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We present a detailed experimental and theoretical study of the optical response of suspensions of
ferromagnetic nanoparticles (“ferroparticles”) in nematic liquid crystals (“ferronematics”),
concentrating on the magnetic field-induced Frederiks transition. Even extremely low ferroparticle
concentrations (at a volume fraction between 2 x 107> and 2 x 10~*), induce a significant additional
ferronematic linear response at low magnetic field (<100 G) and a decrease in the effective magnetic
Frederiks threshold. The experimental results demonstrate that our system has weak ferronematic
behavior. The proposed theory takes into account the nematic diamagnetism and assumes that the
effective magnetic susceptibility, induced by the nanoparticles, no longer dominates the response. The
theory is in good agreement with the experimental data for the lowest concentration suspensions and
predicts the main features of the more concentrated ones. The deviations observed in these cases hint at
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extra effects due to particle aggregation, which we have also observed directly in photographs.

1. Introduction

Liquid crystals are widely used in recording, processing and
displaying information. The dielectric and diamagnetic proper-
ties of liquid crystals enable their optical properties to be
controlled by applying electric or magnetic fields. Although early
experimental and theoretical scientific work addressed magnetic
reorientation, in practice most liquid crystal devices are driven by
electric fields. In conventional devices, driving voltages of the
order of a few volts are sufficient to trigger orientational and
optical responses in liquid crystals. The low field strengths
required are an attractive feature of liquid crystal technology,
a fact that follows from the relatively large dielectric permittivity
anisotropy in liquid crystals. By contrast, the sensitivity of
nematic liquid crystals to magnetic fields is very low; the
diamagnetic permeability anisotropy is approximately 1077
Thus, a rather large magnetic field (~1-10 kG) must typically be
applied to elicit an analogous magnetic response in a nematic
system.

In 1970, Brochard and de Gennes’ suggested a scenario within
which the sensitivity of liquid crystals to magnetic fields might be
expected to increase significantly. This paper proposed that
liquid crystals could be doped at very low volume concentrations
by ferromagnetic particles (“ferroparticles”). They developed the
first theory for these materials, and in so doing coined the term
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“ferronematic”. In their picture, the magnetic moments of the
particles in ferronematics are aligned by the external magnetic
field. The coupling between the ferroparticle and the liquid
crystal molecule orientations then transfers the magnetic orien-
tational effect onto the underlying liquid crystal matrix. Ferro-
nematics have attracted considerable interest>¢ over the years
because, in principle, they should exhibit higher magnetic
susceptibilities than undoped liquid crystals, resulting in evident
device applications.

The first experimental attempt to investigate ferronematic
materials was carried out by Chen and Amer? in 1983. Their
ferronematic suspensions exhibited liquid crystal orientational
distortion for magnetic fields as low as a few Gauss. However,
their results have not been replicated in the literature and it may
be that the suspension was not stable. Furthermore, at higher
external magnetic fields anomalous behavior occurred, which
was thought to have been ferromagnetic particle agglomeration,
but is so far not properly understood. More recently, studies of
ferronematic suspensions using several different thermotropic
liquid crystal matrices have been reported by Kopcansky
et al.''* They studied the orientational response in ferronematics
induced not only by magnetic fields, but also by combined
magnetic and electric fields. However, these experiments indi-
cated that the magnetic Frederiks threshold can shift either up or
down, depending on the liquid crystal and the nature and shape
of the magnetic particles.

The Brochard—de Gennes continuum theory was first extended
by Burylov and Raikher,*¢ who studied the behavior of a single
rod-like particle in the liquid crystal matrix. Supposing the liquid
crystal molecules to be subject to orientational anchoring forces
at the colloidal particle surface, they derived an effective
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orientational coupling between a magnetic colloidal particle and
the liquid crystal molecules. In later work, they also studied the
collective response of the suspension to an external magnetic
field.>® More recently, based on this work, Zadorozhnii et al.*>*
made a comprehensive analysis of ferronematic properties in
a magnetic field, as a function of system parameters, and in
particular the effective nematic-magnetic coupling strength. The
latter theory is a phenomenological theory, in which the system’s
magnetic response is described by two parameters: one quanti-
fying the particle interaction with the field, and a second
measuring the liquid crystal-ferroparticle torque. There are
plausible links with the microscopic mechanism, but in order for
this theory to hold, it does not need to specify a detailed picture
of these mechanisms at all.

