFe:0s ZnFe; 0.

ms (KAm ) [14] 270 305 261 270° 153 122

Any 0.01 0.065 0.01 0.029 0.026

Finally, Table 3 summarizes the saturation mag-
netization and the optical anisotropy values of ferrite
nanoparticles, all obtained by the same coprecipitation
method in order to compare the birefringence levels of
corresponding ferrofluid solutions. As it can be seen,
our new EDL-MF samples present a comparable opti-
cal level to that of more common magnetic fluids show-
ing that they also could represent good precursors for
applied biological purposes.

1,8x10™" 2,4x10™
The inset illustrates the low field behavior

V  Conclusion

EDL-MF based on copper and zinc ferrite nanoparti-
cles have been successfully synthesized. The particles
crystallographic structure has been checked by using X-
rays diffraction and identified as spinel-type. The mag-
netic behavior of such ferrofluid solutions is typically
superparamagnetic and can be readily interpreted, in
the low concentration range investigated here, using a
simple single-domain particle Langevin model. In the
same way, their magneto-optical birefringence has been
measured in the dilute regime and is related to a single
particle effect. In the investigated range of magnetic
fields, the Langevin birefringence formalism well works
and it has been possible to determine the parameters of
the size distribution as well as the optical anisotropy of
one particle in solution. Our results show that by the
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field-induced birefringence level, copper and zinc ferrite
based MF are comparable to usual ones. Due to their
reduced iron content, such magnetic colloids would rep-
resent a new alternative for biological applications. In
future, it will be interesting to investigate their optical
properties from a dynamic point of view. In addition,
optical birefringence measurements performed on Ni-,
Cu- and Zn-based EDL-MF samples synthesized with
nanoparticles of different sizes are in progress.
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