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We demonstrate an unusually strong magneto-optical response of

elongated plate-shaped pigment particles in magnetic fields ranging

from 0 to 25 T. In a weak field, the particles align perpendicular to the

field and the dispersions exhibit the Cotton–Mouton effect. In a strong

magnetic field, themagneto-optical behaviour is nonlinear and cannot

be explained by a simplemodel of non-interacting diamagnetic rods in

a thermal equilibrium.We also demonstrate that the addition of a small

amount of magnetic particles results in a complex magneto-optical

response, where the particles align parallel to a weak magnetic field

and perpendicular to a strong one.
The study of colloidal suspensions under the action of
a magnetic eld dates back to the beginning of the 20th century.
In 1901, J. Kerr reported a magnetically induced birefringence
in suspensions of magnetite.1 In pure uids, weak magnetically
induced birefringence was discovered by Cotton and Mouton.2

Yet, development of colloidal materials for efficient magneto-
optical applications requires a high susceptibility to the
magnetic eld and a strong optical response. The latter can be
achieved using anisometric particles with anisotropic optical
properties in combination with super-paramagnetic uids,
such as ferrouids. Ferrouids have exceptional magnetic
properties, which makes them interesting for applied research.
However, strong light absorption in ferrouids restricts their
potential for magneto-optical applications. Lemaire et al.
demonstrated magnetic-eld-induced birefringence in suspen-
sions of colloidal goethite (a-FeOOH) nano-rods.3–5 These ani-
sometric particles demonstrated not only a strong response to
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an external magnetic eld, but they also exhibited an orienta-
tionally ordered nematic liquid crystal phase. Another inter-
esting feature of this system is the reorientation of the rods at
a high eld strength. Goethite nano-rods align along the eld
direction below 0.35 T and perpendicular to the eld above 0.35
T. Most other suspensions of anisometric particles studied,
such as fd and tobacco mosaic viruses, gibbsite platelets, and
plate-shaped biological membranes and cells, behave as
diamagnetic and do not exhibit any appreciable magneto-optic
effects at low and moderate magnetic elds.6–11 Yet, a combi-
nation of anisotropic so non-magnetic materials with
enhanced optical properties, such as liquid crystals and
magnetic uids, opens up the possibilities to develop novel
multifunctional and multiferroic materials.12,13

In this paper, we report our studies of magneto-optical
properties of dispersions of dichroic elongated plate-shaped
pigment particles. In previous studies, we showed that this
system displays a rich variety of phenomena, such as meso-
phase behaviour, electro-optical response, and pattern forma-
tion in electric elds.14–16 At small volume fractions, these
dispersions exhibit an isotropic and a paranematic state. The
latter is distinguished by a strong optical response to an
external electric eld. At volume fractions above 13.5 v%, the
suspension shows a spontaneous orientationally ordered phase.
We characterise the magneto-optical response of those disper-
sions in the isotropic and paranematic states, and also
demonstrate that, addition of a small amount of the ferro-
magnetic nanoparticles drastically enhances the magneto-
optical response.

We used suspensions of Permanent Rubine, a yellow shade
calcium salt red pigment consisting of platelets with an average
length of 180 nm� 81 nm, average width of 64 nm� 22 nm and
an average thickness of 12 nm � 8 nm. High-eld studies were
made on the dispersions of the Pigment Red 176, a blue shade
benzimidazolone pigment. One of its commercially available
forms is Novoperm Carmine HF3C (Clariant, Frankfurt am
Main, Germany), used as received where the primary particles
are elongated platelets with a mean length of 230 nm � 70 nm
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Magnetic-field-induced birefringence of Permanent Rubine: (a)
Dn measured for various volume fractions. The slope Dn/B2 is nearly
proportional to the volume fraction 4 of pigments. The retardation
decreases when a quarter-wave retarder is inserted with a slow optical
axis parallel to B, and increases otherwise (b) (for 4 ¼ 0.056), showing
that the birefringence is negative.