In several of the theoretical cases studied in detail so far , it has
been supposed, following the Brochard-de Gennes hypothesis,
that ferroparticle-induced effective magnetic susceptibility
dominates the intrinsic magnetic susceptibility of the nematic
system. In the present paper, however, this idealization no longer
holds. Our model is based on the Burylov—Raikher theory. It
includes both the magnetic effects associated with nematic
diamagnetism, which explain the Frederiks threshold in the pure
system, and the particle ferromagnetism, which induces the low
field response. An analysis of the experimental data indicates that
the magnetic response of the ferronematic is dominated by
nematic diamagnetism. The extra effect of the ferroparticles acts
as a small perturbation to this primary factor.

Our key results are that: (a) even at very low concentrations,
there is an additional effect in the response of the colloidal system
to the applied magnetic field in comparison with undoped
nematics; (b) effects are noticeable both in the low field region,
and as a shift in the effective Frederiks threshold; (c) the low field
effects in particular are noticeable, even when the field on the
system is only of the order of tens of Gauss; (d) even though the
concentrations are low and the applied field is weak we can still
detect a macroscopic change in the optical response; (e) the effect
is unambiguously the consequence of the magnetic properties of
the colloidal particles; (f) the results can be interpreted within
a theory that explicitly supposes that the colloidal nematic also
exhibits an intrinsic magnetic susceptibility.

The structure of this paper is as follows. The experimental set-
up, sample preparation and results of the measurements are
described in Section 2. In Section 3, we develop a phenomeno-
logical theory of ferronematics that might be expected to apply to
these experiments, as discussed above. Within this section, the
governing equations are developed in Subsection 3.2. In Section
4 we use the model to attempt a quantitative interpretation of
some of the experimental data presented in Section 2, and also
draw attention to regions where the theory is incomplete. Finally,
in Section 5, we put our results in a broader context, make
suggestions for further work, and draw some brief conclusions.

2. Experiment
2.1 Materials, sample preparation and experimental setup

The experiments used suspensions based on the nematic liquid
crystal E7 (Merck). The principal set of ferronematic suspensions
were prepared using magnetic nanoparticles made from Fe,O,

(Sigma Aldrich). Using TEM, it was possible to determine that
the ferroparticles were almost spherical, with an average
diameter ~15-20 nm. A second set of suspensions were doped
with a-Fe,O3 polydisperse nanorods (NanoAmor), with a diam-
eter of ~40-130 nm and a length of ~250-600 nm. Both types of
nanoparticle were initially dispersed in heptane, with oleic acid as
a surfactant coating, to prevent aggregation of the particles. By
themselves, the magnetic nanoparticles dispersed in heptane were
sensitive to an external magnetic field, while the nanorods were
not. The contrast in the magnetic sensitivity is not surprising; it is
known'” that at room temperature a-Fe,O5 exhibits only weak
ferromagnetism.

In general there are two regimes for magnetic relaxation in
ferrofluid systems. In the Néel regime, the moments drift around
within the ferroparticles, whereas in the Brownian regime, the
ferroparticles themselves rotate. In our case, a consideration of
the magnetic nanoparticle size indicates that the magnetic
moments are rigidly coupled to the ferroparticle crystallographic
structure,'® and the Brownian relaxation process dominates.

The nanoparticle suspension in the nematic was prepared as
follows. The heptane-based dispersion of nanoparticles was
added to the pure liquid crystal, mixed well, and left at an
elevated temperature above 70 °C so that the solvent evaporated.
Using this method, suspensions with a volume concentration of
f=2x10"%1 x 10*and 2 x 10~° of each type of nanoparticle
in liquid crystal were prepared. These concentrations correspond
to interparticle distances approximately equal to 17, 22 and 34
particle diameters, respectively.

The magneto-optic response of cells filled with either pure
liquid crystal or with the ferronematic suspensions was then
investigated. The cells were ~50 um thick. The cell walls con-
sisted of glass substrates covered with a polyimide layer, with
opposite walls rubbed in opposing directions. The rubbing
created walls with a homogeneous in-plane liquid crystal align-
ment with a small pre-tilt angle of « = 2.7°. The pre-tilt angle was
measured independently by the crystal rotation method.*®

The magneto-optic measurements were taken the day after the
cells were prepared. The cell was placed between two crossed
polarizers, so that the easy axis alignment directions and the
polarizer directions were out of phase by an angle of /4, as
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Fig. 1 (a) A schematic of the complete experimental set-up; (b) the
geometry of the ferronematic cell. See text for notation.
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shown in Fig. 1(a). A test magnetic field H was applied perpen-
dicular to the cell plane. A small bias field Hy, (=20 G) in the cell
plane was also imposed. This aligned the ferroparticle magnetic
dipole moments at the beginning of each experimental run. Fig. 1
(b) shows the detailed liquid crystal cell geometry.

The nematic reorientation was monitored from the intensity of
a laser beam passing through this optical system. The phase lag
Ag induced by the liquid crystal layer could be recovered from
the experimental measurements of the normalized cross-polar-
ized intensity 7, , using the standard relation®®

I, =sin’ (%) )]

2.2 Experimental results

In Fig. 2 we plot the functional dependence of the phase lag shift
on the external magnetic field for all of the systems discussed
above. In the undoped liquid crystal cell there is a Frederiks
threshold at H = 1.5 kG.

However, unlike in classical Frederiks experiments,? here the
easy-axis pre-tilt and the in-plane bias field breaks the reflection
symmetry of the cell, causing the Frederiks threshold to be
smeared. The smearing is increased in the colloidal suspensions,
and the reorientation occurs at lower fields than for the undoped
liquid crystal. This is an effect that increases with the nano-
particle volume concentration f. In addition, we note that in the
ferronematic systems there is a significant additional linear effect
at low fields, and this also increases with the nanoparticle
concentration. This effect is much larger than the Frederiks
threshold shift, in the sense that it is observable at very low
magnetic fields.

We also include the results of analogous magneto-optic
measurements for the a-Fe,O3 nanorods suspensions, see Fig. 3.
Interestingly, for these weak magnetic suspensions, there is no
discernible concentration dependence, nor any difference
between these measurements and those in the undoped liquid
crystal. The colloidal components of the two systems are
matched by weight and concentration, and are made from
chemically similar material, but their magnetic properties are
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Fig. 2 The phase lag as a function of the magnetic field, for cells with
pure nematic and suspensions with magnetic nanoparticles. Note the
linear effects at low field for the suspensions. The effects increase with
increasing particle volume concentration f.
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Fig.3 The phase lag as a function of the magnetic field, for pure nematic
and a-hematite nano-rod colloidal suspension cells. Within experimental
error, all results fall on a single curve.

very different. The inevitable inference is that the effects
observed in the Fe,O, particle suspensions in Fig. 2 are due to
their magnetic properties.

3. Theory
3.1 Model

We consider a ferronematic cell of thickness D with a rigid planar
anchoring of the liquid crystal on the cell substrates (Fig. 1b).
The model we develop is based on the continuum theory devel-
oped by Burylov and Raikher,* as modified by Zadorozhnii.'>!*
The liquid crystal matrix and the ferroparticle orientation are
respectively characterized by the nematic director 7{r), and by the
magnetic director #7i(r), a unit vector in the direction of the fer-
roparticle magnetic moments. The appropriate free energy
density for the complete system is:
F:%[K,@ AV + KV x 1)+ Ks(h x V x 1)
S ) b))
— (7 H)? = M- H) — £ ),

with K, K>, K3, respectively, the liquid crystal splay, twist and
bend elastic constants, x, the anisotropy of the diamagnetic
susceptibility, f the ferroparticle volume fraction, M; the ferro-
particle magnetization, and Q the coupling energy density
between the ferroparticle and the liquid crystal orientations. The
first term represents the usual Frank-Oseen bulk energy density
of the elastic deformations of nematic liquid crystal, the second
term is the (direct) anisotropic part of the nematic liquid crystal
magnetic energy, the third term represents the dipolar interaction
between the ferroparticles and the magnetic field, while the final
term determines the ferroparticle-liquid crystal interaction.