Fig. 2 Cotton–Mouton coefficient as a function of the volume frac-
tion of the pigment particles of Permanent Rubine. The inset shows the
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and a mean width of 46 nm� 20 nm and thickness 17.3 nm� 8
nm. All suspensions were prepared in a nonpolar solvent,
dodecane (Sigma-Aldrich, Hamburg, Germany, used as
received) as described in ref. 15 and 16. We added Solsperse
11200 (Lubrizol, Brussels, Belgium, used as received) as
a dispersant. Two-component mixtures of pigment and ferro-
magnetic particles were prepared by mixing the pure pigment
suspension with small amounts of an oil-based commercial
ferrouid, APG935 (FerroTech GmbH, Germany). The ferrouid
contains magnetite nanoparticles with average diameter of
about 10 nm suspended in hydrocarbons. The surfactant layer
thickness can be estimated to be about 2 nm. The mixture was
sonicated for 30 min and no traces of phase separation were
found over several months.

A polarised laser beam traverses a 25 mm sample cell lled
with the colloidal suspension. Samples were held within the
bore of a split-helix resistive magnet at the National High
Magnetic Field Laboratory. We used the Voigt geometry in
which the light direction is perpendicular to the magnetic eld,
and the polariser and analyser are oriented at �45� (to the eld
direction), respectively. In this geometry, we use the photoe-
lastic modulator (PEM) technique17–19 to measure optical
anisotropy (birefringence and dichroism). The fast axes of the
sample and PEM were parallel to the magnetic eld. The
modulator introduces a time-dependent optical phase shi f(t)
¼ A sin (ut). The transmitted light intensity was recorded using
a photodetector with the signal measured simultaneously
by both a lock-in amplier and DC multimeter. Three sepa-
rate Fourier amplitudes of the time dependent photodetector
signal are recorded, VDC, Vu and V2u. The value of the linear
dichroism LD is given by LD ¼ Vu/VDC and birefringence

Dn ¼ l

2pd
arctan

�
Vu
V2u

J2ðAÞ
J1ðAÞ

�
, where l ¼ 632.8 nm is the laser

wavelength and d is the cell thickness. Jn(A) is the Bessel func-
tion of the rst kind of integer order n.20

Dispersions of the pigment particles only were found to be
diamagnetic in weak magnetic elds. At low volume fraction 4

of pigments, where the dispersion is isotropic, a small bire-
fringence could be induced by the magnetic eld. Below 1 T, the
birefringence exhibits a quadratic dependence on the applied
magnetic eld B, typical for the Cotton–Mouton effect (Fig. 1a).
The birefringence is negative, as demonstrated in an experi-
ment with a quarter-wave plate. When the slow optical axis of
the quarter-wave plate, inserted together with the sample, is
parallel to the magnetic eld B, the retardation is decreasing
(Fig. 1b). This corresponds to the subtractive birefringence of
the sample. The retardation increases when the retarder is
inserted perpendicular to B. Assuming that the pigment parti-
cles have a larger birefringence along their long axes, we can
conclude that the particles align perpendicular to the magnetic
eld i.e., the birefringence is negative.

The slopeDn/B2 ofDn/(B, 4) increases with the particle volume
fraction. From this, we nd the Cotton–Mouton constant: KCM ¼
Dn/lB2, where l¼ 632.8 nm is the wavelength of the laser and B is
the magnetic eld strength. Fig. 2 shows a nearly linear depen-
dence of KCM(4) on the volume fraction 4. This result is in stark
This journal is © The Royal Society of Chemistry 2016
contrast with results for gibbsite particles.6 First, the Cotton–
Mouton constant of our pigment dispersions is nearly two orders
of magnitude larger than that of gibbsite. The pigment particles
are formed by organic molecules with extended conjugated
bindings. Additionally, the nano-crystals are cut in directions of
the crystallographic planes and have a strong shape anisometry.
This may be responsible for a strong optical response such as
birefringence and the dichroism.
reduced constant KCM/4.