In the experimental system, the ferroparticle concentration is
small, /' ~ 107-10~*, which corresponds to an interparticle
distance of the order of 10-50 particle diameters. The inter-
ferroparticle interaction can thus be neglected, as these effects
would only be included in higher order terms in a virial expan-
sion. We also assume that the particles are uniformly distributed
within the sample bulk. Thus we can also neglect the effect of
particle aggregation and segregation.'!>2!
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The effect of a magnetic field on the liquid crystal matrix in
a ferronematic suspension can now be regarded as the sum of two
distinct phenomena. On the one hand, there is a direct effect,
associated with the molecular diamagnetic anisotropy, that is
described by the second term in eqn (2). On the other hand, there
is also an indirect effect, associated with the presence of ferro-
magnetic nanoparticles. This effect is driven by the third term in
eqn (2) and acts on the liquid crystal director as a result of the
magnetic-nematic coupling described by the fourth term in this
equation.

In the recent theoretical studies of ferronematic systems,'>'*
the direct effect of the magnetic field was neglected. The resulting
calculations might be regarded as applicable in the low external
magnetic field limit, but in the very strong indirect coupling
regime. In the low field limit the direct effect is always small as
a result of the low liquid crystal diamagnetic susceptibility.
However, our experimental data is not consistent with the theory
of refs 12 and 14. For example, we observe an effective Frederiks
transition and this is not predicted by their theory. Rather, the
direct effect is dominant and the magnetic field-induced reor-
ientation is only slightly perturbed by the presence of the
colloidal particles. In order to overcome this problem here, we
have specifically included the direct effect. We shall call our
systems “weak ferronematics” systems. We note that, in prin-
ciple, the model also treats the limit in which the indirect effect
dominates (“strong ferronematics”), which is modeled also by
refs 12 and 14.

We assume that the cell is uniform in the two in-cell plane
directions, so that the nematic and magnetic directors depend
only on the z coordinate. These quantities are respectively
characterized by the angles 6(z) and y(z) (Fig. 1b), where 0 < z <
1 is the dimensionless coordinate scaled with the thickness D of
the cell. Then the free energy functional reduces to:

F _Jll % 2[1+ sinzﬂfl[hsinﬁquCOSﬂz
~J,2\dz r 2 3)

— k[hsiny + bcosy] — wcos? (Y — ) dz,

where p = (K3 — K)/K;. The test magnetic field H is represented
by the non-dimensional field h = H/H,, where H; = D~ /K| /x,,
and the bias magnetic field Hy, is similarly scaled b = Hy/H,. We
note that the Frederiks threshold in the pure nematic at zero
surface pre-tilt and zero bias field occurs at 1 = .

The ferronematic system is characterized by the following two
dimensionless parameters:

M, fD
K= — 4a
K (4a)
QfD? (4b)
W= X,

The magnetic parameter k characterizes the ratio of the magnetic
field effect on the ferroparticles to the direct coupling of the
magnetic field with the nematic matrix. Thus « < 1 and « > 1
correspond respectively to the direct or indirect effects domi-
nating the magnetic properties of the ferronematic suspension.
The second parameter, w, is the coupling parameter. In the Bur-
ylov—Raikher theory,® the other parameter wgr = W d/2K was
used that scaled the surface anchoring coupling energy at a single

particle with respect to the resulting elastic deformation energy.
In the present model, following the notation of Zadorozhnii
et al., the coupling parameter w (where Q ~ Wy/d) measures the
coupling energy between nematic and magnetic orientations
scaled to the deformation energy of the whole liquid crystal
matrix.

It is reasonable to assume that both of the parameters are
proportional to the colloidal ferroparticle concentration: «
characterizes the magnetic torque on the ferroparticles per unit
volume and w characterizes the consequent torque on the
nematic director per unit volume, due to the ferroparticle—
nematic coupling. The magnitude of these quantities can then be
regarded as either a distinct theoretical problem, or an empirical
question to be determined by experiment. In these circumstances,
the proportionality of x and w to f'is plausible but by no means
necessary. This is the point of view we shall take in this paper.

3.2 Governing equations

The equilibrium state of the ferronematic system corresponds to
the minimizer of the free energy functional given in eqn (3), with
respect to the nematic orientation §(z) and the magnetic orien-
tation y(z). Minimization yields the following Euler—Lagrange
equations:

2 2 2 2
g[l + psin® 0] + (%) gsinZH—i—h 5 b sin20 S0

+hbcos26 + wsin2(y — 6) =0,

k(hcosy — bsiny) — wsin2(y — ) = 0. (5b)

This system of equations is solved with a Broyden non-linear
solver,?* using the method of successive iterations and a spectral
method.?* The small pre-tilt of the easy-axis on the cell substrates
is taken into account as a fixed boundary condition for the
solution: #(z = 0, 1) = «. Thus, solving eqns (5a) and (5b)
determines the nematic and magnetic director orientation angles
6(z) and y¥(z), as a function of the test and bias magnetic fields /
and b, pretilt angle «, and the specific ferronematic parameters «
and w.

The pure nematic limit corresponds to k, w = 0 in eqn (3). In
this case eqns (5a) and (5b) decouple, eqn (5b) is identically
satisfied and the functional depends only on 6(z). The relevant
Euler-Lagrange equation then reduces to:

2 2
4 [1 4 psin® 6] + <%> 2 sin26
dz? dz 2 (6)
22

+ 5 §in20+ hbcos20 =0

This equation is solved using the same procedure as above. The
nematic director profile §(z) inside the cell can be obtained for
different magnetic field strengths 4, b, and pre-tilt angles «.

We note also that for non-magnetic colloidal inclusions,
k — 0, but w # 0. In this case eqns (5a) and (5b) decouple, the
second equation gives § = y and the nematic alignment is
described by eqn (5a), exactly as for a pure liquid crystal. This is
confirmed by the experimental results shown in Fig. 3 for the
non-magnetic nanorods. Alternatively, the limit w — 0, k # 0,
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corresponds to particles that may in themselves align, but whose
alignment does not interact with the nematic director. Also, in
this case, the nematic behaves like a pure liquid crystal.

4. Analysis of experimental data
4.1 Application of theoretical model

We now use the model described in the previous section to
analyze the experimental data presented in Section 2.

The model prescribes the nematic director field 6(z) inside the
nematic or ferronematic cell. The director field yields the local
refractive indices 7. ,, where e, o denote the extraordinary and
ordinary waves, respectively. The effective refractive index is
defined by

netr = nl + v sin?0] "7, %)

where v = (n.> — n,>)/n>. The phase lag Ap between the ordinary
and extraordinary polarization is given by:

1
Agp = kOJO(nO — nyy) dz ®)

where kg = (2tD)/A, with A as the wavelength of light in vacuo.
The integral in eqn (8) can be computed using the Clenshaw—
Curtis quadrature scheme.?® The calculated value of the phase lag
Ag determines the normalized cross-polarized intensity, I | , (see
eqn (1)). This can then be compared to the experimentally
measured 7 | exp.

We have recently studied a detailed model of a nematic cell in
a magnetic field with a small bias component.?* In the presence
of a small easy-axis pre-tilt, the presence of a bias field can induce
a relatively large shift in the effective Frederiks threshold. It is
impossible to obtain good agreement between the theory and
experiment for both nematic and ferronematic cells without
including both the bias field and the pre-tilt. In our comparison
with the light transmission experiments, we take values for H,
and « directly from independent measurements.

The calculated dependence of 1 | (,(H) is fitted to the measured
I exp(H). The fitting procedure finds fitting parameter values
which minimize the mean square deviation between the calcu-
lated and experimental values. The goodness of fit is character-
ized by the normalized minimal deviation, r, defined by:

;= Z(liexp - ILIh)z (9)

z 1 Lexp” 1 1th

The fitting procedure is verified by analyzing the experimental
data for the undoped nematic cell. The result is shown in Fig. 4.
The cell thickness is known approximately, but its precise value
D = 49.2 um is determined from the zero-field cross-polarized
intensity, 7, (h = 0). The diamagnetic anisotropy x, is used as
a fitting parameter, but all other parameters (K; 3 and n.,) are
taken from the literature. The best fit is obtained for y, = 1.2 x
1077, a value consistent with those found in the literature.?®

We now analyze the optical transmission data for the ferro-
nematic cells, using the theory developed in Section 3. The extra
fitting parameters are now only the magnetic and coupling
parameters k, w. The cell thickness is again obtained from 7, (h =
0), and the nematic diamagnetic anisotropy ¥, is not supposed to

differ from that of the undoped liquid crystal. We can suppose
that this is the case, because the nanorod-doped E7 (see Fig. 3)
shows that the optical transmission — and hence presumably the
nematic properties — are unaffected by doping at these low
concentrations.