RSC Adv., 2016, 6, 80666–80669 | 80667
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Secondly, the reduced Cotton–Mouton constant KCM/4 is
almost independent of volume fraction (see inset in Fig. 2)
within experimental accuracy, i.e., show the absence of a diver-
gent behaviour close to the transition into an orientationally
ordered phase at 4m ¼ 0.135 (Fig. 2).

The behaviour of Novoperm Carmine in strong magnetic
elds is shown in Fig. 3. The quadratic growth of Dn(B) at small B
transforms into a slower saturation-type behaviour at large B. No
hysteresis was found on increasing/decreasing ramps of the
magnetic eld. Unexpectedly, at low volume fraction 4 ¼ 0.0056,
Dn shows a small plateau at Bz 3 T. To describe this behaviour,
we consider that the birefringence is proportional to the orien-

tational order parameter S ¼
�
3
2
cos2ðqÞ � 1

2

�
of the rods, where

q is the angle between a particle and a preferred direction
(magnetic eld) and the brackets stand for the ensemble average
over all particles. Neglecting interparticle interactions, the
ensemble average can be calculated using Boltzmann statistics.
The orientation-dependent magnetic energy of the particle is
Um(q) ¼ �DcpB

2 cos2 q/2, where Dcp ¼ cpk � cpt is the effective
anisotropy of the diamagnetic particle susceptibility8 containing
molecular and shape-anisotropy contributions, q is the angle
between the particle long axis and the magnetic eld.
The particle susceptibility is determined by the diamagnetic
susceptivity of the material Dc and the particle volume V as
Dcp ¼ Dc/m0.

Designating
Dcp

2kbT
by b, we obtain:

�
cos2 q

� ¼
ðp
0

ebB
2 cos2 q cos2 q sin qdqðp

0

ebB
2 cos2 q sin qdq

(1)

The integrals can be evaluated analytically and yield the
order parameter:
Fig. 3 Birefringence vs. magnetic field of a dispersion of Novoperm
Carmine with 4 ¼ 0.084 confined in a 25 mm thick glass cell, and 4 ¼
0.0056 measured in a 1 mm thick cuvette is shown in the inset. The
solid lines are fits with a two-component model discussed in the text.

80668 | RSC Adv., 2016, 6, 80666–80669
S
�
B2
	 ¼ 3

2

 
� 1

B
ffiffiffiffiffiffi
pb

p e�bB2

erf
� ffiffiffi

b
p

B
	þ 1

2bB2

!
� 1

2
(2)

In the low-eld limit B/ 0, the order parameter S in eqn (2)

exhibits a quadratic dependence on B: Sz
2
15

Dc

kbT
B2 (Cotton–

Mouton effect). In the high-eld limit, B/N, the orientational
order parameter S approaches �0.5 and the birefringence tends
to its saturation value Dns. We assume a linear dependence of
the birefringence on the order parameter Dn ¼ �2DnsS, where
Dns is the saturation birefringence which depends on the
particle properties. The model in eqn (2), however, fails to
satisfactory describe the experimental data in high elds
(Fig. 3). The saturation is reached at much higher elds than
expected from the analysis of the quadratic trend at low elds. A
closer examination of the curves reveals two contributions to
the birefringence Dn ¼ Dns,1S(B, Dcp1) + Dns,2S(B, Dcp2). One
susceptibility is about one to two orders of magnitude smaller
than the other one. Satisfactorily ts with the two-component
model are shown in Fig. 3. Both ts give comparable suscepti-
bilities for the two different components Dcp1 ¼ 5.4 � 10�21 J
T�2 and Dcp2 ¼ 6.0 � 10�23 J T�2 for 4 ¼ 0.0056 J T�2 and Dcp1
¼ 1.6 � 10�21 J T�2 and Dcp2 ¼ 7.9 � 10�23 J T�2 for 4 ¼ 0.084.
Susceptibility values in the order of magnitude of 10�21 J T�2 are
astonishingly high. They are about two orders of magnitude
higher than in the gibbsite system reported in ref. 6 and
along with strong optical anisotropy of pigment particles are
responsible for an appreciable magneto-optical response even
at B < 1 T.