We tested three separate samples, with ferroparticle volume
fractions of 2 x 107° (sample A), 1 x 10~* (sample B) and 2 x
10* (sample C). In sample A, see Fig. 5, there is good agreement
between the theory and the experiment giving an optimal fit, with
the ferronematic parameters given by « = 0.08, w = 0.07 (see
Table 1).

In sample B, it is still possible to obtain a good fit between the
model and the experiment, but this agreement holds only at low
and intermediate magnetic fields, with the ferronematic param-
eters given by k = 0.31, w = 0.30. These results are shown in
Fig. 6. Above H = 1800 Gauss, the experimental and theoretical
curves diverge. In particular, we note that the model predicts
a set of oscillations of the normalized intensity /, which neces-
sarily pass through zero and unity. On the other hand the
maxima in the oscillations in the experimental data reach only
about 0.5. This is a significant result, to which we shall return
below.

This trend is confirmed in sample C, see Fig. 7. We can predict
the general behavior of the system and obtain reasonable
coupling parameter values: k = 0.5 and w = 0.4. However, the
oscillations exhibit a reduced amplitude and the fit at lower fields
is not as good.

4.2 Discussion

The fitting parameters for the different samples are presented in
Table 1 together with the goodness of fit parameter r. The
coupling and magnetic parameters for ferronematic colloid for
sample A (f = 2 x 107°) are approximately four times smaller
than those of sample B (f=1 x 10~*). This is roughly consistent
with the proportionality of these parameters to the ferroparticle
concentration f predicted in eqns (4a) and (4b). However, this
proportionality no longer holds for the higher concentration of
f=2x10"

The key theoretical equations, eqn (4a) and (4b), imply that the
ratio k/w should be independent of the concentration of
the nanoparticles, and thus it should be the same for all of the
samples. In spite of the poorer fit for sample C, this ratio does not
differ significantly from the others (see Table 1). We use this ratio
to evaluate Q, the effective coupling energy density per particle
between nematic and magnetic orientations:

o Ee(ﬁ)/

where all parameters are either known (K, M;) or taken from the
f=0fit (D, x,). These values have also been included in Table 1.
The average value of the coupling energy is Q = (4 + 0.4) x 10*
erg cm . The Burylov—Raikher theory*® refers to the quantity
W = Qd, where d is the typical dimension of a colloidal nano-
particle. In this theory W; is an effective surface anchoring
energy at the surface of a ferroparticle.* In our samples W, = 8 x
1072 erg cm~2 This quantity is of the same order of magnitude as
that estimated by Kopcansky et al.*

This journal is © The Royal Society of Chemistry 2011
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Fig. 4 The undoped liquid crystal E7 cell: the cross-polarized intensity and phase lag obtained from experiment (dots) and by numerical calculation
using optimal parameters (solid line). Note that the error bars are horizontal rather than vertical, indicating that the uncertainty is in the applied field

rather than the normalized intensity.

A more detailed examination of the data suggests that
k ~ % and that w ~ f*7°, with a good fit applying only to the
k data. These power laws are rather close, and might explain
the observed rough constancy of the imputed Q. At this stage,
the evidence for a fractional power law depends on rather sparse
data. In our view, if confirmed, the fractional power law
suggests that aggregates form, possibly with fractal structure,
and that the properties of the colloid depend sensitively on
them.

The poorer fit of the theory to the data for larger values of f'is
reflected in the larger values of the goodness of fit parameter r.
We note that r is of the same order of magnitude in the pure
sample and sample A, and we have good confidence that
a Frank-Oseen theory applies for the pure system. Both the
power law behavior and the poorer fits at higher f are evidence
that, while the basic physics is well described by the theory (i.e.
magnetic coupling on the ferroparticles, steric coupling between
the ferroparticles and the nematic), the detailed physics goes
beyond the present theory.

We have two more pieces of preliminary evidence concerning
this extra physics. The first concerns a remeasuring of the data
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Table 1 Values of the magnetic and coupling parameters obtained from
the fitting and estimation of the coupling energy for different samples

Suspension r K 3] Kklw Q, erg cm™?
Pure nematic 0.014 n/a n/a n/a n/a

FN sample A 0.013 0.08 0.07 1.14 3.9 x 10*
FN sample B 0.075 0.31 0.30 1.03 4.7 x 10*
FN sample C 0.054 0.5 0.4 1.25 3.8 x 10*

for samples A-C after a delay of six months. In previous
experiments,> it was noted that samples were stable for a six
month time scale. In our case, measurements repeated after a six
month interval showed the same general trends for all of the cells,
but the values of the coupling parameters had changed by
approximately 20%. Further aggregation that may have taken
place over the six month interval could be one of the causes of the
observed changes.

In Fig. 8 we show microscopy images of the three samples in
zero field taken six months after preparing the cell. Sample A
appears uniform, but large aggregates (~10-100 um) are
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Fig. 5 Sample A, f'=2 x 10~ optimal model predictions (solid line) and experimental values (dots) for the cross-polarized intensity 7, and the phase
lag. Note the good agreement between the model and the experiment, even up to high magnetic fields.
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Fig. 6 Sample B, /=1 x 10~* optimal model predictions (solid line) and experimental values (dots) for the cross-polarized intensity 7, and the phase
lag. Note the good agreement between the model and the experiment holds only up to magnetic fields of ~1800 Gauss.
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Fig. 7 Sample C, f=2 x 10~ optimal model predictions (solid line) and experimental values (dots) for the cross-polarized intensity 7, and the phase
lag. Note the only moderate agreement between the optimal model and the experimental curves, with poorer fits occurring both in the low field and high

field regimes.

Fig. 8 Optical microscopy images of the cells containing samples A—C (from left to right).

observed in samples B and C. We conjecture that in our samples,
the large aggregates are able to cause local distortion of the
nematic director. The non-uniform director distortion would
imply depolarization and scattering of the light passing through
the cell. This, in turn, would lead to the drop in the oscillation
amplitude of the measured intensity / .y, observed in Figs. 6 and
7. The setup in the present experiment did not enable microscopy
images to be obtained in the presence of the magnetic field, so this
evidence is rather circumstantial. However, recent experiments of
Buluy ez al.*® were able to investigate this, and indeed they did
find hot spots around large aggregates.

5 Conclusion

In this paper we have reported a study of a ferromagnetic
nanosuspension in a liquid crystal matrix. The study involved
both optical transmission measurements and the development of
a new theory to interpret the experiments. We have investigated
the magnetic field-induced Frederiks transition in planar cells
containing either the suspension or undoped nematic. Our
samples are very weakly doped with nanoparticles (in the lowest
case, one part in 50 000). Nevertheless, the suspensions show
a detectable and unambiguous linear response to a magnetic field,

This journal is © The Royal Society of Chemistry 2011
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much lower than the Frederiks threshold in the undoped nematic.
This response is approximately proportional to the ferroparticle
concentration and is specifically the result of the fact that the
particles are magnetic. Even at a low concentration, the suspen-
sion is sensitive to fields of the order of tens of Gauss units and is
indeed promising for magnetically driven device applications.

Our experimental results cannot be explained by the previously
developed theory of ferronematics, so in our approach we had to
include the diamagnetic properties of the liquid crystals. This treats
both the direct effect of the magnetic field, associated with the
intrinsic magnetic properties of the liquid crystal, and an indirect
effect, related to the magnetic properties of the nanoparticles. The
model can, in principle, describe the magneto-optic response of
ferronematics in the limits when either direct or indirect effects
dominate. The model was fitted to the experimental data by
choosing the values of two coupling parameters, k and w. The values
of these parameters permitted us to determine the effective coupling
energy density between the nematic and ferroparticle orientation.

Our model shows a good quality fit to the lowest concentration
(f = 2 x 107°) data. At higher concentrations, while we observe
some deviation between the theory and the experiment, the
theory still predicts the basic trend in the system. There are also
hints of aggregation phenomena, whose interpretation may
require more sophisticated theoretical treatment, which could be
an obstacle to device applications. To provide more complete
answers to these questions, however, will require further exper-
imental investigation.
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