It is not clear, however, what is responsible for the second
component of the optical response. It can arise from the
surfactant present in the solution. Alternatively, the two
components may be attributed to single particles and their
clusters. At high volume fractions, the inter-particle correlations
cannot be neglected any more and the approximation in eqn (2)
is not valid any more.

The addition of a small amount of magnetic nanoparticles,
such as those in ferrouids, signicantly increases the
magneto-optical response. We studied it by measuring the
linear dichroism (LD) at various volume fractions of the
magnetic particles in the pigment/ferrouid binary mixtures
(Fig. 4a). Themagnetic eld dependence of the linear dichroism
is proportional to the order parameter S, so it is also indicative
of the degree of orientational order of the particles. In weak
elds, B < 1 T, the sign of LD is positive. This indicates that the
particles align along the magnetic eld direction (Fig. 4b). At
stronger elds, however, LD decreases and changes its sign.
Such behaviour can be attributed to a competition between the
diamagnetic interactions of the pigment particles and super-
paramagnetic behaviour of the ferrouid. In low magnetic
elds, the linear interactions between the ferromagnetic parti-
cles and the eld dominate. The magnetic particles form small
anisometric aggregates (fragments of chains). Their alignment
is sterically transferred to the non-magnetic component – the
pigment particles. The mechanism of this alignment transfer is
described by the Lekkerkerker–Onsager theory21,22 and was
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) Linear dichroism in binary mixtures of the pigment particles
(Novoperm Carmine) with varying volume fraction Cmp of the ferro-
magnetic nanoparticles APG935; (b) scheme illustrating the alignment
of small magnetic-particle chains (grey) aligning the non-magnetic
pigment rods (red) in a weak magnetic field; (c) in a high field, the
diamagnetic force dominates and aligns the pigment particles nearly
perpendicular to the field. The principal axes of the effective
diamagnetic anisotropy are ensemble averaged and given by themean
direction of the pigment particles.
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demonstrated by Reznikov et al. for binary mixtures of non-
magnetic V2O5 rods with magnetic Fe3O4 nanoparticles.23

Unexpectedly, the (negative) saturation value of the dichroism
in a high eld Dh is much smaller than the (positive) maximum
Dl at intermediate elds. In the case of perfect parallel/
perpendicular alignments, the ratio of Dh/Dl should be �1/2,
i.e. equal to the ratio of the order parameters in the two
states. A possible explanation of the experimental observations
would be that the directions of the principle axes of the
susceptibility tensor c are not parallel to the symmetry axes of
the pigment particles but make a nite angle between them. As
a result, the particles will not perfectly align perpendicular to B
(see Fig. 4c), which could lead to a reduction of |Dh|.

In summary, we have investigated the magneto-optical
properties of suspensions of the elongated plate-shaped
dichroic particles with and without the addition of spherical
ferromagnetic nanoparticles. The pigment dispersions only
showed an unusually strong eld-induced birefringence, which
is even stronger than that in colloidal dispersions of goethite
platelets. The crystallite rods of both Permanent Rubine and
Novoperm Carmine align perpendicular to the magnetic eld,
suggesting a negative diamagnetic anisotropy. This can be
attributed both to an unusually high optical anisotropy of the
pigment nano-particles, which is determined by birefringence
and enhanced by the linear dichroism, and a strong anisotropy
of the diamagnetic susceptibility. The alignment of the particles
is substantially modied when a small amount of ferromagnetic
This journal is © The Royal Society of Chemistry 2016
particles is added. Subsequently, the pigment rods align
parallel to the eld at low magnetic elds, and perpendicular to
it in strong elds, yielding substantial magnetically induced
dichroism.
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